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Design and eva1uati.cn s t u d i e s  have been nade of thermal-energy 
mol t en - sa l t  b reeder  r e a c t o r s  (FSBR)  i n  order t o  a s s e s s  t h e i r  economic and 

nv.cl.ear performance and t o  i d e n t i f y  impoytant design and development prob- 

lems. The re ference  r e a c t o r  design presented  here  i.s r e l a t e d  t o  molten- 

sa.3-t r e a c t o r s  i n  general-. 

The r e fe rence  d.i?si.gn i s  a, two-region two-fluid.  sya ten ,  with fuel. sa3.t 

sc:pa.rated. from the blanl ie t  sa3.t by graph i t e  tube:;, 'ji'he finel salt; consists 

of u.rsnium fl.u.ori-de d.i~ssol.ved i n  E carri.eJ- s a l t  of 1.i t h i m  a,nd beryllium 

f l u o r i d e s ,  and t h e  b l anke t  s a l t  con ta ins  thorium fluo7-i.de dissol.ved i n  8, 

similar ca r r i e r  s a l t .  The enerp =y generated in the r e a c t o r  f l u i d  i s  trans- 

f c r r e d .  t o  a secondary c o o l a n t - s a l t  c i r ~ i ~ j . t ,  whi.ch couples the reactor.  t o  a 

s u p e r c r i t i c a l  steam cyc le .  On-site fu.el-recycle processing is employed, 

with  fluoride-vol.ati lF-Ly and. ~vacu~un-distri l . la ' t ion operatioris used f o r  the 

fluel f l u i d ,  a,nd c l i r  e c t  - pro Lac t iniwn-r emoval proc e s s ing  appli ed -Lo  t h e  

b l anke t  stream. The rcsul.t.j.ng p ~ w c - r .  c o s t  f o r  the r e fe rence  pLa,n-L, termed 

MSBI?(Pa), i s  l . e x s  than 2.7  mil..ls/kwhr ( e ) ;  t h e  specif i .c  i'ii;3il.e-mater.ial. 

inventory i.s only  0.7 kg/Mw(e), t h e  fuel.. doubling time i.s about 1.3 years, 

ar.d t h e  foe l -cyc le  cost, J.s 0.35 inil.l./kwhr ( e ) .  

bling t ime based on continuous investrnerit oi bred fuel. i.s l e s s  t h a n  9 

years. 

T'ne a s soc ia t ed  power dou- 

Reference PISBR P lan t  Design 

Fl.ows he e t  

Figure 1 gi-ves t h e  f lowsheet  of t h e  1000-Mw(e) MSBIi power plant;. 

Fue l  flows through t h e  r e a c t o r  at a r a t e  of about  44,1300 g p m  ( v e l o c i t y  of 

about  1 5  Qs); it e n t e r s  t h e  core  a t  1000°F and l eaves  at 1300°F. 

pximary f u e l  c i r c u i t  has f o u r  loops,  and cach loop has a, oump and a p r i -  

mary h e a t  exchariger. Each of t h e s e  pumps h a s  a capac i ty  of about  11,000 

gpm. The f o u r  b l a n k e t - s a l t  pumps and h e a t  exchangers, a l though smaller ,  

are  sirnil-ar t o  corresponding components i n  the f u e l  system. The b lanke t  

s a l t  entem t h e  r e a c t o r  v e s s e l  a t  115Q"E' and l e a v e s a , t  1250°F. The 

b l a n k e t - s a l t  pwflps have a capac i ty  of about  2000 gpm. 

The 
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Four 14,000-gpm pumps c i r c u l a t e  t h e  coolant,  which c o n s i s t s  of  a mix- 

t u r e  of s o d i m  f l u o r i d e  and s o d i m  f luo robora t e .  The coolan t  e n t e r s  t h e  

s h e l l  s i d e  of t h e  primary hea t  exchanger at 850'F and l eaves  a t  1112'F. 

A f t e r  l eav ing  the primary hea t  exchanger, The coolant  salt i s  f u r t h e r  

heated to 1125°F on t h e  s h e l l  sid.e of  the b lanke t  hea t  exchangers. 

coo lan t  t hen  ci .rcu.lates through Yne she13. s <.de o-f 1.6 orice- throu.gh super- 

h e a t e r s  (foixr superheaters per  pump). In addliti.oii, Your 2000-gpm pumps 

circulate a p o r t i o n  of the coolamt througb e i g h t  reheate-rs . 

The 

The stearn system f lowsheet  i s  e s s e n t i a l l y  t ha t  of t h e  new B u l l  Run 

p l a t  o f  t h e  Tennessee Val-ley Au thor i ty  system, with modif ica t ions  t o  i n -  

c r ease  the r a t i n g  t o  1000 Mw(e) and  t o  p rehea t  t h e  workiirg f l u i d  t o  '700°F 

pri .or t o  e n t e r i n g  t h e  hea t  exchanger-superheater  u n i t .  
power-conversion system i s  used t h a t  i s  a p p r o p r i a t e  fur mol ten - sa l t  a p p l i -  

c a t i o n  and t akes  advantage of' t h e  high- s t r e n g t h  s-bructural alloy employed. 

Use of a s u p e r c r i t i c a l  f luid.  sy-stem r e s u l t s  i n  an o v e r a l l  p l a n t  therrna,l 

e f f i c i e n c y  of about 4575. 

A s u p e r c r i t i c a l  

Heactor- Design 

Figure 2 S ~ C J W  the plan and e l e v a t i o n  views of' t h e  MSBR c e l l  arrange-  

ment. The r e a c t o r  c e l l  i s  swrounded by four sh ie lded  c e l l s  conta in ing  

the s u p r h e a t e r  and r e h e a t e r  units ; t h e s e  c e l l s  c a n  be i n d i v i d u a l l y  iso- 

l a t e d  for. maintenance. The f u e l  process ing  plant, l oca t ed  adjacen.1; t o  

t h e  r e a c t o r ,  i s  d iv ided  i n t o  h igh - l eve l  and low-level a c t i v i t y  ayeas. 

'l%le e l e v a t i o n  view i n  Fig.  2 i n d i c a t e s  the p o s i t i o n  of equipment; i n  t h e  

va,:v.ious ce1.l.s . 
Figure 3 g ives  an  e l e v a t i o n  view of  the reactor c e l l  and shows the  

l o c a t i o n  of t h e  r e a c t o r ,  pumps, and f u e l  and b lanke t  heat, exchangers. 

The Has te l loy  N reactor= v e s s e l  has a s ide -wa l l  t h i ckness  of about l.2.5 

i n .  and a head. thickness of about 2.25 i n . ;  it i s  designed t o  operate at 

1200°F and. up t o  150 p s i .  The plenum chambem a t  t h e  bottom o f  t h e  ves- 
s e l  communicate wi th  t h e  e x t e r n a l  heat exchargers  by concentlcic i n l e t -  

o u t l e t  p ip ing .  The inner  pipe has s l i p  j o i n t s  t o  accornvnod.ate thermaI 

expansion. 

t o t a l  f l o w .  A s  i n d i c a t e d  i n  Fig.  3 ,  the hea t  exchangers are suspend.ed 

Bypass flow through these s l i p  j o i n t s  i s  about 1% of .the 



from t h e  top of t h e  c e l l  and are  I-ocated below t h e  r e a c t o r .  

pump has a free f l u i d  suryace and a storage voJ.me that permit  rap id  

dra inage  of f u e l  f i u i d  from t h e  core llnoil I.oss o f  flow. 

t h e  f u e l  salt call be drained t o  the dump tanks w'ner, the resc ' ior i s  shui; 

E a c h  f u e l  

I n  add i t ion ,  

clmn f c r  an  exbended Lime. 

pera ture ,  whi le  cold " f inge r s  '' and therrml. ri.nsul-at  io^ surround s Lructwal 
support nienibers a.nd aJ.1 snecial .  equipment tha t  liiust be kept a.t  i-elativel~y 

The e n t i r e  r e a c t o r  cel~l. i s  kept  ai; higtl teal- 
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low temperatures .  %he c o n t r o l  rod d r ives  a r e  loca t ed  above t h e  core, 

and t h e  c o n t r o l  rods are i n s e r t e d  i n t o  the centu;al. region of t h e  core .  

The reackor ves se l ,  about  14 f t  i n  diameter and about 1 9  Pt high, 

conta ins  a 1.2.5-ft-high 1~0-ft-diarn core  assembly composed o f  r een t ry -  

tJTpe g r a p h i t e  f u e l  elements.  The g raph i t e  tubes a r e  a t t ached  t o  t h e  two 

plel?.im chambers at t h e  bottom of t h e  r e a c t o r  wi th  graphi-te--tu-rnett;al 

t r a n s i t i o n  s l eeves  - 
i.n t h e  ou-ter regioii o f  t h e  f u e l  tube  and dorm through a s i n g l e  c e n t r a l  

passage to t h e  exi'c plenum. The fuel. flows from -tile e x i t  pJ.enu.rn t o  t h e  

heal; exchangers and then  t o  t h e  purrip and back t o  t h e  reactoi- .  

t h i c k  molten-sa1.t b l anke t  p lus  a 3 - in . - th i ck  g raph i t e  r e f l e c k o r  surround 

t h e  core .  'The b l anke t  sa l t  also permeates t h e  i n t e r s t i c e s  of t h e  core  

l a t t i c e ,  and t h u  ferti.1.e m a t e r i a l  flows through t h e  core withoirt, m?xri.ng 

wi th  t h e  i"3.ssile f u e l  s a l t .  

The bISI3R requiyes  s t r u c t u r a l  i n t e g r i t y  o f  t h e  g r a p h i t e  f u e l  element . 

Fuel- from t h e  en t rance  plenum flows up fuel.  passages 

Ar, 1.8-i.n.- 

- .L.n orde r  t o  reduce t h e  effec.t; of rad.i.at3.o-n damage, t h e  f u e l  tubes have 

been made small  t o  reduce t h e  fast, flux grad ien t  ac ross  the  

Also,  the tubes a r e  anchored only a t  one end to p e r n i t  a x i a l  movement. 

The core  vol.ume has been made l a r g e  i n  order  to reduce %he flu l e v e l  i n  

t h e  core  In  add i t ion ,  t h e  r e a c t o r  i s  designed t o  permit  replacement of 

Lhe e n t i r e  g raph i t e  core  by remote means i f  requil-ed. 

F i g w e  4 shows a cross  s e c t i o n  o f  a f u e l  elelflent. Fuel  f1.ixi.d flows 

upward through t h e  small passages sild downward through the l a r g e  c e n t r a l  

passage.  The oi i ts ide diameter  oi' a f u e l  tube  i s  3.5 t in. ,  and the re  are 

534 of these  tu.bes spaced on a 4 .8- in .  triangx1.a.r p i t c h .  The tube  as- 

selabl Fes a r e  surrounded by hexagoiial blocks of moderator g raph i t e  wi-Lh 

bl-anket salt fi.J-1ing t h e  i n t e r s t i c e s .  The nominal core  composition i s  

77% gmpii i te ,  18% f u e l  sa l t ,  and '7% bl.ank.et s a l t  by volume. 

I n  determining t h e  design parameters o f  t h e  MSBR, two d i f f e r e n t  

methods were considered for removal o f  bred fuel. from t h e  reac'coi.. The 

des igna t ion  MSBR( Pa) r ep resen t s  a p l a n t  3.n which pro tac t in ium 3.s removed 

directJ.y from t h e  b l anke t  stream, whereas t h e  des igna t ion  MSBK corre-  

sponds t o  removal of uranium pe r  s e  from t h e  b l anke t .  With t h e  except ion 

of  t h e  blanket-processing s-tep, tine MSBR( Pa) and the MSBK plants have 

essen t i a l - ly  t h e  same d e s i g n .  i)evel.oymi-nt o f  a n  MSRR(Pa) pI.ant i s  the 
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p r e s e n t  goal of t h e  molben-salt  r e a c t o r  program. 

parameter vaJ..ues determined f o r  t h e  MSBK(Pa) and MSRR desig:m ri.s given 

i n  Tab1.e 1.. 

A surmmry of the  

Fuel  Frocessing ___..-.-. 

'The primary ob jec t ives  of fuel. processing a r e  t o  purifj, ar,d r ecyc le  

f i s s i l e  and c a r r i e r  components and t o  mi.nimize fissile inventory  while  

holding l o s s e s  t o  a 1.091 va lue .  The f l -uoride volatili-Ly--va.ci.mm distilla- 

t i o n  process  ful.fil1s t h e s e  objec' i ives throueh simple ope ra t ions .  The 

process  foi- d i r e c t  p ro tac t in iwrL removal from t h e  b l anke t  al.so appcars t o  

be a si.mple one. 

T k  core f u e l  f o r  bo th  t h e  MSBK and -the MSBX(Pa.) i s  processed by 

f I-uoride vo la ' i i l i t y  and 'vacuum disti l .3.ation operati-ons . 
b lanke t  process ing  is  accomplished by f l u o r i d e  v o l a t i l i t y  a lone ,  and t h e  

process ing  cyc le  time i s  s h o r t  enough t o  maintain a very  low concentra- 

t i o n  of f i s s i l e  material..  The effl .uent U3'6 is absorbed by fue l  s a l t  a n d  

reduced t o  UF4 by t reatment  with hydrogeii t o  r e c o n s t i t u t e  a. f u e l - s a l t  

mixture  of the des i r ed  composition. 

i s  treaLed wi-tin molten bismuth conta in ing  dissol-ved thorium; bhe 'clicjrium 

d i sp laxes  tiie protacti.nj.u:m from soI.uti.on (as  w e l l  as uranium) . 
l i c  p r o t a c t i n i i m  and uranium a r e  deposi ted on a. metal f i l t e r  and hydro- 

f l u o r i n a t e d  o r  fl.uorina'ied for r ecyc le  of  bred f u e l .  

For Lhe MSBR, 

For t h e  MSRR( Pa),  t h e  b l anke t  s t ream 

The metal.- 

Mol-ten-sa1.t r e a c t o r s  a r e  i n h e r e n t l y  su5ted t o  t h e  design of process-  

ing  facil.i:Lies i n t e g r a l  w i th  t h e  r e a c t o r  p l a n t ;  t h e s e  f a c i l i ' i i e s  r e q u i r e  

Oilly a smaJ.1- amount of c e l l  space ad jacen t  t o  t h e  r e a c t o r  cel.1. Because 

a , l l  s e rv i ces  and equipoient a v a i l a b l e  .to the  r e a c t o r  are avai.l.ab3.e t o  t h e  

process ing  p l a n t  and shipping and s to rage  charges a r e  e l iminated,  i n t e -  

g r a l  p rocess ing  f a c i l i t i e s  permit  si.gnj.f i c a n t  savings i n  capi ta l .  and  

opera t ing  c o s t s .  Also, t h e  process lng  p l a n t  inventory- of f . i . .ssi le mate- 

r i a l  i s  very  low. 

The p r i n c i p a l  s t e p s  rin core  and b lanke t  st-ruam processi.ng of t h e  

MSBK(Pa) arid the blSBR are shown jxn F ig .  5. 
f luid.  i s  cont inuously withdrawn froi-n t h e  f u e l  and b l anke t  loops and c i r cu -  

la ted through t h e  px-ocessing system. Af t e r  processing,  tiie decontaminated 

f l u i d s  a r e  re turned  t o  the r e a c t o r  system. Fuel  i nven to r i e s  r e t a i n e d  -i.n 

A small s i d e  s t ream o f  each 
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Tab3.e 1. Reactor Design Values 

MSBR( Pa) MSBR 

Pmier, Mw 

l ” nema1  
E l e c t r i c a l  

Thermal ef f ic iency ,  f r a c t i o n  

Pl.ant load f a c t o r  

Kractor v e s s e l  

Oiutside diameter, f t  
Overa l l  heighb, fl; 
Wall thickness,  i n .  
Head thickness,  i n .  

Core 

i-Ieight of a c t i v e  core, f t  
Diameter, f t  
3ixrfDer of yraphi te  fuel passage tubes 
volime, ft’ 
Volume f r a c t i o n s  

Fuel. salt 
Blank-et sa7.t 
Graphite moderat or  

Thor im t o  urmiiln 
Carbon t o  uraniuril 

Thermal 
Fast  
Fast ,  ov-er 100 kev 

Gross 
In  f u e l  s a l t  

Atom r a t i o s  

Neutron flux, core average, neutrons/cm2 sec  

Power density, core average, kTq/liter 

B l  xnke t 
Radial  thickness,  f t  
Axial. thickness,  f t  

Volume f r ac t ion ,  b lanket  salt 
Volurfle, f t 3  

Ref lec tor  thickness,  i n .  

Fuel s a l t  

I n l e t  t tmperature,  OF 

Out le t  teniperatiu-e, OF 
F ~ O W  rate, f t3/sec ( t o t a l )  

gPm 
NomLnal volume holdup, f t 

Core 
Blanket 
Plena 
Heat exchangers and pj.ping 
Processing p l an t  

Total .  

0.169 
0.073 
0.758 

42 
5800 

7.2 x 1014 
1 2 . 1  x l.O11 
3.1 x 1014 

2225 
1000 

0 . L49 

0.80 

l r ,  
-19 
I. .5 
2.25 

12.5 
10 
534 
982 

0.169 
0.074 
0.757 

40 
5440 

6.7 x 1014 

3.1 x 1014 
12.1. X l.G1& 

80 
1:73 

1.5  
2.0 
1120 
1 .0  
3 

1000 
1300 
95.7 
42,950 

166 
26 

14.7 
345 

33 

7 1;7 
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'I'ab1.e 1 (continued) 

.̂I_._.. ........ II - ......... 
~ G E R  ( Pa ) MSBR 

........ -- -.. 

P'ucl. sal-t (continued) 

Tsyominal s a l t  composition, rr.01e $ 
LiF 
S e j  2 

U F ~  ( f i s s i l e )  

Blanket s a l t  

I n l e t  temperatiiue, "P 
Out le t  terrperature, OF 
FI ow rate, f - t3/sec ( t o t a l )  

V o 1 . m ~  holdup, ft' 
gPln 

Core 
Bl~anke t 
Heat exchanger and pip ing  
Processing 
Storage f o r  protactinium decay 

Tota l  
Salt composition, nole $ 

Lip 
AeF2 
'Th7 /+ 

UF4 ( f i s s i l e )  

System f i s s i l e  inventory, kg 

Systen f e r t i l e  inventory, Bg 

Processing da ta  

Fuel stream 
Cycle time, days 
Rate, f t 3 /day  
Processing cos t ,  ? / f t3  

Equivalent cyc le  time, days 
Blmke t  streani 

Uranium-remcval process 
Protactiniul-n-remcval process 

Equivalent r a t e ,  f t 3  pe r  day 
Uranium-removal process 
Prol;actiniun-reiiio?ral nrocess 

Equivalent processing cos t  (based cn 
iiraniun rermval),  $/ft3 

Fue l  y ie ld ,  $/yr 

Net breeding r a t i o  

F i s s i l e  losses  i n  processing, atoms per  
f i s s i l e  absorp t ion  

per  megawatt of e l - e c t r i c i t y  produced 
Spec i f ic  inventory, kg of f i . ss i le  material. 

Spec i f ic  power, W (  th)/kg of f i s s i l e  ina te r ia l  

Fraction of f i s s i o n s  i n  f u e l  stream 

Frac t ion  of f i s s i o n s  i n  therrnal.-neutron group 

Net neutron p c d u c t i o n  per  f ? s s i l e  
absorp t ion  (7s) 

1317 

681 

1~01,000 

42 
16.3 
190 

55 
0.55 

23.5 
2350 
65 

7.95 

1.071 

0.0051 

0.681 

3.26 

0.996 

0.815 

2.227 

63.6 
36.2 
0.22 

1150 
1250 
17.3 
776L 

7 2 
1121 
IC0 
2/+ 

2066 

3383 
_F__ 

C. 0035 

769 

260,000 

L7 
14.5 
203 

23 

144. 

7.3 

4.86 

1.049 

0. oc57 

0.769 

2.89 

3.987 

0.806 
2.221 

..... 
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x i v  

t h e  process ing  p l a n t  a r e  es.Limated t o  be about  574 of t h e  r e a c t o r  system 

for core  process ing  and less than  1% f o r  b lanket  process ing .  

Heat Exchange and Steam SysLerns 

The s t r u c t u r a l  m a t e r i a l  i s  Kas'celloy N f o r  a l l  cofiponents contacted 

by molten sa l t  i n  t h e  f u e l ,  b lanket ,  and coolan t  s y s t e m ,  ihc luding  t h e  

r e a c t o r  vesse l ,  pumps, hea t  exchailgers, piping, and s to rage  t anks .  The 

prirnary hea t  exchangers a r e  of t h e  tube-and-she l l  type,  w i th  f u e l  s a l t  

on t h e  tube  s i d e .  Each she1.l conta ins  two concent r ic  tube  bund]-es at- 

tached t o  f i x e d  tube s h e e t s .  Fuel. flows through t h e  two bund1.e~ i n  s e r i e s ;  

it flows downward i.n t h e  inne r  sectri-on of tubes,  e n t e r s  a. plenum a t  t h e  

bottom of t h e  exchanger, and then  fJ.ows upward 'io t l ie pump through t h e  

ou te r  s e c t i o n  of tubes .  'The coolant; sa l t  e n t e r s  a'c t h e  top  of t h e  ex- 

changer and flows on t h e  b a f f l e d  s h e l l  s i d e  down t h e  ou te r  annular  r e -  

gion; ii; then  flows upward i n  t h e  inner  annular  s e c t i o n  be fo re  exi t i -ng 

through a p ipe  centra1.l.y p laced  i n  t h e  exchanger. 

Since a l a r g e  temperature  d i f f e r e n c e  e x i s t s  i n  t h e  two 'cube sec-Lions, 

the design permits  d i f f e r e n t i a l  tube  exp.nsi.on. Changes i n  tu.be lengths  

due t o  thermal  condi t ions  a r e  accommodated by Lhe use of a sine-wave type 

of cons t ruc t ion ,  which permits  each tube  -Lo a d j u s t  Lo thermal  changes. 

'The b l anke t  hea t  exchangers inc rease  t h e  temperature  of  t h e  coolant  

leavring the f u e l  hea t  exchangers. 'The design o f  t h e s e  u.ni.ts i s  si.milar 

t o  t h a t  used i n  t h e  f u e l  hea t  exchangers. 

'The superhea ter  i s  a U-tube U-shel l  hea t  exchanger t h a t  has d i s k  and 

doughnut b a f f l e s  wi-th varying spaci-ng; it i s  a long, slendei- exchanger. 

'The b a f f l e  spacing i s  e s t ab l i shed  by tlie s h e l l - s i d e  p re s su re  drop and by 

t h e  temperature g rad ien t  ac ross  t h e  tube wall; it is g r e a t e s t  i n  t h e  

c e n t r a l  po r t ion  of t h e  exchanger where -the te1iiperat;ure d i f f e r e n c e  b=it;ween 

the f l u i d s  i s  high.  The s u p e r c r i t i c a l  f l u i d  e n t e r s  t h e  .tube s ide  of t h e  

superhea ter  at 700°F and 3800 p s i  and leave:: a t  1000°F and 3600 p s i .  

The r e h e a t e r s  t r a n s f e r  energy from t h e  coolant  ssl'i t o  t h e  working 

fl-uid before  i t s  use i n  t h e  in te rmedia te  p re s su re  tu.rbine. A shel1-an.d.- 

tube exchanger i.s used. thal; produces steam a t  1000°F and 540 p s i .  

Since the f.reezing 'Lieliperatare of t h e  secondary coolan'c sa1.t i s  about 

700"F, a high  working fl-uid i n l e t  temperature  i s  requi red .  Prehea ters ,  
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a long  w i t h  prime f l u i d ,  a r e  used i n  r a i s i n g  t h e  ternperatwe of t h e  work- 

ing  f l u i d  e n t e r i n g  t h e  supe rhea te r s .  Prinie f l u id  goes through a pre- 

h e a t e r  exchanger and leaves  a t  a p res su re  of 3550 p s i  and. about  870°F. 

It i s  then  i n j e c t e d  i n t o  t h e  feedTwater i n  a m i x i r i g  t e e  t o  produce f l u i d  

a t  700°F and  3500 p s i .  

a p r e s s u r i z e r  ( feedwater  pump) be fo re  the f l u i d  e n t e r s  t h e  superhea ter .  

The pres su re  i s  increased. to about 3800 p s i  by 

C a p i t a l  Cost Estimates  

Reactor Power P l a n t  

Pre l iminary  es t ihmtes  of' t h e  eapi ta .1  c o s t  of' a 10OO-Mw( e )  molten- 

sa l t  breeder  r e a c t o r  p o m r  s t a t i o n  i n d i c a t e  a d i r e c t  cons t ruc t ion  cos% 

of  about  $80.7 m i l l i o n .  

c i a t e d  with r e a c t o r  cons t ruc t ion ,  a n  est imated t o t a l  p l a n t  c o s t  of  $114.4 

m i l l i o n  i s  obkained for pr iva t e - f inanc ing  condi t ions  xnd $1.1-0 .? mi.ll ion 

f o r  p u b l i c  finamcing. 

The r e l a t i v e l y  low c a p i t a l  c o s t  e s t ima te  obtained i s  due .t;o t h e  srnal.3. 

p h y s i c a l  s i z e  of t h e  r e a c t o r s  and associated.  equipment, t h e  h igh  t h e r m 1  

e f f i c i ency ,  am? t h e  simple c o n t r o l  requirements .  

A f t e r  adpplying t h e  i n d i r e c t  c o s t  f a c t o r s  asso- 

A smnary of p.lant c o s t s  i s  given i n  Table 2 .  

The ope ra t ing  and mnainteriariee c o s t s  of t h e  r e a c t o r  power pl-ant were 

es t imated  by s tandard  procedui'es and were modified. t o  r e f l e c t  present-clay 

s a l a r i e s  These c o s t s  amount to 0.34 m i l . l / h h r (  e ) .  

c Fuel.-Recycle P l a n t  

The c a p i t a l  c o s t s  a s s o c i a t e d  w i t h  f a e l - r e c y c l e  equipment were ob- 

t a i n e d  by i temiz ing  and cos t ing  t h e  rmjoy process  equipment requi.red and 

e s t i n a t i n g  the c o s t s  of s i t e ,  bu i ld ings ,  ir istr imentati .on,  waste d isposa l ,  

and b u i l d i n g  s e r v i c e s  a s soc ia t ed  w i t h  fut'il r ecyc le .  

Table 3 summzrizes d i r e c t  cons t ruc t ion  cos t s ,  i n d i r e c t  cos t s ,  m d  

t o t a l .  c o s t s  a s s o c i a t e d  w i t h  an  i n t e g r a t e d  process ing  f a c i l i t y  having 

approximately the  capac i ty  reqxi.red. for a. lO00-81w( e )  MSFJE: p l a n t .  

t o t a l  cons t ruc t ion  c o s t  w a s  estimated t o  be about  $ 5 ;  

t a i n i n g  t h i s  f igu re ,  t h e  i .nd i rec t  charges amounted t o  about  100% of t h e  
d i r e c t  cons t ruc t ion  cos t .  T'ne h igh  va lue  used f a r  t h e  i n d i r e c t  chargcs 

The 

mi l l i on ;  i n  ob- 



Tab1.e 2. Pre l .k<nary  Cost-Est imate  siJIiUll;j.r'ya f o r  a 1.00t?-Mw(e) Moiten-Sal t  
Breeder Reac tGr  Power S t a t i o n  [!GRR(Pa) o r  %h?] 

........ - . l_l_ 

Federa l  

C o i l h a i s  s ion  
PoT::er costs  

( i n  thousanas of d o l l a r s  ) 
Account 

__I .............................. 

2 n TJand a c d  L%nd Rights  

2 1  S t r u c t h r e s  end Im?rovements 

211 Ground imnpo7Jeine?ts 

212 F u i l d i n g  and ztructur?; :  

: ? ~  Reactor  txuildingb 
.2 Turbine b u i l d i n g ,  a u i l i a r y  b u i l d i n g ,  and  feedwater  

k e s t e r  space 
.3 Off ices ,  sho?s, znd l a b o r e t o r i e s  
.4 Waste dispossL b u i l d i n g  
.5 S t a c k  
.6 Warehcuse 
.7 Miscel lancous 

~. , 

SuStotsL Account 212 

- 'o tz l  Account 21 

22 Rea c h i -  Piant F,quiprrLcnt 

221 Reactor  equip-c-nt 

.1 Reactor  vessel and i n t e r n a l s  

.2 C o n t r o l  rods  

.3 S h i e l d i n g  ar.d contniniwilt 

.i Iieating--oolir.g systems m d  vapor-supFression system 

.5 Moder?tcr and r e f l e c t o r  

.6 Reac tor  F l a n t  c rane  

S u b t o t a l  Acceiut  221 

222 Heat t r e n s f e r  systems 

.1 Rehetor  cooLent syster .  

.2 T n t e m c d i s t e  c o o l i n g  system 

.3 Steam gcEera tor  and r e h e a t e r s  

.4  Coolant supFly an3 t r e a t m e n t  

S u k t c t a l  Accoimt 222 

22? Auclear  f u e l  handl ing  a,nd s t o r a g -  (3rs-n t n n k s )  

221 3iucleaL~ f u e l  pL,ocessin& an3 f a b r i c a t i c n  ( inc luded  i -1  

225 Radioac t ive  ,waste t rea tment  and iispcsal ( o f f - g a s  

226 Ins t rumenta t ion  and c o n t r o l s  

227 Feedwater supply and t r e a t m e c t  

22s S t e a l ,  condensate ,  and fecd7wster pipir .g  

225 Other  r e a c t c r  p l a n t  equiptnmt, (r=mote x?;n%enance) 

-'uel-cycle c o s t s )  

sys tem)  

T o t a l  Account 22. 

4,181 
2,832 

1,160 
150 

7 ij 
40 
33 

1,61c! 
25C 

2, A 3  
1,2Cc: 
1, C8S 
265 

6,732 

?, 853 
300 

1,947 

I__ 

.- ........................... .- 

360 

860 

8,469 

3,335 

6,527 

453 

L5 ~ 123 

'Es;jma.tes are based cn 1365 c c s t s  f o r  a n  e s t a b l i s h e d  m o l t e n - s a l t  nuc lehr  power pla,nt i n d u s t c y  

'Ccntainrnent c o s t  I s  i n c l u d e 3  i n  Account 221.1. 

-See Table 3 f o r  t h e s e  c o s t s .  

dThe e1107,rance f o r  r m o t e  maintenance may be t o o  high,  and SOXI? o f  t h e  in-1-uded iepl tceinent  

P 

equipment a l lowances c o ~ l l l  be  c l a s s i f l e a  as o p e r e l i n g  expenses r a t h e r  chan first c a p i t a l  c o s t s .  
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T a b l z  2 (cont inued)  

231 Turbiiie-generator on i t s  

232 Circul-.atiig-~~~rster system 

233 Concknsar; and a u x i l i a r i e s  

23!+ Central  luk-oj.1. systein 

235 Turbine p l a n t  ins  t ru inentn t ion  

19,1'74 

1,243 

1,630 

20 

25 

236 Turbine p1a.nt p i p i n g  220 

23'7 Axuih' arg e ~ l u  :.piwit for generator 

238 O t h e r  t u r b i n e  plant equUiy~rmiC 

Total Account 23 

21, Accessory Glsctr.ica1. 

241 Switchsear', :ns'Ln and s t a t i o n  s e r v i c e  

242 Switchboards 

66 

25 

500 

3-28 

22,521 

243 S ta-Lion service tracsforl:ic$rs 169 

50 

2,000 

2,597 

25 Miscellaaeoas 80cJ 

To+,a.! Direct Coiistructlcn C c x s t e  80,684 

Pr iva te  Financing 

'Total i.ndi re<: t cost, 
T o t a l  p l an t  cost  

33,728 
114,412 
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Table 3.  Summary of  Processing-Plant  C a p i t a l  Costs 
f o r  a 1_000-~w(e) MSBH 

I n s t a l l e d  process  equipment 

S t  rue t u r  e s and improvements 

Wa.s t e s-torage 

Process  pipi.ng 

Process ins trumcn iat ion 

E l e c t r i c a l  a u x i l i a r i e s  

Sampling connections 

Service and u t i l i . t y  p ip ing  

I n s u l a t i o n  

Radiat ion monitori-ng 

'Tobal. d i r e c t  cos t  

(30% of  d i r e c t  COS'GS) 

Construe Lion overhead 

Sub to ta l  cons tyuc t ion  cost 

Englneering and in spec t ion  

Subto-ial  p l a n t  c o s t  

(25$ of  sub - to t a l  cons t ruc t ion  c o s t )  

Conbirigency (25% of subto-La1 
p l a n t  cos t  ) 

T o t a l  capi-La1 cos t  

$ 853,760 
f \  556,773 '\ 

387,9?0 

155,8G0 

1 a -  

272,100 

20,000 

128, C60 
50,510 7 3  

100,000 

84,300 

... 
. I  

$2,609,270 
.' . 

782,780 ? - 

$3,392,050 , I  

848,010 , I *  

$5,300,080, 

i 

should more than  compensate f o r  t h e  hri-gher r a t e s  of equipment replacernent 

i n  t h e  fue l -process ing  pI.ant as compared wi th  t h e  power p l a n t  as a whole. 

The ope ra t ing  and maintenance c o s t s  f o r  t h e  Fuel-recycle  f a c i l i t y -  

inc lude  labor, l abo r  overhead, chernlcals, u t i l i t i e s ?  and maintenance mak- 

r ia ls .  The to-tal annual  opera t ing  and maintenance c o s t s  f o r  a process ing  

f a c i l i t y  having a throughput of 15 ft' of f u e l  salt  per  day plus 105 f t 3  

of f e r t i l e  s a l t  per day i s  est imated t o  be  about $721,000. 

or t h e s e  charges i s  given i n  Table 4 .  

A breakriown 

These c a p i t a l  and ope ra t ing  c o s t s  weye used as base  poi.nts f o r  ob- 

t a i n i n g  t h e  cos t s  f o r  process ing  p l an t s  having d i f f e r e n t  c a p a c i t i e s .  For 

each f lu id  s t ream t h e  c a p i t a l  and operatj-ng cos t s  were estimatecl s e p a r a t e l y  



D ire c t lab o r  

Labor ovei-head 

$222,000 I -  
? 

l'7'1,GClO 

Chenij cal s 14,640 
__ 
/ 

Waste conta,incrs 28,270 sL- 

U t i l i t i e s  90,300 ,' -- 

S i t e  2, 5ooJ 
Serv ices  and u t i l i t i e s  35,88Q' ' 

Main -t enan c e m a t  e r ials 
,- 

Pro c P s s equipment 160,040," '- 

T o t a l  annual  charges $?/a, 230 

as a. f unc t ion  of  pl.mt throughput based on t h e  volume o f  sa l t  processed.. 

The r e s u l t s  of t h e s e  es t imates ,  given i n  Fig.  4 ,  were used iii c a l c u l a t i n g  

the nuclear  arid economic pierformmee of the fie]. cycle as a func t ion  of 

fue l -process ing  r a t e  

For t h e  MSBI?(Pa) p l an t ,  t h e  pvocessir~g rne-khrxls and. cos t s  were t h e  

same as those  f o r  the M313R, except, f i x -  b lanket-s t ream processing. The 

c o s t  of  d- i rec t  p ro t ac t in ium rerrioval from %he blaliket s t ream was est imated 

t o  be 

where C( Pa) i s  the c a p i t a l  cost; of p.rotactini-ccrrl-Icemo.val ecpiprnent, in 

m i l l i o n s  of dollars; and R i s  t h e  blanket-s t ream process ing  r a t e  f o r  p r o t -  

ac t in ium rerrioml, i n  thousands of cubics f e e t  of b1.anke.t s a l t  per day, 

Thus, the  c o s t  o f  fue l  recycle i n  the MS!dR(Pa) was r-:s.t;j.rr,a.tcd t o  be equiva- 

l e n t  t o  t h e  c o s t s  given by Eq. (1) and. F ig .  5 based on uranium be ing  re-  

moved from t h e  blanket s t ream by t h e  f l u o r i d e  voI.ati l i ty process  and the 

rate o:? uranLlm removal belng in f luenced  by -the rate of p ro tac t in ium re -  
mo*\ra1 . 
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Fig. 6. PSBR E'uel-Recycle Costs A s  a Function o f  Processii?g Hates.  
F luor ide  vola.til.ity- p lus  vacuum d i s t i l l a t i o n  processing f o r  core ;  f l uo -  
ride volatiJ.i-Ly process ing  f o r  b l anke t ;  C. 8 p l a n t  f a c t o r ;  12$/yr c a p i t a l  
charges f o r  investor-owned process ing  pl-ant.  

Fuel-Cyc l e  Perf orriiance 

The ob jec t ive  of t h e  nuc lear  design c a l c u l a t i o n s  w a s  p r imar i ly  t o  
f i n d  t h e  condi t ions  t%la'c gave t h e  lowest fue l - cyc le  c o s t  and, 'chen, with- 

out  apprec iab ly  inc reas ing  t h i s  cos t ,  t he  condi t ions  t h a t  gave highes t  

f u e l  y i e l d .  

Analysis  Procedures and Basic A s s m p t i ? x  

The nuc lear  c a l c u l a t i o n s  were performed wi th  a rnultigro?lp, d i f fus ion ,  

equi l ibr ium yeac tor  program, which cal.cul-a-tec3 t h e  nuc lear  performance, 

the  equi1ib:riu.m concent ra t ions  of  -the vai-ious nuc l ides ,  inc luding  the  

f i s s i o n  products,  and t h e  fuel-cyc1.e c o s t  f o r  a given s e t  o f  condi t ions .  
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The 12-group neutron cross sec t ions  were obtained from neutron spectrum 

calculation.s, with t h e  core heterogeneity taken i n t o  cons ide ra t ion  i n  t h e  

the~.~al-neutron.-spectrurn computations. 

by-  parameter s tud ies ,  wi th  most emphasis on min imum fuel-cycle cos t  and 

with lesser weight given t o  nia.ximizing the annua.1 f i e 1  y i e l d ,  

pammeters varied were t he  r eac to r  dimensions, blanket thickness, Prac- 

%ions of f u e l  arid f e r t i l e  sal%s i n  t h e  core, and t h e  fuel- and fertile- 

stream processing r a t e s .  

The  nuclear designs were optimized 

Ty-pica.1 

The bas i c  economic assunpbions enplogi-ed. i n  obtaining the fue l -cyc le  

cos ts  are given i n  Table 5 .  

i n  t h e  previous section and a re  included i i i  the  fuel-cycle cos t s .  A f is-  

s i l e  r m t e r i a l  Loss of 0.1% per pass through t h e  fuel-recycle plant was 

applied.  

The processing cos ts  a r e  'uased on those given 

'The e f f e c t i v e  b5ha-c-ior used i n  the fuel-cycle-yesforurlce ealeula- 

t ions  f o r  t he  vaxious f i s s i o n  products was t h a t  given i n  Table 6. A gas- 

s t r i p p i n g  system i s  provided t o  rerrio~e f5.ssion-product gases from the 

f i e 1  s a l t .  
0 - 005 wax applied.  

I n  the  cal.culations reported here, a 1 3 5 ~ e  poison f r a c t i o n  of 

Table 5. Economic GrCjLLqd Ru.les TJsed 5.n 
Obtaining Fmel-Cycle Costs 

Beactor power, MW( e )  

Tbel-rnai ef fie ieney, $ 
Thad f a c t o r  

1000 

4s 

0.80 

Cost assumptions 

14 TJa1u.e of 2,33TJ and. 2 3 3  Pa, $/a 
TJalue of 2 3 5 ~ ,  $ / g  12 
VEilvte of tboriwn, $/kg 12 
Va1u.e of c a r r i e r  salt, $/kg 
eap i t a1 charge, $/yr 

Prim..te financing 

26 

Deprec i a t  ing  c a p i t a l  12  
Nondeprecia-brkiig c a p i t a l  10 

Depreeiat.ing c a p i t a l  7 
Nondepre c i a t i n g  capital .  5 

Public f inanc ing  

Processing cost : given by crnSvex 
in Fig. 6, pllns cos t  given by 
~ s _ .  (I) ,  where applicable 
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Table 6 .  Behavior of F i s s ion  Products 
i n  MSBK S y s t e m  

- .  

R e  havior  Fri-ssion Produc-Ls 

Elements p re sen t  as gases ;  assumed t o  be 
removed by gas s t r i p p i n g  ( a  poison 
f r a c t i o n  of  0.005 was app l i ed )  

Elements t h a t  form s t a b l e  r ; e t a l l i c  colI .oids;  
removed by f u e l  processing 

Elements t h a t  form e i t h e r  s t a b l e  f l u o r i d e s  
o r  s t a b l e  m e t a l l i c  col loj .ds;  removed by 
f u e l  process ing  

El.ements t h a t  form s t a b l e  f l .uorides  less 
v o l a t i l e  t han  LiF; separa ted  by vacuum 
d 5. s .L i l l a t  ion  

Elements that, a r e  not  separa ted  from t h e  
c a r r i e r  salt; removed only by s a l t  d i sca rd  

Kr,  Xe 

Xu, Rh, Pd, As, In  

Se, H r ,  Nb, Mo, Tc, 
Te, I 

Sr, Y, Ba,  La., Ce, 
Pr, Nd, Mn, Sm, 
Ell, Cd, Tb 

Rb, Cd, Sn, C s ,  Z r  

The c o n t r o l  of cor ros ion  products  i n  mol ten-sa l t  fuels does no t  

appear t o  be a s i g n i f i c a n t  pro’olem, and t h e  e f f e c t  o f  cor ros ion  products  

w a s  neglected i n  t h e  nucl.ear c a l c u l a t i o n s .  

l o y  N i l l  molten sal’is i s  very  low; i n  add i t ion ,  t he  fuel-processlng 

opera t ions  can c o n t r o l  corrosion-product  bu i ldup  i n  t h e  fuel.. 

The cor ros ion  r a t e  of Hastel- 

The importank parranieters desc r ib ing  the YiBK and MSHR( Pa) designs 

a r e  given i n  Table 1. Many of  t h e  parameters were f ixed  by the ground 

r u l e s  f o r  t h e  e.val.uation o r  by engineering-design f a c t o r s  that  inc lude  

t h e  -t;iie.rmal e f f  icieiicy,  p l a n t  f a c t o r ,  c a p i t a l  charge r a t e ,  maximuuii f u e l  

ve loc i ty ,  s i z e  of f u e l  tubes,  p rocess ing  cos t s ,  f i s s i l e - l o s s  r a t e ,  and 

t h e  out-of-core f u e l  inven-tory.  The param-eters optimized in the f u e l -  

cycle  calculatrions were t h e  r e a c t o r  dimensions, power dens i ty ,  core  compo- 

s i t i o n  ( inc lud ing  the  carbon-to-wanj.mil and tliorim-to-uranriUm r a t i o s )  , 
and process ing  r a t e s .  

_I. Nuclear Performance and Fuel-Cycle I. CosL 

The gene ra l  r e s u l t s  of t h e  nuc lear  cal-culat ions a r e  given i n  Table I.; 

t h e  neutron-balance results a r e  given i n  Table 7 .  The b a s i c  r e a c t o r  



Ta.ble '7. Uelutron Balances for t h e  bKBR(Pa) and t h e  WSBR Desi@ Conditions 

I 

MSBR ( Fa ) MSBR 
Neutrons per Pissi1.P Absorption Neutrons per Fissile Absorption 

M a t  e r i a l  
Absorbed !i?Jsoi-hed neutrons Tota.1 Neutrons T o t a l  Fr od-ue ing  Pr'cdllc. ing  Abscrbed Prcduced A'bs o-rbed Produced Fissrion F i s s i o n  

0.997C 

0. 00n3 

0.9247 

0.0819 

0.u753 

0.0084 

0.0009 

0.0005 

0.0647' 

0.0025 

0.0323 

0.0050 

0. o c a  
0.001-7 

0 * 03-85 

0 * o w 9  

0 e 0012 

2 I2268 
- 

0.0025 0.0058 0.9'710 0.0025 0.0059 
o.0o-n 

0 * 0003 0.000R 0.0936 0.0004 0 a 0010 

0.06W 0.1.474 0 - 0881 O.OT'/OB 0.1721 

0.9001 0.000r 0 0115 0.0003. 0.0001 

0.001~+ 

0.0009 

0.8213 2.0541. 0.9119 9 * 8030 2.0233 

0.01&3 0 e 0623 0.01#5 

0.0030 

0.0300 

0. 0050 

0 e OCh9  

0.0018 

0.03.96 

0.00.50 

0 a 001.2 

0.6849 2 "2268 2.2209 0.8828 2 2209 

a. 

bl;en.k;lgc, i.nc1iiding neut-rom a,bF,mbed in .reflector. 

l)el.ayed neutrons elnit Led o u t s i d e  core .  
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Tab1.e 8. Fuel-Cycle Cost f o r  M%R(Pa) and MSBR Plants" 

- -  
V S B R ( P ~ )  c o s t  (mi1l /kwhr)  NSBR Cost [ m i l l / k @ h r (  e )  I 

.. _l____l_ ..... 
r'uel Fel t i l e  Subtotal Grand !%el F e r t i l e  S,l~total Grand 

S t i  eam Sf;l,ean To ta l  S t r eun  SLrean Tota l  

F i s s i l e  inventoryb 

F e r t i l e  inventory  

Sa It inventory  

Total inventory  

r e r t i l e  rep1acemer.t 

Salt replacement 

To ta l  replaceiflent 

Processing 

Tota l  processing 

Production c r e d i t  

Net h e l - c y c l e  c o s t  

0.1125 0.0208 0.3.333 

0.0000 0.01~79 13.0179 

0.0147 C .0226 0.3373 

0.188 
0.0000 0.0041 0.0041 

0.C636 C.CO35 0.%71 

0.071 

C . l295  0.0637 9.1932 

3.193 

(0.105) 

0.35 

0.1~180 0.0324 0.1504 

3.0459 0. ili.59 

0. Glib6 C .058O 0 .  TI26 

0.263 

0. Ci185 0.0185 

0.0565 C. 0217 0. W82 

0 .  C97 

C .1223 C. 0443 0.1663 

0.166 

( c  .C73) 

3.16 

" B a e d  on investor-cwne6 power p l a n t  and 0.80 p l a n t  f a c t o r .  

bIncliirjing 2 3 3 ~ ,  and 2 3 5 ~ .  

and processi.ng c o s t s .  

r e a c t o r  design, s i n c e  they  a r e  l a r g e l y  determined by the  e x t e r n a l  f u e l  

volume. 
times, one of t h e  ch ief  parameters optimized i n  t h i s  study. 

by the  r e s u l t s  i n  Tables 1 and 3, t h e  a b i l i t y  t o  remove pro tac t in ium 

d i r e c t l y  from t h e  b l anke t  s t ream has a riarked e f f e c t  oil t h e  f u e l  y i e l d  

and lowers t h e  fue l - cyc le  cos t  by about 0 .1  mill/k.,~ihr( e ) .  This i s  due 

pri .marily t o  t h e  decrease i n  neutron absorp t ions  by protac-Lini.wn when 

t h i s  nuc l ide  i s  removed from t h e  core  and b l anke t  reg ions .  

The inventory  c o s t s  are r a t h e r  r i g i d  f o r  a given 

'The process ing  c o s t s  are a fvxc'iion o f  'che processing-cycle  

A s  shown 

In ob ta in ing  t,hc r e a c t o r  design condi t ions,  t h e  opt imjza t ion  pro- 

cedure considered bo-th f u e l  y i e l d  and fue l - cyc le  cos t  as c r i t e r i a  of 

performance. 

which g ives  t h e  mini-?iiuni fue1.-cyc!.? c o s t  as a func t ion  of f u e l - y i e l d  r a t e  

based on private1.y financed pI.an-1;s and a pI.ani; f a c t o r  of 0.8. 
s i g n  condit-ions TOY t h e  PlSBR(Pa) and MSBK concepts correspond t o  t h e  

des;-gnated points i n  Fig. '7. 

'The corresponding fue l - cyc le  performaace i s  show11 in Fig. 7, 

The de- 
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7 0 9 4 5 6 2 3 

FUEL Y1EL.D (%/yr) 

.big. 7. 
M S B ~ ~ (  Pa) Conc-epts. 

Varia,tic;n of 14'uel-Cyclc Cost v i t h  Fuel  Y i e l d  j n  MSBR and 

Pow e r - Pr. o due t i on Co s t and Fue 1. - U t  i l i z a t  ion  
Character  i s  t i e  s 

The power-production cos-bs are based on t h e  ca .p i ta1  c o s t s  giv-evl 

above, ope ra t ion  and maintenance charges, and 1"uel-cycle c o s t s .  
s wmar. i z e s t he  pow e r - p TO duc t i o n  c o s t and the f LE 1 - u t i  1 i z at F o n c hara  c - 
t e r i s t i c s  of t h e  MSZR(Pa) and MSBR plants.  
bo th  concepts produce power a t  low c o s t s  and t h a t  t h e  fuel-utilization 

c h a r a c t e r i s t i c s  for. t h e  MSBR(Pa) plant a r e  excellerrt; a n d  those fill- t h e  

MSBI aye good. 

of the s p e c i f i c  f i s s i l e  inventory  and the squaxe of t h e  doubl ing time, 
the MSBR(Pa) concept i s  comparable t o  a, fas t  byeeder reactor wt th  a 

specif ic  inventory  of 3 kg of f i s s i l e  m a t e r i a l  p e r  m e e d w a t t  of  e l e c t r i c i t y  

produced and a doubling t i n e  of 6 years ,  while t h e  MSHR pl.ant i s  compn- 

r a b i e  to the sane fast breeder  w i t h  a d.oubI.ing time o f  10.5 years a 

Table 9 

The results i l l u s t r a t e  tliq2t 

Measu.r.ing these c h a r a c t e r i s t i c s  i n  t w m s  or" t h e  product 
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Table 9. Power-Production Cost and Fuel -Ut i l iza t ion  Characteyisti c s  
of the  MSBR(Pa) and the MSBR Plantsa, 

Spec i f i c  fi-ssile inventory, 

Specifj-c f e r t i l e  inventory, 

Breeding ra.k io 

Fuel-yield r a t e ,  $/yr 

Fuel doub7.i.ng tililc,b yeai-s 

Power doubling time, years  

kg/Mw ( e ) 

k g /Mw ( e ) 

Capi ta l  charges, mill.s/kwhi-( e )  

Operating and rnminLenance cost ,  

~ ~ l - c y c l e  cost ,d  mill/kvj"np.( e )  

Power - product ion cos 'I;, m i  11s /kwhr ( e ) 

rn?.ll/kdhr ( e )  

0.68 0.77 

105 26 8 

1.07 

7.95 

12.6 

8.7 

1.05 

A .  86 

20.6 

14.3 

Pr iva te  Pub1i.c P r iva t e  Publ ic  
Financing Financing %'inancing Financing 
__.__I_ ~ ~ . - - -  .-., I _II..- 

1.95 1.10 1.95 1.10 

0.34 0.34 0.34 0.34 

3.35 0.20 @.& 0.29 

2.61- 1.64 2.75 1.73 
.- -- ___ 

...I___. 1___1_. _-.- -...-___ ,...-. -- 
a Based on 1000-Mw(e) p1.an.t and a 0.8 load fac- tor .  P r iva t e  f inanc ing  ccn- 

s i d e r s  a capli-tal charge ra te  of 12$/yr f o r  deprec ia t ing  c a p i t a l  and of l O $ / y r  f o r  
nondepeciat,i.rig c a p i t a l ;  piiblic f inancing considers  a capLka1 charge r a t e  of 
7$/yr for deprec ia t ing  capi . ta l  and 5$/yr f o r  nondepreciating c a p i t a l .  

bInvei-se of t he  fuel-yic7.d r a t e .  
C Cagabi l i ty  based on continuous investment of  t h e  n e t  bred f u e l  i n  new re -  

ac to r s ;  equal  t o  t h e  r eac to r  f u e l  doubling t ime multiplied by C.693. 

'Costs of on-s i t e  in tegra ted  processing @ant ilrclixded in t h i s  value. 

Studies of A l t e r n a t i v e  Molten-Salt -..-~ Reti_ctor Designs 

Modular - Tyye P l a n t  

An Lmportant factor i.n maintaining low power-prcduction cos t s  i s  
the a b i l i t y -  o f  t h e  power plant .Lo maintain a high pI.ant-sv-ai-la'uli.lity 

fac ' ior .  A modular-type MSHR p l an t ,  termed MMSBR, was the re fo re  investi- 

gated to determine t h e  p r a c t i c a l . i t y  o f  a four-module p l a n t .  

of a Puel pump i n  such a system would shu t  down only one-quar'iei. of the 
station capaci-ty, leaving 75$ avaiJ-able for power product ion.  

Stoppage 



The bII,"lBR d.esign incl.udes fC1u.r s e p a r a t e  and i d e g t i c a l .  r e a c t o r s ,  

a3.ong wi.th t h e i r  s epa ra t e  sa l t  ci .rcu?ts. ,  Tne designs o f  t h e  hea t  ex- 

changers, the c o o l a n t - s a l t  circu.i-t;s, and t h e  steam-pciwer cyc le  Yerrrain 

e s s e n t i a l l y  as f o r  t h e  KSBR. Each reactor module geneFates thenr,al  p u ~ e r .  

equ iva len t  t;o that r equ i r ed  for a net, p roduct ion  of 250 Md(e). The flow 

diagram given  i n  Fig.  1 i s  a p p l i c a b l e  t o  t h e  MPEBR. The new f e a t u r e s  of 

t h e  MYISBE des ign  are ind.ical;ed. i n  F ig .  which i l l u s t r a t e s  t h e  fow- 

d i s t i n c t  r e a c t o r  vessels and. c e l l s ,  a long  w i t h  t h e i r  ad jacen t  steam- 

gene ra t ing  c e l l s .  

The reactor core c o n s i s t s  of  210 grxph i t e  f u e l  ceI.1.s ope ra t ing  i n  
pa..ra.l.i.el w i th in  Yine reac tor tank.  The core reg ion  i s  cylind.rica.1, . w i t h  

a djameter of about  6.3 i't and a he tgh t  of about 7.9 ft. 

vessel is aboixt 12 ft in diameter and ahout 14 f t  high. 

Each reactor 

The nuclear and fue l - cyc le  performance of' t h e  PWBX was also s tud ied  

f o ~  pro tac t in ium renioval. from t h e  b l anke t  stream; this case i s  termed 

€WSBE( Pa) e The r e s u l t s  i n d i c a t e  thab  the nuclear and fue l - cyc le  per- 

f o m m c e  of  a mod.ul.ar-tyye p l a n t  compares favorably wi th  t h a t  c;f a s ing le -  

r e a c t o r  plant; t h e  modu:I.a:e p l a n t  tends t~ have slig'ritly hi.ghe:e breeding 

r a t i o ,  fissile inventory,  and fue l - cyc le  c o s t ;  t l ie power-p2.odu.ction c o s t  

i s  7rirtualIy- t h e  ~ame  as f o r  t h e  bEBR p h r i t .  

I Addit ional  Design Concepts 

Other mol ten-sa l t  r e a c t o r  desigris were studied b r i e f l y .  I r i  gener'aJ 

t h e  technology 1.equiu.c-d f o r  t h e s e  a l t e r n a t i v e  designs i s  r e l a t i v e p j  un- 
developed, although t h e r e  are experimental  d a t a  .that sl.xpport t h e  f e a s i -  

b i l i t y  of  each co~ ieep t .  An except ion i s  t h e  mol t en - sa l t  con-verter : reac tor  

(d-esignabed MSCH) I whose a p p l i c a t i o n  essex?tia, l ly r e q u i r e s  only  scaleup of 

MSRE and a s s o c i a t e d  fue l -process ing  .bechnol.ogy. Rowever, t h e  MSCB i s  riot 

a breeder, aCLtho.u.gh it; approaches breakeven breeder operation.. The addi -  

t t o n a l  concepts are termed I / I sHR(P~-%) ,  S S C B ( P ~ ) ,  M O X E L ( P ~ . - P ~ ) ,  and IGCR. 

' h e  MSBR(Pa.-Pb) des igna t ion  refers t o  t h e  IGBR(Pa) modified by u s e  o f  

di . rect-coi i tact  croolirig of -the moltei~-:;al.i; fue l  w i t h  molten lead . :Lead i s  

irilni.scibl.e wtth molten salt and. can be used as a heat excha-nge rriedii-mi 

wi-thin l;he renctor.  vessel. t o  sign.ifi.cantl;y- lower %I% f'issi-le i-nventory 
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e x t e r n a l  to t h e  r e a c t o r .  

between t h e  r e a c t o r  and t h e  steam gene ra to r s .  
The l e a d  a l s o  serves as a, heat t r a n s p o r t  medilm 

The SSCB( Pa) des igna t ion  r e f e r s  to a Single-Streafi-Core greeder  w i th  
I - 

d i r e c t  p ro t ac t in ium rernoTJal from t h e  f'uel. stream. 
s ing le - r eg ion  reackor having f i s s i l e  and f e r t i l e  m a t e r i a l  i n  t h e  fuel 

stream, w i t h  p ro tac t in ium removal from th. is  stream; i n  add i t ion ,  t h e  

core  reg ion  i s  enclosed w i t h i n  a t i n i l ?  metal. mernbrane and i s  surrounded 

by a b lanke t  of thorium-containing s a . l t .  
p l a c e  i n  t h e  l a r g e  core,  m d  the blanket ' ' ca tches"  only Yne r e l a t i v e l y  

small f r a c t i o n  of neutrons t h a t  "leak" from t h e  core  ( t h i s  concept i s  

also r e f e r r e d  t o  as t h e  one-and-one-half reg ion  reactor), 

This is  essent ia l ly-  a 

Nearly all the  breeding  takes 

The I';IOSEL( Pa-€%) des igna t ion  r e f e r s  t o  a Molten-Salt 3 i t h e r m a Z  

breeder  having an i n t e rmed ia t e - to - f a s t  energy spectr-cim, w i t h  d i y e c t  p ro t -  

ac t in ium remoml. from t h e  f u e l  s t ream and d i rec t -cor i tae t  cool ing  of t h e  

f i x l  reg ion  by molten l e a d .  Mo g r a p h i t e  5.s presen t  i n  the core  of t h i s  

r e n e t o r .  

I - - 

The PECK r e f e r s  to a Molten-Salt Converter  Reactor that has .the - I 

fe:ri;il-e and f i . ss i le  m a t e r i a l  i n  a s i n g l e  s t ream. 

employed, a l though a, g r a p h i t e  reflec2tor surrouuids t h e  large core  

The Tuel-cycle  performmce c h a r a c t e r i s t i c s  f o r  th.ese reactors a r e  

silmnm.a,rized i n  ?'a.ble 10; i n  a l l  cases  t h e  methods, a n a l y s i s  procedures,  

No blariket region, i s  

T a b l e  10. Swmary of Fuel-Cycle Performa.nce f o r  
Reactor Designs Studied 

Spec i f i c  

Hat io  Inventory 
[ kg/~tw( e )  1 

Fue I Fuel- Cy-cle E'is ile R r  eeding 
Cost Reactor Yield 

(mi. ~.l/fiik ) ( $/Yr ) 

MSBR( Pa) 7.95 I-. CY7 0.35 0.68 
MXBR 4. $6 1.05 0.46 0.77 
TVQGBR ( 1'8, ) '7.31 1 .CY7 0.313 0.76 
MSEBR ( Pa,- E% ) 17 .3 1.08 0.25 0.34 
SSCB ( Pa ) 6.63 1.m 0.3'7 0.68 
MOGEL( Pa-Pb) 10.3 1.14 0.13 0.99 
~5 cri 0.96 0.57 1.63 
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and economic condi t ions  employed were anal.ogous t o  those  used i n  obta in-  

i.ng t h e  re ference  MSBR design d a t a .  
on f l u o r i d e  v o l . a t i l i t y  and vacuum-dLstKLla,tion processing;  d i r e c t  p r o t -  

ac t in ium removal from t h e  r e a c t o r  system w a s  a l s o  considered i n  s p e c i f i e d  

cases .  

I n  genera l ,  f u e l  r ecyc l jng  was based 

The results i n d i c a t e  t h e  p o t e n t i a l  performance of f l u o r i d e - s a l t  

sys terns u t i l i z i n g  a d i r ec t - con tac t  coolan t  such as moI.ten l ead  and the 

v e r s a t i l i t y  of molten salts as r e a c t o r  fiiels . 
s ing le - r eg ion  r e a c t o r s  based on MSRE technology have good performance 

c h a r a e t e r i s t l c s  . Since the c a p i t a l ,  opera.Ling, and rnaintensnce cos-'is of 

- the  MSCK shou1.d be comparable wi th  those  O S  t h e  KSBR, t h e  power-production 

c o s t  of  an  investor-owned MSCR p l a n t  should be about  2.9 m i l l s / h h r ( e )  

based on a load f a c t o r  of  0.8. 
PEER( Pa) and MSFJR p l a n t s  and t h e i r  super9or nuclear  and fue l -conserva t ion  

c h a r a c t e r i s t i c s  make development o f  t h e  breeder  r z a c t o r s  p r e f e r a b l e .  

They a l s o  i l l u s  h a t e  t h a t  

However, t h e  lower power c o s t s  of t h e  
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p o t e n t i a l  o f  ~ r G d l J . C i r i ~ ~  low-cos 'i power from nore e x p m s i v e  f l ie l  r e s o u ~ c ~ s  

o r  preferabl.y of ccnservir ,g rue1 s o  t h e  use o f  exgznsive resouirces 1-s un- 

necessaxy. There i s  gene1-d akgi-Eement tilai; breecle r rc3,ctoi.s are required 

t o  a.';tain t h i s  o'c j ect , lve.  I q o r t 3 n t  I"a,ctors ?i.el,j,ted to conserv:L'ci.cn of  

i ' i s s i lc  f u e l  resouTces 31~2 t h e  fu.el douh1i:lg times of t h e  b r e e d e r  r e a c -  

L O ~ S ,  t h e  zssoe ia t i -d  s p e c i f i c  inTjeritoi-.S e s  of fuel, :>,lid 'ihc t o t a l  ni2cSee.r- ,- ~ . 

n e r a t k , r :  ca,p:eity a t  thc: t irnz wh2n breeder I:lo.nts be@ to 

cornpcte corm,-rcially a,2d t o  b e  inste.1 I.ed i.n lari;e nu-:ib:;rS. A~I SO? $he 

rrlined fi-ssi1.e f ~ e l -  needs a r e  dccreaspd i f  breeder- type rsclc L0r-s e m  b e  

oper3,ted e:Gnorli.c?,lly when in i t ia .1 l .y  fuel i;d wi.th '3 5u ( i n i t i 2 . 1  o;)era,kion 

cs fuel cogverters  t o  produce p1uLoniuu: cir 233U).  

the time a t  7wh:~ch i-ezct0-r p la .n ts  havjn;; good fuel u t i l i  z a , t i m  ch r t~acke r -  

i s t i c s  can be -ntroauced on a, l a r g e  s ca l e .  

to serve as tlie i n i t i a l  f u e l ,  tk3e a s soc ia t ed  spec l f i . c  in>vm'cory r?qulrc- 

menis and c o n v e r s i o n  ratio must b e  c o n s i s t e c t  w i  th ectoEornic o p e r : ~ ~ t < o n .  

It i s  desi-rabl-F: Lh'it breeder :*eactors he.\re b o t h  low f u . d  doubl ing  

Such a b i l i t y  i n f l u e n c e s  

However, in oruer  fo;r 235U 

s a r d  icw spcci  f i e  i nvsn to r l e s ,  sirlee mi.ned fissil~e f u e l  needs d.eyend 

on b o t h  f a c t o r s .  I n  genzrFi1, i t  apueurs p r u d e y t  t h a t  the needs oi' t h e  

n a t i o n  fcr :mined. f i s s i l e  ca.teri?, l .  b e  below t h e  quctnti.ty associ3. ted wi~th 

1o:fir-cos'i urariiuni reserves. Use o f  breeder reactors havi=lg s 

v e n t o r i e s  of  1 kg fissile/bZw(e) sild f u e l  cloubliiig t imes o f  23 years ap- 

pesrs  t o  xake thi .s p o s s i b l e .  - 4 1 ~ 0 ,  Lhe cay:rici-ty cf' eitj.stin6; gasecjus d i r -  

fusion plants appears suf ' f ic ient  t o  provide the enwiched-ur~,niui~.  requ.S.rc- 

r-.ents cf  t h e  n a t l o n  i f  such breeder reactors can b e  dwcloped  and b u i i i ;  

i n  l s r g e  nimbers by about  1085. Thus, 2. 1 j o r  objeetiLv- of this s tudy  

7v/a,s to deterr:!i:ie whether a molten-salt r eac io r  can  ncnicve t h e  performance 

discussed above. Specifj .cally,  t h i s  goa l  i s  t h e  simultaneous achieve-  

ment of power p r o d u c t i o n  c o s t s  of about 3 mllls/kwhr(e) i n  a l O @ O - P h ( e )  

investor-owned station, a specific i n v e n t o r y  of 1. kg f issf le /bb(  e )  or  

less, and a fuel. doubling time of 20 y e w s  or l e n s .  

1.3 Scope of  Study ...- 

' lhe r m l t e n - s a l t  r c z c t o c s  b e i n g  developed are f u e l e d  with soluilons 

of urnni u'n auld thorium f: i i o r ides  d; s s o l v e d  i n  lithiun and bpry l l ium 
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fluorides . They operate at high  -tempev.stiire and re2.ativel.y 1.0~ pres su re .  

Fue? s and .  ma.teri.a.ls z r e  conmerciel ly  av3,il.n’nl e for opeyating such systems 

a i  t e rqx ra tu res  a , t  I.e:t:;t as high  as 140O0F, with pressu.re:; ( 

pr i r f l ax j  ly by f l u i d .  f l o w  requi remei:t:: . 
vi  o l e n t  c1~e::iir:a.l react!. oris w i t h  t3,i.r or’ mtein, equipmer?t and cont,a.inment 

des ign  problems a r e  rflinimj-zed.. Since t h e  mol ten-sa l t  fhls are  cornpat- 

i1ol-e wi-th uriclail g raph i t e ,  a breeder  core  having low pa,ra.si t i c -neut ron-  

ca-ptui-e cross s e c t i o n s  i s  p r a c t i c a l .  The combinatlon of t h e  high spe- 

c i . f ic  heat of t h e  molten- sa1.t fue1.s, t h e i r  hrge opera t ing  temperature  

range, and. t h e i r  r a d . i a t i o n  s t a k i l i t y  permi ts  .the a t ta innlen t  of  very- high 

f u e l  s p e c i f i c  powers. A l s o ,  f ue l  process ing  and r e c o n s t i t u t i o n  involve 

i n h e r e n t l y  siniple processes that al low inexpensive fuel. r ecyc le  a,t high 

process ing  r a t e s  i n  cornpact on-sitc:  inkegrated processing pl.a,nts . In 

t h i s  study t h e s e  features were incorpora ted  i n t o  a 1 O O O - Y ~ (  e )  power plant  

design, and the nuclear  arid economic c h a r a c t e r i s t i c s  of  the plarit were 

eva,limted as func t ions  of  design axid opera.ting condi t ions  e 

S i n c e  the sa l t s  do noi; ~ lndergo  

Only the T h - 2 3 3 U  f u e l  eye1 e wi.th f l u o r i d e  s;j,.lt, f u e l s  i s  considered 

b ec ail s 2 ’ill e fue l -  r cc y c l  e proc e s s es employed 

ge  r1ern.l~ , t’n e ch milt c a,]., phys i c a , l  , :uid nucl. em: c1xx-x t, er i s t i i: s of’ the 

Tli-2”lJ cyc1.e favor  its use over t h e  u.r.~niu~-pl.uto~~~~~t~ c:y-cle i n  1;he:rrnal 

itiol-Lcii-sa3.t sysi,erns ) . 
t h e  chen!ical Yorm of the f e r  c i l e  ni:itei?i al- by f l u o r i n a t i n g  t h e  mol t ; . r ?  

fl-uoricle mixture.  Also,  t h e  PC!’!+ d-issolved ?n Lhe c x r i e r  sa1:ts d.oc:s not 

u n d  ergo oxida t ion-  reduc-t i on  c t i o n s  as does IJF4; t h i s  redu.ccs nia.ss 

t r a n s f e r  effects i.n systeiiis cons t ruc t ed  of :-iasteI.l.oy N i;iiat cir .eula-te 

s a l t s  wi.t;h h<.gh I”ert-i 1-13 mat.c.r-ia.1 concentrations . 
c l e a r  p r o p e r t i e s  of 23311 -that determine t h e  f u e l - u . t i l i z a t l o n  cha rac t e r -  

i - s t i c s  a r e  supe r io r  t o  -bhose of 2351J  or plutoni.u.ni f u e l s  i n  the1 

a ,c tors .  

Uranium e m  be  recovc-red re r ,d i ly  wlLthout ::,ff e c t i n g  

I n  a,dd.i-Lion, t h e  nu- 

The j. n i t ial r e i’r :r* en c e molt; en - s t i l - t  ’0 r e e i3 er r e ac t o r  (14% .BR ) c on s ?: d c r c (1 

here  is a. .two-regj on fJ.uid-fue1. concept, wi~th I”-issi.l.e msteu.ial i n  hi. c o ~ c :  

stream and. Yer’iile materia.1. i.11 l ;he b1.ankt.t st,r.eam. T’ne fuel and b k m k e t  

salts XCF! i n  d i r e c t  con tac t  with t h e  granhi’ie r- Inode:ru.tor, and gr.iiphi.te 

tubes axe use? to sepa:rmte core  and bl-rmket  s t r r a , m s .  ‘The f e r t i l e  stream 
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n o t  oii3.y sur rounds  tilt3 c o r e  t c  form a, b1r;nke.i; r c g i o n  but : d s o  c i . r c u l s t e s  

Lhrough t h n  core r e g i o n  i n  splices b e t  er. 'ihe f u e l  t u b e s .  .:nergy gcneJ:rl.ted 

i n  t h e  reactor f l u i d  i_s t r a n s f e r r e d  to E secondary c o o l a n t - s a l t  c.iLrcuit,, 

which couples t h z  r e a c t o r  Lo I s u ~ e r c r i t l c ~ . l  stesifi  p l . ~ n t .  P ' u d  p i - o c e s s i n j  

i~s accompli-shed i n  en o n - s i i e  pl.ant i;l.iat u t i ~ l . i z e s  f ' lu.oride-vo1 n t i ~ l i t y  

and v;~j,ciiim-ciistili .a"tj~on processi .ng.  AJ.t,?oir@fi msi; of  the des.iLgn effoi-1; 

c e n t e r e d  on t h i s  system, i~t, i s  no'i t o  be in fe i - rcd  that tliis ccnceg'i i s  

necessarily the b e s t  o r  involves Eie b e s t  p r o c e s s e s .  It was choseii as 

a, l o q i c a l  s t a r t i n g  poini; tha,t  would. permi t  d e f j n i t i c n  of' a s F e c i f i c  sys- 

LCC:, helr,  iil d e t e r m i n b g  d e s i g n  p o b l e r s  of  xolteii-  sz1.t reac  t o r s  i n  gen- 

e r a l ,  and p r o v i d e  3, stan-dard of performanc- a g a i n s t  which t h e  i n c e n t i v e  

f o r  desi.gn, development, ard opera-Ling improvemnts  could  b e  measured. 

J. 

I n  o l d e r  t o  indicate t h e  depth of  exper ience  pres:ntl.y a v a i l a b l e  wt'ih 

m o l t e n - s d t ,  r e s c ' i o r s ,  Chapter  2 ? r e s e n t s  2 sixmary of t h e  kechx.Lcgica,l  

devclo?r:.ent and  s t a t u s .  Fol.l.o?jj ng a d e s c r i p t i o n  of t h e  i n i t i ~ ? l  re2ctoi- 

s t u d y  (Chapt.  3 ) ,  Ch3,plcr 4 o ~ e s e n t s  el t e r n a t e  d e s i g n  condi t . ions f o r  t h e  

refer:nce d e s i g n .  ChayLer 5 b r i e f l y  p r e s e n t s  e l t e r n a t e  r e a c t o r  desi 

and.  t h e i r  perfomxznce c h a r a , c t e r i s t i c s  . F i ~ n a l l y ,  Chap'icr 6 evalualcs  t h e  

o v e r a l l  r c s u l  t s  of iiiese des ign  s tudj -es .  

1.4 Study Organiza t ion  ... and. P3y.t Lcipaiing Personnel  .-.-...-_I___ 

The arces i n v e s t i g a t e d  i n  thi s t u d i e s  xid t h e  p c r s o n n e l  involvcd  are  

g iven  i n  'Table 1.1. 

'The encouragement and suppor t  o f  M-r. R .  Beccher Rriggs,  D i r e c t o r  of 

t h e  Molten-Sal t  Reac tor  Program, d h r i n g  t h e  course of t h e s e  s 1;udi.e~ was 

v e r y  much a p p r e c i a t e d .  

view of t h i s  r e p o r t  and his h e l p f u l  comments. 

I n  d d . l t j ~ o n ,  we s r e  grateful f o r  h i s  c r i - t i c a l  r e -  
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The i n i , L i a l  t ec 'mologica l  devel.opment fcr nol.ben--salt r e a c t o r s  was 

done i n  t h e  e a r l y  1950's i n  t h e  A i r c r a f t  Nuclear Propulsion (ANP) Program 

a t  t h e  Oak Ridge Nat ional  Laboratory.  'This program. involved ex tens ive  

f luo r i -de - sa l t  chemistry and ma te r i a l s  corflpatibil i ty s tud ie s ,  component 

development, niateyia, 1- and f ab r  icab  ion deve I.opmeni;, and development of 

reizctor maintenance methods. i n  1954 the  A i r c r a f t  Reactor Experiment 

(ARE), a 2.5-Mw(th) mol ten-sa l t  yeac tor  w a s  b u i l t  and operated success-  

f u l l y  a t  o u t l e t  sa l t  temperatures  up t o  1650°F. 

UTL disso lved  i n  a mixture o f  zirconium and sodium f luo r ides ,  moderated 

wi.i;h bery l l ium oxide, and cons t ruc ted  of Inconel .  

The ARE was fue led  wi th  

The pi.esent mol ten-sa l t  r e a c t o r  progrzm, i n i t i a t e d  i n  1957, has 

drawn upon the i~nforrnation from t he  ANP program. and has also i n i t i a t e d  

new i n v e s t i g a t i o n s .  By 196C enough favorable  expeririienLa1 resu l . t s  h.ad 

been o b t a i n e d  t o  support  a.ut;horization of a lO-?/Iw( th) molten-sa l t  r e a c t o r  

experiment (MSRE) . Power opera t ion  o f  t h e  ?LYRE w a s  initia'Led in ear ly 

1966. The system provides  f a c i l i t i e s  f o r  bes t ing  f u e l  salt ,  g raph i t e ,  

and Hastelloy N ( t h e  conta iner  material.) under appropr i a t e  r e a c t o r  oper- 

a t i n g  condi t jons .  

s tanding  and has demonstrated t h a t  the d e s i r a b l e  f e a t u r e s  o f  t h e  molten- 

sa l t  concept; can be embodied i n  a prackica?.  r e a c t o r  that  can be constructed,  

operated,  and riiaintai~ned wi th  s a f e t y  and r e l i a b i l i t y .  

The b a s i c  r e a c t o r  performance t o  da-Le has been out- 

A s  i nd ica t ed  above, the success fu l  operatfon of t h e  bSKE i s  based 

upon a broad technologica l  development program. 

understanding of p re sen t  knowledge useful.  i n  t h e  design of iiio3.ten-sa1-L 

breeder  r eac to r s ,  a summary of s e l e c t e a  work i s  given below t h a t  covers 

chemical. development, strue'zural m a t e r i a l  development and cor ros ion  

s tud ie s ,  rue1 -processing devel.opmenf;, and cor!;poileiit development. Addi.- 

t:i.onal information i s  presented  i n  o the r  r epor t s  -Ln t h i s  s e r i e s  t h a t  

arpl.jify the  present  d i scuss ion  and gi.vz s p e c i f i c  r e s u l t s .  

I n  order  t o  give a b e t t e r  

1-6 

2 . 1  Chemical I...-._ Developmentx 

The chemical. and phys ica l  c h a r a c t e r i s t i c s  of  a large nwrnber of molten- 

fJ-uoride--sal . t  compositions were s tud ied  ex tens ive ly ,  w i  Lh measurements 
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involv ing  mel t ing  temperatibre, vapor pressu.re, h e a t  capacity, e n t h a 1 . p ~ ~  

h e a t  of fusion, thermal  conduct iv i ty ,  and su r face  t ens ion .  These s t u d i e s  

showed t k t  mel t s  containing f i ss i1 .e  and/or f e r t i l e  r m t e r i a l  are a-vaiI.able 

whl.ch possess adequate ly  low l i q u i d u s  tenqera.ture, excellerlt phase s t s -  

bi..lfty7 and. good p h y s i c a l  p r o p e r t i e s .  A l s o ,  bhese salt. mi.xtures appear 

co.mpa.tible w i t h  Eia,s-tell.oy- K aid with graph i t e  under i r r a d i a t i o n  as w e l l  

a*s noni r r sd- ia t ion  condi t ions  e 

sal_% breeder  reactor ,  (MSBE) are a t e r n a r y  m.ixture of  7LiF, BeF2, and UF4 

Poi' .Lhe fuel salt ,  and a mixture  of 7LiE', I3eF4, and ThF4 for t h e  'ol.axlk:et 

sa l t .  The choice of t h e s e  coinpounds i s  based on t h e i r  nuclear ,  cheniical, 

arid phys ica l  p r o p e r t i e s ,  as d iscussed  in Kef. 1.. Briefly, f l u o r i d e  car- 

r i e r  sal.ts were chosen because of their chemical sta?,il-i.ty, t h e i r  a b i l i t y  

t o  produce f u e l  s o l u t i o n s  wj-th r e l a t i v e l y  lo-cs mel t ing temperature, low 

neutron- capture  cross seetiox,, 1c)w vapor pressure, and good heat txsnsfer .  

propex-ties. 

wi.th r e s p e c t  t o  t h e  s t r inc tu ra l  metal., Hastelloy N .  Gsapllii;(? w a s  chosen 

as a. imdera.tor because of  good moderating ability-, cornpat ib i l i ty  w i th  

molt en- 3 alt f - u e l s  , I.ow neixt ron-ab s ~ r p t  i or1 c r o s  s s e c t  ion, arid. good s t . m c  - 
t u . r a l  p r o p e r t i e s  

The primary fluids proposed f o r  the molttIiri- 

The fluoride fuel. salts are a ls  o theriilodynamically s table  

n i he re  have beexi ex tens ive  irirrestigxLions of tine stabil . i ty and com- 
psti.bi.l.ity of  MXEIR fue l s  aiid. n ia te r ia l s  under i . r rad. ia t ion conditi.ons . 
Ca._o.jule tests haire beer1 carried out; with f iss ion-power d e n s i t i e s  of 80 to 

8OC3 kw/l.iter a t  txxiperatures from 1500 to 1.600"$' and for i r r a d i a t i o n  

tiines or 300 t o  SO0 h.r.  Chemical., physical., a n d  metal.lui-gicr.al t e s t s  have 

ind ica t ed  that no s i g n i f i c a n t  changes take pl.ace i n  t h e  fixe1 or i n  the 

s t r u c t u r a l  inaterial. that can be a . t t r Y o u t e d  t o  i r r a d i a t i o n  condi t ions .  

Also fuel. iyradia-Lion t e s t s  have beerr prforriieci i n  gmphi t e  capsules  con- 

t a i n i n g  structural mate r i a l ,  with irLitial. fuel-po.v/er devisi-ties i n  t h e  

range 200 -to 1000 kw/l.ite.r and exposures of t h e  order. of LO00 hr. 

re s i , , i l t  s irid i ca. t e ex (: e l l e n t  i-ad iat i o n  s t a h  i 15-t y and cornpat, ib i 1 f t y b e t ~ e  en 

Hast,elloy N, graph.ite, and molten fluoride f u e l s  Subsequei?t d e t a i l e d  

tests at, lower power rfiensiti.es s u b s t s n t i a t e d  these  f ind ings  

The 

' 1 ' 1 ~  very low solubility of t h e  fission-prodinet gases  in mol_ten-sn.lt 

f u e l  sugges ts  that they- can be r e a d i l y  removed f rom reac to r  system ; t h i s  

has been denionstrated. i n  the ARE and MISKU opera t ions .  In  addi t ion ,  



experimental  s t u d i e s  have shown t h a t  iodine,  t h e  precursor  of xenon, can 

be removed d3.rectl.y from the  fuel-  f l1~i.d by s - t r ipp ing  wi th  hydrogen fluo- 

r i d e  gas .  

Although -the phys ica l  chemistry o f  t he  f i s s i o n  products  i s  no t  kxow~i 

corflpletely, Lhennody-namic cons idera t ions  lead  t o  t h e  conclusion t h a t  t h e  

fiss. i .cn process p e r  se  i s  oxid iz ing  t o  Has te l loy  I'T. The r e s u l t s  of many 

i n - p i l e  t e s t s  of metals  and g raph i t e  i n  fue3. sal-Ls suggest, however, that 

f iss i .on does n0.t l ead  t o  corrosion o f  the conta iner  m a t e r i a l .  Even i f  

t h e  o v e r a l l  fissfon process  i s  oxidizing,  no r e a l  cor ros ion  problem need 

e x i s t  i n  an TvIXBII, s i nce  p r e f e r e n t i a l  ox ida t ion  of  uranium would t a k e  p l ace  

i f  "burned" uranium were p a r t i a l l y  replaced with UF3 ( r a t h e r  than  UT)+). 

fie1 and blanket  sa l ts  of high p u r i t y  a r e  requi-red t o  ob ta in  t h e  

very  7.ow cor ros ion  r a t e s  observed i n  MSKE opera t ion .  

i n  puri.fying conmiercially atra,iJ.able f l u o r i d e  sal ts  for t h e  MSRE are d i -  

rec- t ly  app1icabl.e t o  -the l a rge - sca l e  production operations i-equired t o  

supply t h e  salts  f o r  MSBR systems. 

'The methods used 

Contiiiuous noni.kori.ng o f  the  sal t  ccmpos it i o n  is  h igh ly  r ies i rable  

and advan-tage0u.s i.n ope ra t ing  a f lu id- fue l .  r eac to r ,  altliough no'L essen- 

t i . a l .  Current methods g ive  accu ra t e  niessuremenis o f  the composition and 

p u r i t y  o? t h e  r e a c t o r  salts  on a rou t ine  basLs, bu t  not  as rapid1.y as 

d e s i r a b l e  f o r  an 14SBR. Thus, investigaLion.s a r e  being performed -to de- 

velop appropr i a t e  instrumentat ion and new a n a l y s i s  techniques .  Resul t s  

3.ndicate t h a t  new cornposition-ana,lysis mekhods can be developed for "on- 

l i n e "  r e a c t o r  use. 

'The striictura,J. m a t e r i a l  f o r  conta in ing  t h e  molten f l u o r i d e  salts 

must have d e s i r a b l e  s t r u c t u r a l  p rope r t i e s ,  be e a s i l y  i 'abricated, and be 

rnekall.urg;i.cally s t a b l e  ovei- a -c.Jj.de temperature range. A nos t  i n i p r t a n t  

requirement ts t h a t  o f  adequake r e s i s t a n c e  t o  corrosion a t  e leva ted  tern- 

pei-atures under r e a c t o r  condt t ions  . Xi.nce molten f l u o r i d e  sal ts  are ex- 

c e l l e n t  f l u x i r g  agents ,  su r f ace  f i lms  cannot he i-el.i.ed u9on as p r o t e c t i v e  

meiribranes . TherzPore, the s t r u c t u r a l  materi .al  must be b a s i c a l l y  i n e r t  

'LO corros ion  pro c e 6 s e s u-nder condi t ions  of  the rmodyna-mi.@ e qu i  l i b r  fum . 
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Extensive cor ros ion  stud-ies were conducted i n  which vari.ous ,struc.tixral. 

mater.-ials were exposed t o  the 2x1 bot-h the:rnir~l-convees,ior~ and forced-  

c i  r cu la t ion  l o o p s  with hot - leg  temperatures  of about 1500°F. 

I.ed -Lo the development of INOR-8, 

lG$ moly'odenun, ?$ chromimi, and 57; i r o n .  

l e n t  mechanical. and thermal c l i a r a c t e r i s t i c s  t'nat are superior8 t o  those 

of mmy a u s t e n i t i c  stainl-ess s t e e l s .  ' J  
dation. by sir, and it r e b i n s  favorable mechanical. properties a t  I;ernperr.a- 

tures  u-p to aboi.it ~" I I )C"F .  

(exposui-es o f  up to 20,000 h r )  tiax? demonstrated its basric i.riertness Lo 

m c l L e n  f l u o r i d e  s%lts at teapersI';ures u.p to about 1500°F. 

appear t o  be controlled prima.rily by imp.lq:i.ty I.eve1.s i n  the  rfiolten s n 1 . t ~  

a:cd by t h e  terp2ra,ture-depenciellt mass t m n s f e r  associa.l;ed with t h e  r e a c -  

L i  cjn 

These stuclies 

a nickel-base a l l o y  conta in ing  a'oout 

'i:'his a l l o y  tias good to excel.- 

it; ~ l a s  good resis- tance to oxi- 

Resul.ts of long-term corrosioii experiments 

Conos ion  ra tes  

2UF4 -t Cr G 2TF3 -t CrF2 . 
Based on experimental d a t a  f rom . b e s t  loops, t h e  corrosioii. rate of Hastel- 

~ o y  N in NSBR fu.e1. systems w i l l  be less than 0.5 miI./yr w l i t k i  a core out :~e t  

tempei-ature of 3.300°E', arid pro'oably wil.1. no t  exceed t h a t  wi th  a 1500°F 

o~.;~tI.et terrperature wid.er equi3.ibr.iu.m conditions I Even less corrosion 

si-ioul d o c cui' i n  t h e  b l anke t  - s 3 1.t and s e c or1dar.y- coolant  - B a1.t B ys t el~ls 

where the UF4 concentrat ion.  will be  extremely. low and z;1ro, r e spec t ive ly .  

These t e s t  loop resul ts  have been suibs.bani;ia-t;ed by da-La obta.ined in the 

I G W ,  where no s i g n i f i c a n t  corrosicn of t h e  I -hs t e l loy  N bas .taken p l ace  
in 2.500 h r  o f  expc;su.r.e st 1200°E' (on the average, clirorniim tras :removed. 

from a I.ayer 0.006 n ? i l  i n  -Lhick.iiess over loop  surfaces, w i t h  virtiially 

zero  Corrosiori :after t h e  i nj:tLal. months of' ope:raticii) . 
Extensive t e s t s  of t h e  mechanical and. physical p r o p e r t i e s  of :Hastel- 

loy XI as a fiinctiori of temperature  up t o  about 1.800"F indlicate charac- 

t e r i s t i c s  s u i t a b l e  f o r  ?GI321 use The creep and  stress-rupture p r o p e r t i e s  

a r e  equiva len t  t o  and. i n  most cases superior .to those  of Tnc'onel. Long- 

tline ageing studies have shown that t he  m a t e r i a l  does not embritt1.e vi.tl-1 

'Yl?Ti;lis a l l o y  i s  coimercial7.y available as Hastelloy M or I N C O - 8 0 6 ;  
throughout t h i s  report, the des igna t ion  Hasbelloy N i s  empl-c~yeci. 



t ime.  Fur ther ,  t h e  mechanical p r o p e r t i e s  of Haskelloy X a r e  v i r t u a l l y  

1maffcc”ced by I-ong- krirrie exposure t o  -the mo3.ten f l u o r i d e  sa l t s .  

The s t r u c - t u - a l  m a t e r i a l  must r e t a i n  i-bs good mechanical pi.cperti.es 

when exposcd t o  r e a c t o r  radiat i .on.  I r r a d i a t i o n  s t u d i e s  have shown tha-i; 

t h e  (il,a) reac-Lion i n  s t r u c t u r a l  ma te r i a l s  bends t o  cizcrease ducti?.ri.ty. 

T1ii.s r e a c t i o n  a n d  i.ts e f f e c t s  oil Has te l loy  N have beer, stu.di.ed i.n detail . ,  

and i-‘i appears t h a t  t h e  d e l e t e r i o u s  e f f e c t s  can be mii?rimi.zed by 1nai.ntai.n- 

i ng  a low ’-OB content ,  ad j u s t i n g  tine concen-Lration of minor coiistrituents 

i n  t h e  a l loy ,  and ililprovi ng hea t - t rea tment  p m c t i c e s  . Oeve1.opment work 

i n  t h e s e  a reas  appears capable of producing a ~ i  improved 13aste.l.l.oy N whose 

ducti.1.i‘iy w i l l  no t  decrease bel-ow acceptab le  val-ues during l.ong4erm ex- 

p o s u ~ e s  t o  MSBK f l u x e s .  

Tile mel t ing and c a s t i n g  of  €Iastel.loy N can be c a r r i e d  out  wi th  t h e  

convent ional  p r a c t i c e s  f o r  nickel- and i t s  a l l o y s .  Conventional. me’i;hods 

o f  h o t  and c o l d  I o ~ ~ i - i i g  ha,ve been used Lo produce it on a commercial Sesis 

i n  a vai-i.ety of shspes, such as p l a t e ,  sheet, rod ,  wii*e, ecd as-wel-d.ed 

2,nd seamless  tubri ng. Cold. workrlng opera t ions  can be perforzed,  such as 

r o l l i n g ,  swageing, tube reducing, and drawing. Cold forming has been 

success fu l ly  used f o r  f a b r i c a t i n g  Fiastelloy vessel- heads.  Tne m a t e r i a l  

i s  r e a d i l y  weldable by -bhe iner t -gas-sh ie lded  tungs ten-arc  process .  

In  a d d i t i o n  t o  Has te l loy  N, t he  o t h e r  prime s t i=uctu.ral  m a t e r i a l  

used i n  t h e  MSBH i s  graphi-Le. ‘This m a t e r i a l  does not  r e a c t  chemi.cally 

wi th  t h e  molter1 f l u o r i d e  mixtures  under cons idera t ion ,  and sj.nce it i s  

not  wetted by mol ten-sa l t  mixtures,  there  i.s l i t t l e  s a l t  permeabion o f  

t h e  g r a p h i t e .  I n  genera l ,  t h e  g raph i t e  needs t o  have ].ow peymeabil-ity 

‘io s a l t  and gases,  t o  have adequate  s t r u c t u r a l  propert?-es  when exposed 

-bo high  r a d i a t i o n  f luxes ,  and to be f a b r j c a t e d  i n t o  tubes and o the r  mod- 

e r a t o r  shapes.  These p r o p e r t i e s  were obtained, a.b l e a s t  p a r t i a l l y ,  i n  

t h e  MSXE graph i t e ,  which w a s  produced by ex t ruding  petroleum coke bonded 

w i t h  coal-’ tar  p i t c h  and applyirig multiimpregriations and hea t  t r ea tmen t s .  

The resu l . t ing  product  has a high specri f i.c g r a v i t y  ( 1.. 86), low permeation 

(0.2s bu lk  volume penetrat ; ion by molten salt - su r face  pene t r a t ions  

only - when a 150-psi  p ressure  was appl ted  t o  t h e  s a l t ) ,  and high s‘irengt’n 

( a b i l i t y  t o  wil;hsta.iid 1.500-psi t e n s i l e  s t r a i n  and 3000-ps.L fl.exixal strain. 
was shown by a3.1 ba r s  fa’nrieated) . ‘t‘h.is m a t e r i a l  r ep resen t s  a sii.ccessfu1 
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f i r s t  s t e p  i n  developing a g r a p h i t e  acceptab le  f0.r MSBR use. 

t ub ing  having 1./2-in. - t h i c k  walls has also been s u c c e s s f u l l y  f a b r i c a t e d ;  

t h e  product  had no v i s i b l e  c racks .  

Graphi te  

The graph i t e  i n  reg ions  of high fl.u i n  an MSBR w i l l  be  i r r a d i a t e d  

t o  doses a.bove IOz3 neutrons/cm* i n  five years and w i l l  be  exposed t o  

r s d i a t i o n  flux g rad ien t s .  ‘I’he rmgnitude of  -the g raph i t e  d i f f e r e n t i a l .  

shr inkage t h a t  w i l l  occur under t h e s e  condi t ions  will d.epend on the 

g raph i t e  c reep  coe f f i c i en t ,  f1.x~ gradient ,  am1 geometry of t h e  pa.rticula,r 

s t r u c t i x a l  component .) 1sotropi.c g raph i t e  has deinonstraked t h e  a b i l i t y  t o  

wtthstand h igh  rad iak ion  exposwes. A l k o ,  t h e  a b i l i t y  of the graph i t e  t o  

absorb t h e  c reep  s t r a i n  r ega rd le s s  of t h e  stress i n t e n s i t y  haw been shown 

e q e r i m e n k a l l y .  ‘Thus it appears  t h a t  g r a p h i t e  s a t i s f a c t o r y  f o r  M.SER use 

can b e  developed. 

Techniques a r e  requi red  f o r  a t t a c h i n g  g raph i t e  t,o metal. w i t h  r e l i a b l e  

Graphi te  has been brazed successful1.y t o  rnetaJ.s, with braz tng  

Alloys 

j o i n t s .  

a l . loys t h a t  were found x s i s t a . n t  t o  cor ros ion  by mncj1t;en salts 

of  gold,  n i cke l ,  and molybdenum and other all .oys under developmen’t 

appear  t o  be s a t i s f a c t o r y  b raz ing  m a t e r i a l s .  

ma.terials can be used f o r  j o i n i n g  g raph i t e  to g r a p h i t e  Gr g m p h i t e  t o  

molybdenum (molybdenum has a. thermal- expansion co, afficient near  t h a t  of 

gr .xphi te)  . Metal- to-graphi te  j o i n t s  kJave ma.intai.ned t h e i r  i . n t e g r i t y  in 

molten-sa l t  environments a t  1700°F and a t  p re s su res  of 150 ps i  for per iods  

of 500 h r .  I n  addi t ion ,  mechanical j o i n t s  m a y  be use fu l  in YIBR cores ,  

s i n c e  zero  1eak.age between t h e  core and b l anke t  f l u i d s  i s  n o t  required. 

Brazes macle wi th  Lhese 

F ina l ly ,  cornpatibil-ity of molten sal-ts, HasteLloy Xi, and g r a p h i t e  

appears  e x c e l l e n t .  Tes ts  have shom n.0 ca.rburizakion of I€as te l loy  N 

under MSBR condi t ions .  

2.3 Fuel-Processing Deve1opine:nt’ 

Experience i n  process ing  mol t en - f luo r ide - sa l t  fuels a t  Oak Ridge 
Nat iona l  Zaboratory dates from 1954 and began w i t h  .fIl.uorLde volatility 

prccessing s t u d i e s .  The i n i t i a l  Iaboratory and development work formed 

t h e  basis f o r  suecessf i l  opera t ion  of a p i l o t  pl-ant. The associ.ated 

process  i s  designated t h e  F luor ide  V o l a t i l i t y  Process a f - t e r  t h e  p r i n c i p a l  
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opera t ion  of vol .a t i l . iz ing urai-liwn as t h e  hexaf luor ide .  Although also 

appl- icahle  to t h e  treatmeilt of sol.id f u e l  elemeilts, f l u o r i d e  v o l a t i l i t y  

processing i s  uniquely s u i t e d  Lo molten-sa l t  fmi s  because the  f u e l  sa l t  

can be t r e a t e d  d i r e c t l y  wi th  f l u o r i n e .  

t h e  UF4 i n  t h e  molten sa.1.t ( R t  about 930 -to 1.020"F) t o  produce v o l a t i l e  

W,. 'i'he r e a c t i o n  i s  rap id  and esserAia3Uy q u a n t i t a t i v e  f o r  uranium; 

i t  e a s i l y  reduces t h e  uranium content  o f  Lhe molten saJ.L t o  a few p a r t s  

per  milli.on. 

decontamination f a c t o r s  o f  10, and iiloi-2. 

ve r t ed  t o  UF4 d i sso lved  i n  c a r r i e r  sal-t by absorb:i.ng the  UF, i n  mol-Len 

s a l t  c o n t a h i n g  some UF4 and hydrogenating i n  t h e  l i q u i d  phase.  

t r ea t jnmt  also reduces any cor ros ion  product contaminants t o  meta l  t h a t  

can then  be f i l t z r e d  from Llie fuel SGll.lt,<.On p r i o r  t o  re tur t l ing f u e l  f l u i d  

t o  Liie r e a c t o r  system. 

Fl..ernental f l u o r i n e  i-eac'is with 

The UF, product  can be t r e a t e d  i n  absorber  beds to give  

iiecycle uranium i s  e a s i l y  con- 

'This 

The f l u o r i d e  vol .a t i l i ty  process  can be used f o r  bo-tli t h e  core  s t ream 

and Lhe b l anke t  s t ream. When appl ied  to t h e  core stream it is used %o 

sepa ra t e  the uraniwn from t h e  c a r r i e r  s a l t  before  tha'i s t ream is pro- 

cessed (by another  method) f o r  fission-prodi.1c.L removal. E s s e n t i a l l y  a l l  

the  umniui i  must be  recovered, and t h i s  l eads  t o  reI.ative3-y severe f1uorj.- 

na t ion  condi'cions . Requirements f o r  prmcc::::j.ng t h e  b l anke t  skrearn a r e  

k s s  s t r i n g e n t .  Uranium t h a t  i-s not  removed dur ing  tile f l u o r i n a t l o n  i s  

mere1.y re turned  bo t h e  r e a c t o r  b1anke.i; and i s  removed during subsequent 

passes through t h e  processi.ng plant;. 

i ng  by o the r  metl1od.s keeps Lhe f i s s i o n  prcdiicLs a t  a very  low l e v e l  i n  
t h e  b1anke.t salt. 

Discard of 3$ annual ly  o r  process- 

The ease of removal of  xecon gas P1vm molten--sal t  f u e l s  has been 

demonstrated i n  both the  ARE and k h e  !!?$RE. It, -thus appzars  p r a c t i c a l  t o  

ob ta in  very  low xenon poisoning by sparging Llie s a l t  with an  iner - t  gas 

such as heliiim or  n i t rogen .  In  addi t ion ,  1151, t he  precursor  of  135Xe, 
can be s t r ipped  from fuel- s a l t s  by sparging wil:Ai 'HF and hydrogen. Such 

processing wou1.d vir tua1l .y  e l imina te  xenon poi.soning i n  MS8R systems. 

The discovery t h a t  vacuuii d i s  t i l l - a t i o n  permits  the economic separa-  

t i o n  of  c a r r i e r  sa l ts  rrom Cl.ssion prcducbs has been a. vi.Latl_ f a c t o r  in 

improvj-ng t h e  economic and nuc lear  cha rac t e r i s t , i c s  o f  MSHR systems. 

Jahora'iory experiments h.ave demonstrated -Liiat ca . r r ie r  s a l t  can be r e a d i l y  
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sepa ra t ed  from r a r e - e a r t h  f l u o r i d e s  at d i s t i l l a t i o n  presswes of 2 mn Hg, 

w i t h  sepa ra t ion  factors of 50 t o  1.00 and. 95$ recovery of c a z r i e r  sa l t .  

lnese process  c h a r a c t e r i s t i c s  appear  adeqnate f o r  MSBR a p p l i c a t i o n .  I- , I  

F luor ide  v o l a t i l i L y  process ing  a,-ppears we1.l. s u i t e d  f o r  keepj-ng t h e  

u.ra.nium inventory  and t h e  f i s s i o n  rate i n  the b lanke t  low and thereby  

nia.intaining low neutron leakage from t h e  b l anke t .  An even bet te r  process 

wou1.d be o ~ i e  f o r  recovering p r o t a c t i n i ~ u n  directly f m m  the b lanke t  f l u i d .  

Recent w o r k  -tc.jl\rsrd p rovid ing  such a process  has been enccmraging; a t  

1.2ast two p o s s t b l e  methods a r e  be ing  consid.ered I One ii?vol_ves removal 

of p r o t a c t i n i i m  from t h e  process stream by p r e c i p i t a t i o n  as t h e  oxide 

.t;brough r e a c t i o n  wi-th Z r O z  . 
UO2 can be  recovered by r e a c t i o n  wi th  Z r F 4  t o  g i v e  uE'4 in s o l u t i o n .  

Even more encouraging results have been obtained by t r e a t i n g  fluoride 

salts contsi.niizg PaFd wi-th thoriimi dissolved i n  mnlten bismuth. The 

thorium m e . L a l  reduced t h e  protacJLiriium t o  t h e  meta l  which subsequent ly  

depos i ted  011 8 s t a , i n l e s s - s -~ee l -woo l  f i l t e r  I These results i n d i c a t e  t h a t  

inexpensive methods can be developed f o r  removing proLac:tirii.lun d i r e c t l y  

from tile b l anke t  s t ream of an MSHR. 

Afte r  t h e  protac.ti.nium decaysJ, the product  

Nearly a l l  mol-ten-sa.lt component; deve1.opmen.l; w o ~ k  has been f o r  ex- 

per imenta l  molten-sa1.t r e a c t o r s  ( t h e  ~ - m ~  tine pI.a,nneci A i r c r a f t  Reaxtor 

Test, aiid t h e  K3?F). 

vel.oped a t  ORNL, ii1.cludin.g pimqs,  seal.^, valves ,  heat, exchangers, file1 

s ampl. er- en r i c1 he r u u i t s  , f r e e z e  f lange s ,  r emote -maim t enanc e t o o l s  ~ heat, er s I 

arid in.strixnenta ticjri f o r  measinring pi*tsssu.re, f1.ixi.d f 1 . 0 ~ ~  1icpxi.d level., 

and .tenipe.rature under nolten-salt r e a c t o r  cond i t ioas  . A major e f f o r t  

h w  been devoted t o  developing pumps t h a t  have long-1;ei.m ;ceLiabiJ.ity a t  

temperatures  of abcui; 1300°F'. Thes e pumps a r e  v e ~ t i c a . 1 -  shaft, s imp type 

cwitr i fugal .  pu.rrqs w i t l  a f r e e  sur face  5.n the pump bowl.; al-l. p a r t s  wet ted 

by mol.ten salt  a r e  cons t ruc ted  of Eias1;elloy N. Various pulp models with 

c a p a c i t i e s  up t o  1500 gpiii have been manufac1turi.C 3 .1~3  t e s t e d ,  and present 

m d e l s  have circulated moI.ten s a l t  cont inuous ly  f o r  more than 25,000 hr. 

at temperatures  above ~200'~' wi-tiiout, maintenance. 

Thcri coxliporients r e q u i r e d  for these  systems were de- 

S.bop-p:ng and s t a r t i n g  
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of  pimps does not  appear t o  produce any cor ros ive  a t t a c k ;  thermal  and 

p res su re  s-Lresses a,ssociated w i t h  thermal. cyc l ing  and r e a c t o r  opera'cions 

do noi; appear excess ive .  For MSBR app l i ca t ion ,  it appea-rs f e a s i b l e  t o  

use a v e r t i c a l  sump-type pump s i m i l a r  to presen t  models, w i th  t h e  upper 

end of  t h e  p u p  s h a f t  suppor-Led by o i l - l u b r i c a t e d  r a d i a l  and - t h m s t  

beari-ngs and h e  lower end supported by a mol.i;eii-sa3.t-luSricated journal.  

bear ing .  The presen t  e-xperience w i t h  mol . ten-sal t -hibr icated be.?rings 

c o n s i s t s  of 3900 hr of ope ra t ion  i n  development of t h e  bear ing  and 

opera t ion  f o r  13,500 h r  of a pump conta in ing  a sal t - lubrica.Led bea r ing  

a t  ternperat,u.res of 1.000 t o  1400°F'. The resu.l.ts obtained i n d i c a t e  - that  

-the development of sa l t - l .ubr ica ted  hear ings  i_.s f e a s i b l e ;  t e s  Ling of t h e s e  

bear ings  i s  cont inuing.  

Mo7.ten-salt hea t  exchangers have been desfgned and cons t ruc ted  and 

s u c c e s s f u l l y  dernoiistrated i n  t h e  AFiE and t h e  MSKE. Ximerous hea t  ex- 

changer desigiis have been t e s t e d ,  and the r e s u l t s  show tha- t  t h e  requi red  

performance capabi l i - ty  and mechanical i n t eg r i ty -  can be obtai.iled w i t h  

s-trai.ghtforward desi-gn and fabrj.ca.bioi1 me'chods . The use of Hastel.l.oy N 

as the const,ruc%ion m a t e r i a l  introduced. no major d i f f i c u l t i e s  . Experi- 

ments and experience wi th  the MSRE have shown that, convent ional  heat- 

t r a n s f e r - c o e f f i c i e n t  c o r r e l a t i o n s  wi th  minor rnod i f i c a t i o n  a r e  app l i cab le  

t o  mol.ten-sa1.t hea t  exchanger des ign;  a l s o  t h e  phys ica l  proper-Lies of  

molten f l u o r i d e s  make them gooil to  exce l l en t  hea t  t r a n s f e r  media. Since 

t h e  molten s a l t s  a r e  good f l u x i n g  agents  and keep a l l  su r faces  c lean,  

s c a l e  formation does not occur on hcat  t r a n s f e r  s u r f a c e s .  

Ar, important f e a t u r e  o f  mol ten-sa l t  r e a c t o r s  i s  t h e  ease  of adding 

o r  removing f u e l  f'1-iii.d from the i-eactor system. 'This permits  ready com- 

pensa t ion  f o r  f u e l  burnup, aid t h e  fl-uid removed can be e a s i l y  t r anspc r t ed  

t o  processirig a r e a s .  'The successPu1 opera t ion  of the bEHE sampler- 

en r i che r  system indi.cates t h a t  adjustments i n  f u e l  concent ra t ions  can 

be accomplished r e a d i l y  aid r e l i a b l y  wi t11  r e l a t i v e l y  small and simple 

equipment. 

The high melt ing poin-t of MSNR fluoride sa l t s  p r o v i d e s  ,a. m a n s  of 

s c a l i n g  a sys-tem, v i t h o u t  t h e  need for rnechanica,l valhes ,  -through use  of' 

"f reeze"  valves  i n  which a f rozen  pl.iig of sali; prevents  l..eakage from t h e  

system. Al-though s1.0~ ac t ing ,  the performance of f r e e z e  valms i n  t h e  
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FGKE has been excel.l.ent. It appears that  such val.ves wi1.l- be useful  iE 

PGBR subsystem . 
t h e i r  pl-oven r e l i a b i l i t y  i n  containing f l - u i r i .  salts under all anticipated. 

thermal-cyclirig condi t ions  + Such flanges appear appr.opria;i;e f o : ~  joining 

components and p ip ing  i n  MSUL? subsystems e 

Freeze flanges have a l s o  beer]. developed because of 

Instixrfient development c a r r i e d  out for t h e  MSRE al.so appears usefu.3. 

Liquid-level masu?ing de-iricen have operated ::uei;ess- for MSBR sy-s tems . 
fu.l.ly9 z s  have i n s t r ~ m e n t s  f o r  f l u i d  flow, d . i f ferent ia l_  pressure, and 

temperature measurements. Development work has a1.s o been perfoi*med en 

cont ro l - rod  d r i v e  ixi:'its cupable o f  operatirlg re l iab ly  for l ~ ~ l g  per iods  

w h i l e  located in a sti-oug gamia f i e l d .  

Since t h e  incep.t;ion of m.c3lten-SiELJ-L ~ e a c t o r s ,  there  h a s  been signifj .-  

c a n t  engineering dcve%apment work on m.aifitenance operations.  Reufic~I~ly 

operated too lk  and procedures f o r  remote maintenance have been devised, 

and the  required operations have been s tudied in a rrairuLenance f a c i l i t y .  

ThNs results of .these s tud te s ,  along with other expr?P'ii3nceg wt?i*c v.sed in 

developing the  t:RE niaintenance tools and procerJi.7 res . 
fcjr remotely cut.l;i.ng p-ipes an4 brazing them back together was dcveI.oped 

f o r  replacement of MSRE eompments, arid the i-es~,~l.ts obtsined vi bi.1 t h i s  

e quipmen t i n d i  ca,t e that a reInotePy ope.rat ecl ci i t t  e 1: and. we: I.ciew for MSRR 

na,:intenance operati.ons is feasible.  ExperFencc to c?a.i;e with nmintenance 

of ssdioa-et ive molteu-snl_'L systems is cneou.ragi.ng a 

Al.so,  equi.pment 



3 .  INiTTAL DESIGN OF A l O O O - K w (  e )  MSBR POTvilER STATION 

'The 2."SRP\ desj.gn discussed here  i s  f o r  a lCO@-Xw(e) power s%at,i.on 

t h a t  appears t e c h n i c a l l y  sound, mainta,inabI.e, and a t t r a c t i v e  from t h e  

power cos t ,  reliabil . j . ty,  and f u e l  ul;il.i .zation s t andpo in t s .  This r e f e r -  

ence d e s i g n  i s  iloi; n e c e s s a r i l y  -the b e s t  deslgn f o r  a molten-sali; r eac to r ,  

bu t  it rep resen t s  a logTeal sLarti.fig po in t  based on the  informflakion 

avai l -able  a t  t h e  time of t h i s  s tudy .  'The r epor t  i s  intended t o  i.llus- 

t r a t e  t h e  gene ra l  mer i t s  o f  molten-sal- t  r e a c t o r s  f o r  power appl:i.ca.t,i.ons, 

del . ines.te design problems and p o s s i b l e  s o l u t i o n s  t o  them, and indicabe 

a reas  where r e sea rch  and deveI.opmen'L programs could improve MSBR per-  

formance. 

A complete power s t a t i o n  i s  considered, inc luding  all major equip- 

ment and a fue l -process ing  fa.ci . l i ty 'chat i s  i.iiCegra1 w i t h  t h e  r e a c t o r  

p l a n t .  Very l i t t l e  op t imiza t ion  work was done, and layouts  and dcsigns 

wei-e d e t a i l e d  only -to t h e  ex'ieilt necessary t o  e s t a b l i s h  feasri.bi.liky- and 

t o  permit  pre l iminary  es-t imates of constriic Lion and opera-Ling c o s t s .  

?'he desj-gn i s  based only on t h o s e  materials and techniques t h a t  appear 

feasib1.e based on present-day technology. I n  addi t ion ,  s e v e r a l  a l t e r -  

n a t i v e  mol ten-sa l t  r e a c t o r  designs were exanined b r i - e f ly  ( s e e  Chapt. 5) 
i n  order  t o  show t h e  inf luence  of design concept and technology r equ i r e -  

merit on t h e  perfo-rmance c h a r a c t e r i s t i c s  of mol ten-sa l t  systems. 

3 .1  General Design Cr i te r ia ,  Cost Bases, ... . . . . and Grow-d Hules 

The fo l lowing  dzsign c r i t e r i a ,  c o s t s  bases ,  and. ground r u l e s  were 

used i.n ma,king the s tudy:  

7 .  The power station wi.11 have a net, e l e c t r i c a l  output  of 1COG 

Mw(e) and w i l l  be  used s o l e l y  for t h e  product icn  o f  power. 

The reac'ioi- w i l l  be  a two-region two-f 3.uid graphi.Le-moderated 2 * 

and - r e f l e c t e d  ther im1 breeder  wi th  graphike scpara-king t h e  f i s s i l e  and 

f e r t i l e  m i t e r i a l s  , 'The r e a c t o r  will be desi.gried to achieve l~OW power 

cos t ,  high s p e c i f i c  pcwer, and low f u e l  doubling t ime. 

3. 2quili.briu.m fue1.iLng conditi.ons will apply,  wlth mix-Lures of 

BeF2 and 7LiF used as c a r r i e r  salts f o r  233U and ThF!. 
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4 ,  Because of .the p x s e n t  u_rieer ta int ies  concerning long-.t;cmTl ex- 
posiire of graplii.te i u  a high neutron f3ux,  t h e  hEF3X core  size w i l l  be 

relahLivel.y Large i n  o.rder t c ;  reduce the  g.ra;phlte i r r a d i a t i o n  r a t e  

f u e l  ce1.l d.imensions w i l l  be srml.1. t o  reduce fhix g rad ien t s  i n  t h e  

g raph i t e .  The f u e l  vel.ocii;y i n  t h e  core  will. be Limited t o  1.5 fps .  

The g r a p h i t e  tubes  wi1.l. be  a.t.Lached to a f ixed  s t r u c t u r e  at one end only 

t o  gi.ve freedom of m.ov.emeni; for shrinkage and thermal expansion. 

visi.ons w i l l  be rmde f o r  rernovsl. a n d  replsceinent of t h e  c ~ r e  by remote- 

maintenance proc eduxe s . 

The 

PYO- 

5. A control .  roil w i l l  be incorpcvated i:r! l;he design, pz.ii11ari.l.y 5s 

a convenieixe f e a t u r e .  

4 .  The r e a c t o r  core  w i l l  b e  arranged s o  t h a t  the  f1ui.d w i l l  d r a i n  

by- g r a v i t y  'LO makc the reactor .  sinbcrit;i.cal i n  event of loss of elec-tri.c 

pc)wer- or other  seram-in i t ia t i .ng  d i s tu rbance  

7. The res.ctor vessel ,  pumps, heat excha,ngem, mil. dra.in tanks for 

the  fuel.- a n d  blamket-salt systeiiis w i l l  be housed i n  a heavi.1.y sh ie lded  
s t r u c t u r e .  This s t r u c t u r e ,  arid the more I igh tLy s h i e l d e d  stru.etu~"e 

i-iousiug all portions of the  system con'tai.nj.rlg the coolant, salt ,  su.ckl as 

the bo i l e r - supe rhea te r s  ani1 reh.eaterrs, wj.11. be  housed. i n  a sh ie lded  cor!- 
tnirirrient v e s s e l  t h a t  meets accep.t;able l e a k - r a t e  s tandards  %ciY t h i s  ser-  

v i c e .  This containment vessel will i nco rpora t e  ;a pressu.:r.e-s.u~~pr.essiorl 

system. The reactor .  containment ves se l ,  bu t  not; t h e  t u r b i n e  room, will 

be loca ted  in a confinement-type b u i l d i n g  with con t ro l l ed  air-cl -eaning 
and ven t ing  sys terns a 

8 .  Heal; will. be tramsported from t h e  pi-irriary heat exc?zaiigers to 

the steam-power system by a ci.rcul.ating seco~ ida ry  coolan t  that rrliist be 
compatible w i t h  t h e  fuel-  and  b l a n k e t - s a l t  systems i n  case of a c c i d e n t a l  

iiiixiiig. Tl i is  cool-ant must have s u i t a b l y  low vsipor pressure and l iquidus 

teniperature . 
9. The salt  piunips will be I.imited i n  size t o  ~ ' Q u u ~ ;  1.5,OOO gpm; 

th~t  i s7  they wi1.1- be a.bout an o r d e r  o f  ma.gni'b~ude large:[- than  the  fuel-  
s a l t  pimp used  i n  t h e  MSRE. ' 

10. The reactor system will incorpors te  an o ~ Y - ~ s s  system f o r  coil- 

t-iriuous remoyral, r e t e n t l o n ,  and disposal. of  the  fission-product gases * 
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11. The fuel. and b l anke t  salts  T d - i l l  b e  cont inuously processed i n  

a processing f a c i l i t y  tha"i i s  an in tegra l .  p a r t  o f  the r e a c t o r  planL. 

I n  t h e  i n i t i a l  design, t he  f l u o r i d e - v o l a t i l i t y a ~ - ~ l ~ ~ - ~ i s t i l l a t ~ . o n  pro.- 

cesses  w i l l  be  used f o r  the fuel. sa l t ,  and t h e  f l .uoride.-volat , i l i ty  pro- 

c e s s  w i l l  be  w e d  f o r  the blanket  sa l t .  

cleanup of  t h e  coo lac t  s a l t .  

A sysbem w i l l  he  provided for 

12. An afLerheat  removal system w i l l .  be  included ir_ " L e  dzsigri .  

13. The core  o u t l e t  t ape raLu . r e  of the f w l  sa l t  w i l l .  he  1300°F. 

libe i;expera.t;ure o f  t h e  coolant  sal L enkeying 'ihe primary hea t  exchangers 

wi1.l be above t h e  1i.quidus temperatures of t h e  f u e l  and blankc'c salts. 

The feedwater en te r ing  t h e  b o i l e r  w i l l  be above t h e  l-iquidus temperature  

of the cool.ant sal-'i. 'The temperatilre of t h e  stearn en te r ing  'ihe reheaters 

will not be more than 50°F below t h e  l i qu idus  temperature  of t h e  cool.ant 

s a l t .  

1.L:. The ce1l.s i n  which t h e  f u e l  and blanke-t sa l ts  w:i3U c i rcu ls . te  

w i l l .  be  rmintained above t h e  liqui.dus tempeyature o f  bo th  salts  (about  

l O & " E ' ) .  

operatea above t h e  l i qu idus  tem.perature of Lhe coolant  (about  700°F) . 
The cell t enpe ra tu res  will be maintained. by r a d i a n t  hea t ing  s u r f a c e s .  

Thermal i.nsulati.on and water cool ing w i l l  be  appl ied  as requi red  to pro-  

t e c t  concret?:, equipment supports ,  inst rumentat ion,  and other i tems.  

The c e l l s  rin which o n l y  coolan-t salt i s  circul.a-ted w i l l  be  

15. The b o i l e r  w i l l .  o p e m t e  wi th  supe rc r i t i - ca l -p re s su re  s-team i n  
a on c e - through c o m  1; e r f 7.ow arrangement . 

16. The steam-power cycl-e w i l l  opera'ie with 3500-psia 1LCOO"F steam 

t o  t h e  t u r b i n e  t h r o t t l e ,  w i t h  sing3.e reheai; t o  1000°F. 

17. A l l  s a l t - con ta in ing  po r t ions  of t h e  system Twil.l be cons t ruc ted  

The allowable des ign  s t r e s s  w i l l  be  3500 p s i  a t  13OO0F, 
9 

of Ha,steJ.l.oy N. 

60C0 p s i  a t  1200"~, e t c . ,  in accordance with t h e  MSKE design 1.i . terature 

and Kef. 2 .  

18. A l l  portions of the  sysI;em will conform -Lo t h e  appl icable  por- 

t i o n s  of  t h e  ASYtl2 Codes. Specif i .cal ly ,  p o i n t s  of  suspected h igh  s t r e s s e s  

w i l l  be examined f o r  pract . ical . i ty  of  the pronosed concepts. 

19. A l l  major equiprnent f o r  t h e  p l an t  w i l l .  be  -included i n  t h e  study 

up t o ,  h u t  no t  including,  t he  s t a t i o n  high-voltage out-put transformer 
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ZLI-!~. t h e  switehywd.  Land and s i - t e  de~ve lqmen t  costs w i l l  be  t h e  same as 
t t iose used i n  t,be advanced-converter reaci;or studies e ' 7  lo 

20. Both c a p i t a l  and power producti.on c m t s  w i l l ,  where appl.i.cable, 

be esti.ina.ted and presented in accordance wj.th the 

dj.rect  aiid operating c o s b ~  will be  estirrnted on t h e  sa~ne bases  as those  

used i n  the arl.mnced-coiiverter r e a c t o r  studies . The plant  life w i l l  be 

30 years. Power c o s t s  w i l l  be estimated. on the basis of bo th  p r i v a t e  

f inanc ing  (129 fixed charges)  and public finartncing (7$ f i x e d  charges) ,  

w i t h  p r i v a t e  financing as t h e  base  case.  

assumed f o r  bo th  cases .  

that  equ-i:pment and rr,cttei-ia.ls a r e  obtained froiii a, l a r g e  and e::ta.bl.i.shed 

molten-salt r e a c t o r  i ndus t ry .  

c o s t  L~.id~.ll In-  

A p l a n t  fac-tor of 86s w i l l -  be 

In estiniatring all costs,  it will. be assixmd 

21.. The r e a c t o r - p l a n t  f i nanc ing  ra te  will apply to th? fuel-pro- 

cessing and - f abv ica t ion  p l a n t ,  which w i l l  be  a par.l; of t h e  power p l a ~ i t .  

To account f o r  a h igher  eguip1nen.t replacement rate, .bile in t l i rec t  costs  

for the  fueI.-recycle p l a n t  w i l l .  b e  I.OO$ o f  t h e  d i r e c t  cos-lx.  

22. Inveritory charges on f iss i l -e ,  f e r t i l e ,  arid carrier-salt inven- 

tories w i l l  be corflputed w i t h  a r e fe rence  va lue  of I.G$ pel. year  Lfrjrr t h e  

base case  and with 5% per year ti? r ep resen t  public ownership. 

23 .  The value of  core  and b lanke t  f l u i d s  w i l l  be  based on the 

fol lowing:  

car r i . e r  sa l t  at, $26/kg. 
2 3 3 ~  anti 233~a at $:l././g, 235U a t  $12/g, Th a t  $12/kg, and 

24 .  Losses of Inaterials through fuel recyc1.e w i l l  be based on 

uranium losses of O.l$ per pass ,  thor.ilxri and 7sla,nke.f;-carrie?-.-sal.t d i s -  

card on a 30-year cycle  time, and core -ca r r i e r - sa l - t  losses pl-u.s d i sca rd  

of 6.5$ p e r  fuel-cycle pass .  

3.2 General. P l a n t  La,yo~t 

The MSBR s i t e  i.s khat ciesc-r-i.bed in I;he AEC handbook f o r  estj.niatinE; 

costs'' and also used i n  the advanced-converter r e a c t o r  studies In 

t lr ief,  the s i t e  i s  a 1SC)O-acre p l o t  o f  grass-covered l e v z l  % e r r a i n  ad- 
j a c e n t  t o  a river having adequate  flow f o r  cooli ng-water recplri.remen.i;s. 

The ground e3.evstio-n i s  20 f t  a.bove the high-wa,tc:r park and is 40 St; 

&ove t h e  low-water l e v e l .  A .l.iinestone fo?unthtton exists abolnt, 8 f t  



below grade.  The locat i -on i s  a l s o  s a t i s f a c t o r y  wi th  respect t o  d i s t ance  

from popula t ion  centers ,  meteoro logica l  condi.ti.ons; frequency an.ri in -  

t e n s i t y  of earthquakes,  and o the r  e x t e r n a l  cor1dition.s. 

A s  shown i n  Fie. 3.1, t h e  p l a n t  a r e a  piwpei- i s  a 20-acre fenced-in 

area. above t h e  high-watt.?- contour on t h e  bank of tine stream. 'The u s u a l  

cooS.i.ng-water intake and d ischarge  s fmxtures  ay-e provided, along wi t11  

fu.eJ..-oil s to rage  f o r  a startiip b o i l e r ,  a water-puif i c a t i o n  plant, water- 

s to rage  tanks,  and a deep we]. I.. 'This plant ai-ea also inc ludes  r ad ioac t ive  

waste-gas s torage ,  ti-eatment, and d i s p o s a l  systems. Space i s  provided 

f o r  t h e  outpu'c .ti-sasfoimers and switchyard. A r a i l r o a d  spur  serves f o r  

t h e  t r a n s p o r t a t i o n  of heavy equipment, and parking lobs a r e  provided.  

A 3-argc s i n g l e  building houses the r e a c t o r  and tu rb ine  plan.ts, 

o f f t c e s ,  shops, and all. o the r  suppor t ing  f a c i l i t i c s .  'This bui ld ing ,  as 

showii i n  F igs .  3 .2  through 3.5, i s  250 f t  wide and 528 ft l.ong; iL rises 

9f3 ft above and 48 ft below grade l e v e l .  'The constructrion is of 'die 

typi.ca1 steel-frame tyye,  writh s t e e l  roof t r u s s e s ,  p r e c a s t  concre te  roof 

s l abs ,  concre te  floors wi th  s t e e l  gcatri.iigs as requiretl,  and. i n s u l a t e d  

al.umi.nux or s t e e l  pane l  wa1.S.s. The wall j o i n t s  are caulked or ctheywise 

seal-ed on the  r e a c t o r  end of t h e  bu i ld ing .  

The r e a c t o r  cornpl-ex occupies l e s s  volume than  %he stea.m-generating 

equipinen-L i n  a, convent ional  p l an t ,  ami t h e  turbi-ne f l o o r  dimensi.ons a r e  

ihe same a s  those  u s e d  i n  t h e  Bu l l  Run. Steam P lan t  of t he  Tennessee 

Val ley Author i ty  (TVA), but; t h e r e  a r e  s1ightl .y 1.arger allowances for t h e  

shops, o f f i ces ,  c o n t r o l  rooms, and o t h e r  f a c i l i t i e s  o f  t h e  r e a c t o r  p l a n t .  

The r e a c t o r  end of' t h e  bu i ld ing  i.s 1.68 f t  long and c o n s i s t s  of a 

high-bay portion above a re inforced-concre te  r e a c t o r  containment s t r u c -  

t u r e .  A s i n g l e  crane is p ic tu red  a s  servri.ng bo-Lh t h e  tii.rbj.ne room and 

t h e  r e a c t o r  p l an t ,  b u t  s epa ra t e  cranes would probably be required,  and 

t h e  cos t  estima'l;e allows f o r  two uni t s .  The r e a c t o r  p7.an-L b u i l d i n g  i s  

sealed. suffi.c.j.ently f o r  it t o  serve as a confinement volume i n  the ur- 

l i k e l y  event of  a r a d i o a c t i v i t y  inc ident ,  and it is provided w i t h  posi- 

Lrive v e n t i l a t i o n ,  air f i l t r a t i o n  and d i l u t i o n  equipment, and an  off-gas  

stack. 

The arrangemmt of the r e a c t o r  p1.a.n.t c e l l s  i s  shown i n  Fig.  3.6. 

The th icknesses  o f  concre-Le requi red  f o r  s h i e l d i n g  a g a i n s t  reactxi-  
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r a d i a t i o n s  were estinB.ted on t h e  b a s i s  of p~eviou-s reactor  design cxpzri- 

enee 

vessel  Tram a n  occixpieii area. ,4 uiinirmm of 4 f t  of concrete i s  used 

ar~~u:m?i equipment, containTng the coolavit; salt, which i s  at a. rela+;ively 

low leve l  of sctivi:l;y dwi i ig  reactor opera.t;ion arid this l e v e l  decreases 

a short  I;ime after power shutdo-w-n. 

A rn i r i i rmm of 8 C t  of high-dens i ty  conr'v.e.te sepaxates  he reac toy  

A s  i l l u s t r a t ed  i n  E'ig. 3.6, .the reactor vessel is 'noused i n  a c i r -  
cular itell of retnfol-ced con-crete. This cell i.s  bout 36 ft in diameter 

slid c, 2 f-t high. The four fue l -  and 'olanlie-L-sal.:; p r i r r ~ ~ r y  heat exchangers 

and t h e i r  yespectix c:i.rculati.ng prmps are pl.aced arovj?d the  reae-tor . 
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The wall s e p a r a t i n g  t h e  r e a c t o r  c e l l  from t h e  ad jo in ing  c e l l s  i s  4. ft 

t h i c k ,  and t h e  removable b o l t e d  down roof plugs t o t a l  8 ft i n  thi.ckness. 

The pump d r i v e  s h a f t s  pass through stepped operiings i n  the spec:ia,l con- 

c r e t e  roof plugs t o  t h e  d r i v e  motors, which a r e  loca ted  i n  sea l ed  tanks  

pressurized.  above t h e  r e a c t o r  c e l l  pressuxe. The specia.1 roof  plugs %.re 

removable t o  permi t  withdrawal. of the pump impel le r  assemblies  f o r  mainte- 

nance or  replacemerit. The control-rod. d r i v e  mechanism passes through the 

to,p s h i e l d i n g  i n  8. similar nianner. The cr jolant-sal t  p ipes  pass ing  through 

the cel l .  wall have bellows sea1.s a d t  t h e  penetrations. 

‘The cel.ls are l i n e d  wi-th 0.25- t o  0 .5- in .  - t h i c k  s t e e l  p l a t e  having 

wel.ded j o i n t s ,  which, toge ther  w i t h  t h e  s e a l  pan t h a t  foriils a p a r t  o f  t h z  

roof s t m c t u r e ,  provide a cel.1 leak- r a t e  .that meets t h e  requirement of 

less than  one volwne percen t  p e r  24 h r .  ‘l’lie r e a c t o r  c e l l  i s  heated t o  

)ut 1050°F’ by m d i a n t  hea t ing  su r faces  I.ocated a t  t h e  bottc;m. The hea t  

i s  suppl ied  e i t h e r  el.ectrical1.y o r  from g a s - f i r e d  equipment. The l i n e r  

p l a t e  arid t h e  concre te  s t r u c t u r e  a m  pro tec t ed  f ~ o m  -the high ternperatwe 

by 6 i n .  o r  more of Lhermal i n s u l a t f o n  and cooled bjr e i t h e r  a, c i r c u l a t i n g -  

gas o r  w a t e r - c o i l  cool ing  system. Tlne r e a c t o r  and ineat exchanger support  

strue-tuxes a r e  a l s o  cooled as r equ i r ed .  

The four  c i r c u i t s  t h a t  c i r c u l a t e  cool ing  sa l t  are hnused i n  i n d i -  

vidual cornpartrrients, or cells, having 4 - f t - t h i c k  r e in fo rced  concrete w a l l s  

and bolted. down reniovable roof plugs. Each compartment conta ins  four 

b o i l e r - s i ~ ~ e r h e a t e r s ,  two r e h e a t w s ,  one coo lan t - sa l t  pwflp t h a t  se rves  t h e  

boi ler-su-perheaters ,  and one c o o l a n t - s a l t  puny, t h a t  supp1.i.e~ the reheatem. 

A1.I  p ipes  t h a t  pass  i n t o  t h e s e  c e l l s  from t h e  t u r b i n e  p l a n t  k v e  sealed 

penetra , t ions and valves 0utsid.e t h e  walls The p.mp d r i v e  s h a f t s  ex-Lend 

through t h e  roof  plugs,  and t h e  c e l l s  a r e  sea l ed  and heated i n  t h e  same 

rra.nlrier as t h e  r e a c t o r  c e l l .  The t empera twe  i s  only  main-tained above 

750*F, h o ~ e ~ e r .  

The des ign  p res su re  f o r  t h e  r e a c t o r  c e l l  arid t h e  Tour adjoiiij.ng com- 

pc?,rtments i s  assimed t o  be about 45 p s i g  e ~ressure-sin~pressi.on s y s t e m  

are provided, w i t h  t h e  r e a c t o r  cell systeiii be ing  sepa ra t e  T r o m  t h e  sys- 

tems for t h e  o t h e r  compartments. These systems c o n s i s t  OT water -s torage  

tmks  through which va,poy rel.easec3 i n t o  a c e l l  would pass  and be condensed 

t o  main ta in  Yne c e l l  p re s su re  below t h e  design va lue .  
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As ind ica ted ,  the r e a c t o r  p l a n t  s t ruc 'mres  have n o i  been op t in i zed  

nor have khey been s tudied  i n  any d e t a i l .  Li.kewise; t h e  c e l l  lieatri.ng 

and cool ing  systems, <he pressui-e-siiypression systems, and t h e  bu i ld ing  

v e n t i l a t i o n ,  f i l t r a t i o n ,  and a.j..r-disposal systems have received no de- 

t a i l e d  s tudy .  Hcwever, t h e  allowances made i n  t h e  cost estirnakes for 

'iliese i tems shou ld  not  r e q u i r e  adjustments l a r g e  enough t o  a f f e c t  t h e  

overal.1- conclusions d r a m  f r o m  t h i s  study. 

The tu rb ine  p l a n t  i s  s tandard  i n  t h e  u t i l i t i e s  i ndus t ry  a n d  needs 

l i t t l e  d e s c r i p t i o n .  Space has beer, allowed f o r  o f f i c e s ,  c o n t r o l  rooms, 

s h o p i  s torage ,  change and locker  rooms, sild o'iher faci . l . j . t ies.  

3 .3  -_ F'lowshee'cs and General Uescr:i.ption -- 

The general. f low arrangements and ope ra t ing  condi-t ions o f  t h e  YSBK 

power s t a t i o n  a t  r a t e d  output  a r e  sunwarized i~. the f lowsheet  presented  

i n  Fig. 3.7 .  

diameter and 1 9  f t  high t h a t  conta ins  a 1.0-i"L-dis:in core made up of 534 

g r a p h t t c  f u e l  tubes,  which a r e  fas tened  Lo t ~ o  pl.enw2 chambers a t  t h e  

bot'com of' t h e  r e a c t o r  v e s s e l .  A s  shown i n  Fig. 3.8, f u e l  sal..t Ls pwped 

i n t o  one plenum, flows upward through ej.ght 0.53-in.  -di.arn passages i.n 

each g raph i t e  tube  t o  - L ~ c  'LOP of t h e  reac' ior core,  and t u r n s  downward t o  

f1.os.T through t h e  c e n t r a l  1 .5- in . -diam passage t o  t h e  o ihe r  plenim a t  t h e  

bottom of the  v e s s e l .  'L'he g raph i t e  tube cons t ruc t ion  i s  ind ica t ed  i n  

Fi.g. 3 .9 .  A matrj.x of hexagonal g raph i t e  blocks surrounds the fuel. -tubes 

and serves  as modera.tor. A 1.5-f'c- thick anmilar  space fi_l.led wi'Lh t h e  

f e r t i l e ,  o r  b lanket ,  sa.1.t surrounds t h e  core.  Outside the b lanke t  volume 

i s  a 3- in .  th ickness  of  graphi-Le t h a t  a c t s  as a r e f l e c t o r .  A 1 .5- in . -  

wide space sepa ra t e s  t h e  g raph i t e  ref]-ec-Lor from t h e  w a l l  of t h e  r e -  

acbor  vessel.; t h e  vessel-  wal.1. i s  1.5 i n .  thi .ck and i s  cons t ruc ted  o f  

Has te l loy  N. 

The 2225-bTv.;(th) reac'Gor consi.sts oP a vessel.  abou'i 15  f t  in 

The f u e l  sa1.t i s  pur ied  i n t o  t h e  r e a c t o r  plenum a t  100O"E' and about  

144 p s i g  a t  a ra-'ie of about  95.7 cfs (43,000 gpm) . 
through t h e  f u e l  tubes and t h e n  dowward through t h e  cen ' i ra l  pa.ssage, as 

descri-bed above, a t  an  average v e b c i t y  o f  about 15 fps. Duri.ng i t s  
passage through tile core,  t h e  f u e l  sa l t  i s  hea.i;eij t o  about  1300"P' by 

It flows upward 
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nuclear  f i s s i o n .  About; 95% of t h e  hea t  generated,  or 21-14 Mw( th), i s  

removed by t h e  fue l  s a l t .  

Concen'iric p ipes  connect t h e  core  plenixn chambers 'GO t h e  hea l  ex- 
The 1.300"E' fine1 sa.3.t J.eavcs t h e  lower plenum o f  t h e  rer_.ctor changers.  

vessel. and flows 13owr:ward through the 18-i.p. -diam i.nner p<.pes -io t h e  top  

of t h e  heat, exchangers, where t h e  pl-essure i s  eboui; 96 psi.g. 

The f u e l  sa l t  is c i r c u l a t e d  i n  four loops tha- t  opera te  i n  p a r a l l e l .  

Each loop contaii ls  a vertical..  shel l -and-tube hea-t exchang2.r about 5.5 f t  

i i i  dia.me%er and 18 f t  high, w i th  a f u e l - c i r c u l a t i n g  pum? mounted on t h e  

top .  Each pump impel~ler opera tes  i n  a bowl t h a t  i s  i .n tegra l  wi.th -ilie 

s h e l l  of t h e  associs-Led exchanger. Above each bowl. and connec.Led t o  i.t 

by open passzges i s  a sa l t  s to rage  volume cf about 45 ft3, which i s  su f -  

f i c i e n t  t o  s t o r e  about one-fourth of t h e  f u e l  sa l t  nccded t o  f i l l  t h e  

r e a c t o r  co re .  The genera l  arrangement of the four blanket  h e a t  ex-- 

changers and t h e  four fuel hea t  exchangers around t h e  r e a c t o r  i s  shown 

i n  j ' ig .  3.8. 
In t h e  hea t  exchanger, t h e  f u e l  sa l t  ?lows downward a t  about 1.l.3 

fps -l;i?.rough t h e  ou te r  row of  C.375-in.-6iam tubes i n t o  .Lhe lower head, 

where the  sa l t  condi t ions  a r e  about 1170°F and 51. ps ig .  It then flows 

upward a t  about 13 f p s  through t h e  0.37S-in.-di.am innemlost -tubes t o  the 

bottom o f  t h e  puip  bowl, where the condj t ions  a r e  approximately 1000"E' 

and 5 p s i g .  

the 1.8- and 24-in.  concent r ic  p ipes ,  and t h e  sa l t  r e - b u m s  t o  t h e  r e a c t o r  

pl-enum t o  r epea t  t h e  cyc le .  

head and r equ i r e s  a l25C-hp motor. 

The pimp discharges through t h e  a.nnul-ar flow passage between 

Each pump i s  r a t e d  a t  l l , , a @ C  gpnl at, a 150- f t  

The b l anke t  s a l t  i s  pumped i n t o  Lhe reacbor  v e s s e l  a t  about 1150°F 

a t  a flow r a t e  of about 1.7.3 c f s  ('170C gpm). 

domiward through t h e  space between t h e  g raph i t e  r c . f l ec to r  and t h e  r e -  

a c t o r  vessel t o  cool  -the w a l l  and t h e  t o p  head of t h e  vessel., a n d  then 

f l o w s  upward through Lhe b lanke t  volume and the j -n t e r s t i ce s  of  t h e  core 

l a t t i c e  ( t h e  b lanket  s a l t  occupies a'oout 7$ of t h e  core  vol.ume). About 

111 h ( t h )  i s  d.eposi'ced i n  t h e  bl-anket salt as i t  passes  'chi-ough the  r e -  

ac to r ,  and it l eaves  t h e  r e a c t o r  ai; about 1250°F through the  inne r  p ipe  

of t h e  8- and. 12-in.-diarn concent r ic  p ipes .  

The b l anke t  sal-t; flows 
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The blanket salt  i s  cooled i n  four c i r c u l a t i n g  loops i n  a inanner 
similar t o  t h a t  used for t h e  core s a l t .  The blanket sa l t  f l o ~ s  dowzlwa,rd 

through O.YI5-in. -diam tubes i n  a 3-ft-diam, 9-ft-high v e r t i c a l  s h e l l -  

and-tube heat exchanger a t  about 10.5 fps .  A f t e r  passing through t h e  
l o w r  head, t h e  flhiil flows through another s ec t ion  of 0.375-in.-diarn 

tubing a t  about t h e  same v e l o c i t y  and en te r s  t h e  pump bowl-s at about 

1150°F'. (These pumps do not have the l a rge  stoyage vol.?un.e above t h e  

boilrls - )  Each of the four  blanket-sal.% pimps has a capaxity of about 

2200 gpm at a 150-ft head and uses a 500-bp motor. The salt flows t o  

t h e  r eac to r  through t h e  annular region between t h e  8- and 12-in.  -dianl 

concentric pipes connecting the  heat exchanger and b lanket  vohmes and 

repea ts  t he  above cycle.  

The volurnes above the  Sour fuel. p w q  bowls have a co!nbi.iied. capacity 

s u f f i c i e n t  t o  hold all t h e  f u e l  in. t he  r eac to r  core. Since the  r eac to r  

i s  a t  a higher el-e-m'cion thsn  t h e  f u e l  pumps, stoppage of t h e  pumps w i l l  
cause the  s a l t  t o  d r a t n  from the core by g rav i ty .  1% i s  est3.mat;ed t h a t  

t h e  r eac to r  would become s u b c r i t i c a l  i n  1 t o  1..5 sec .  Loss of one pump 

would also cause t h e  core  t o  become s u b c r i t i c a l  because of sa l t  drainage. 

Thus a11 blanket and f u e l - s a l t  p-wrps need t o  be operative for .the re -  

ac to r  t o  generate power. 
Chapter 4, permits p a r t i a l  power generati.iin even though a f u e l  pun$ 

f a i l s  . ) 

(An a1.ter:oate mndul.au. design, discussed i n  

Afterheat generated i n  the  sa1.t s to red  i n  t h e  volumes Luove the  

pump bowl.s i s  removed by c o i l s  through which a coolant i s  c i rcu la ted .  

Xa.1-b remaining i.n t h e  heat exchangers, piping, and r e a c t o ~  plenurm chai- 
bers  is c i r cu la t ed  through the  exchangers by a gas lift to permit a f t e r -  

hea.t removal. from these volumes. 

which i s  normally introduced cont,iiruously a t  th.e bottom of t h e  heat ex- 

chtziiger t o  purge fission-product gases from t h e  fuel sa l t ,  The fissioiz- 

product afterhea,t is tra.nsferrec?, t o  t h e  coolant salt ,  which wj.1.7. circu- 

l a . t e  through t h e  primary exchangers by thermal convection and i n  t w n  

t r a n s f e r  energy t o  t h e  steam cycle. 

The g ~ s  l i f t  i s  provided by. heliumJ 

TIE: fue l - ,  bianket-, and coolan t -sa l t  sys tem a r e  provided with 

" ever-safe" tanks f o r  s torage  of the sal ts  when t h e  systeriis i3.re d.ra,ined 

for maintenance o r  0 t h ~  pwrposex. The d r a i n  valves for t hese  1.ines 
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have not been spec i f i ed ,  b u t  t hey  could poss ib ly  be f rzeze- type12 o r  

mechanical valves developed f o r  sa l t  s e r v i c e .  

A s  indi.cated above, f i s s ion-product  gases  such as xenon and krypton 

a r e  sparged from t h e  fuel-ss1.t circula.tring system by j -ntroduct ion of 

hel.iurn i n  t h e  bot-tom head of  t h e  hea t  exchangers. The off-gas system 

and fl.owsheet f o r  t h e  handl ing of  t h e s e  r a d i o a c t i v e  gases  a r e  descr ibed 

i n  Sec t ion  3.6. 

A helium system provides  cover gas f o r  t h e  pu:inp bowl.s, d r a i n  -tanks, 

fue l -handl ing  and -processing sys kerns, and o the r  equipm.en-t. This sys'cel-n 

i s  b r i e f l y -  descr ibed i n  Sec'iion 3.6. 

FOX- p rocess ing  purposes, small s ide  streams of f u e l  s a l t  (about  

14.5 f t3 /day )  and b l anke t  s a l t  (about 144 f t3 /day )  a r e  taken f r o m  t h e  

main c i r c u l a t f n g  loops and s e n t  t u  t h e  fue l -process ing  p l a n t  loca ted  i n  

n t  to t h e  r e a c t o r  proper .  The fuel-recyc1.e system and its 

flowsheei; axe descr ibed i n  Sec t ion  3 . 5 .  

An interrnedia'ie coolant  s a l t  j.s u t i l i z e d  t o  t r a n s f e r  energy from 

t h e  primary c i r c u i t  t o  the s t e m  cycle .  'The c o o l a r t  sal-t i s  pumped 

through t h e  shell s i d e s  of the four fu . e l - sa l t  hea t  exchangers and then  

through t h e  four b l a n k e t - s a l t  exchangers by a t o t a l  o f  e i g h t  pumps. 

Pour of' -these, each ra.ted a t  1.4t,0C0-.gprri capac i ty  a t  a 150- f t  head (1250- 

hp motor),  pump t h e  coolant  salt through the 16 bo i l e r - supe rhea te r s .  

The o t h e r  four ,  i n d i v i d u a l l y  r a t e d  a t  2200 gpm a t  a 150-f'i head (200-hp 

motor),  IpumT t h e  coolant  sa l t  through t h e  e igh t  steam r e h e a t e r s .  

Y'e coolamt s a l t  en te r s  bile shell s i d e  of each of tlie f u e l - s a l t  ex- 

changers a t  about 850°F and a-t a r a t e  of 37.5 CYS. 

above t h e  842°F l i qu idus  temperature of Lhe f u e l  s a l t .  The coolan t  sa l t  

flows a c r o s s  t h e  tube  bundle, as d i r e c t e d  by t h e  b a f f l e s ,  t o  the exi-L a t  

the bottom. It then  e n t e r s  t h e  t o p  of the s h e l l  s i d e  of t h e  blanket-sal_- t  

heat  exchangers a t  about ll.ll. 'F, which is above t h e  1040°F Liquidus tem- 

perature o f  the  bl-anket salt. It l~eaves t h e  bottom of the shell at 

about 1250°F. 

The salL i s  thus  

of 'ihe c o o l a n t - s a l t  flow, or abou-L 3 2 . 5  cfs f o r  each o f  

t he  1.arge c o o l a n t - s a l t  pvu~ps, supp l i e s  a t o t a l  of 1931 Ms( t1 i )  of hea t  

to Lhe bo i l e r - supe rhea te r s .  The remainder of the flow, 01" about 5 c f s  

i"or each of 'die s m a l l  coolamt-sal t  pwnps, supp l i e s  about 293 b b ~ (  L h )  of 
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heat t o  the  steam rehea ters  

change eqiiiprnent st 850°F. 
Qie c o o l m t  sal t  en ters  

changers, which serve as the  

The coolant sa l t  e x i t s  from the heat  ex- 

t he  16 v e r t i c a l  U-shell-and-tube heak ex- 

boiler-superheaters,  a t  t h e  top  of one l e g  

at a temperature of about 1125°F. 
d.iarn baffled shel.1 and ugward through the other l e g  of t he  shell t o  

emerge a t  650°F. 

estimated I.iquidus temperature of t he  coolarit s a l t )  and 3800 psia, i s  
introduced at t h e  tube sheet at the  t o p  o f  one leg,, flows tinrough t h e  

1/2-in.-diam tubes, am3 e x i t s  a t  the top of the  o ther  leg  a s  stean~ i n  a 

once-thuough arrangemer1-l;. The steam leaves t h e  units a t  l.O00"E', 3600 

psia, a.nd a t o t a l  r a t e  of about 10,06'7,000 I.b/hr. 
A s  shom i n  the steam system port5.on of Fig. .3.7, abou-t 7,152,000 

lb/iir of the steam en te r s  t h e  i;hro.t;t;le of t h e  h5-gh-presswe turb ine  at 

a'Q0U'G 1000°F afid 3500 psia. About 5,134,000 Ib/lar leaves this tu rb ine  
a h  552"E' and 600 psia and flows t o  the  eight U-tube v e r t i c a l  shell-and- 

tube heat exchangei-s, which preheat the "cold" steam before it enters  

the rehea ters .  It flows th ro tgh  t h e  20-in. -diam s h e l l s  and  i s  heated 

t o  about 650'F by about 2,915,000 lb/hr of the 1000°F thrott3.e steam, 

which flows through 0.375-5.11. -dia.xn tubes. The  supe rc r i t i ca l .  s t e m  leaves 

t h e  tubes at 866°F and 3500 psia and i s  mixed w ? t h  t h e  552'1' 3500-psia 

fecdhmter f r o m  the No. 1 feedwater hea te r  in the regenerative st,ea,m cycle 

t o  give r, f l u i d  teniperatux-e o f  about 695°F. 

i n  presslire to 3800 psia and raised. i n  temperature abolxt 5 " ~ '  'by two par- 

a l l e l  20,000-gprn 6200-hp motor-driven pim-ps . 
feedwater for the  boi le r -su~erhea ters ,  as mentrioned a.bove e 

It passes downward through the  &in.- 

The high-purity b o i l e r  feed.watei-, a t  about '700°F ( t h e  

The water i s  t h e i n  boosted 

Thris produces t h e  700°F 

The 650'F rehea t  s t e m  from the prehea tem flows through the tubes 

of Yne e i g h t  v e r t i c a l  straight-tinbe 28-in. -diam shell-a,nd-tube heat ex- 

cha:cigers,, which serve a:; the steam reheaters.  T?ie tixbes ifi these units 
a r e  0.75 i n .  i n  d-iarneter. The heat Source for the i-eheal;ers is t he  

1125 'E' coolant salt mentioned. abo-ve, which raises the ti.lmperature of the 

s.tea,m to 1000°F. The s t e m  re tn rns  to t h e  double-flow .intemiediatc:- 

pressure t u ~ b i n e  a t  about 540 pia; -tlifs tu rb ine  5.s on t h e  same sha f t  as 

t h e  high-pressixe turb ine  e These t w o  3600-rpm p r h e  m o v w s  d r ive  a gen- 

e ra to r  on t h e  s a c  shaft t o  give a gross e l e c t r i c a l .  output of  527.2 Mer. 
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The steam leaves  i;he in te rmedia te -pressure  Lurhi.r_e a t  ab0u.L 1.72 p s i a  and 

‘706°F and crosses  t o  t h e  1800-rpm four-flow low-pressure tu rb ine ,  where 

it expands t o  1 . 5  i n .  Iig abs  and produces 50/.? Mw gross  e l e c t r i c a l .  power. 

The regenera-Live f eedwater hea t tng  systzm einpl-oys ei-ght s t ages  of 

f e edwat e r he a t  i.ng, i.n c lud 7.ng t h e  d e a  e r a t  o I-, and two turb ine  - dr iven  bo i- 1 ?r 

f e e d .  pumps . Condensing water,  b o i l e r  makeup, and condensate-polishi.ng 

systems &rc SI-so included.  

The gross  e l ec ‘u ica l  genera t ion  of t h e  p l a n t  j.s 1934.9 Mw; t h e  ne-t 
s t a t i o n  output  i s  1000 Mbf( e ) .  

44.9%. 

The ovex-ail ne.L tliemal. e f f i c i e n c y  i s  

3 . 4  Xeactor System 
_I- -___ 

3.4.1 Descr ip t ion  

Top and s e c t i o n a l  views of t h e  reacbor vesscl am1 core a r e  shown in 

Figs. 3.7..0 and 3.11.. P e r t i n e n t  d a t a  on t h e  reac- tor  system axe summarized 

i n  Table 3.1. 

The r e a c t o r  v e s s e l  i s  about 1)~ f t  in diameter and has an ovzra1.1 

he ight  o f  a’oout 1.9 ft,. It i s  cons t ruc ted  of  Xas te l loy  N; 7 1; i s  desi.gned 

for 1200°F and. 150 psi ;  and ii; has walls 1..5 i n .  thick.  The torospherj .-  

c a l  heads a r e  2.25 i n .  t h i c k .  The bo’itom head i s  an inkegra l  par t  of 

khe vesse l ,  b u t  t h e  t o p  head i s  amar_ged f o r  grindi-ng away t h e  weld so 

that  t h e  head can be  removed. ‘The v e s s e l  is sunported on r e i n f o r c i n g  

rings i n  t h e  bo.L-Lom head bizat r e s t  on a s t r u c t u r a l  steel.. s tand  mounf,ed 

on a re inforced-concre te  ]pedestal- i n  t h e  cen te r  of t h e  r e a c t o r  c e l l .  

As shown i n  Figs .  3-10 and 3.11., t h e  fuel. s a l t  e n t e r s  and l eaves  

t h e  r e a c t o r  through four  concent r ic  p ipes  (diameters  of  18 and 24 ?..n.) 

i n  ac arrangement t h a t  tends t o  minimize t h e  s t r e s s e s  due to temperature  

d i f f e rences  . These p ipes  co-mmunicate wi’ili p l e n u i  chambers i n  Lhe bottom 

head of t h e  r e a c t o r  vessel . .  ‘The f u e l  salt flows tliroug‘n ’clie annul-ar pas- 

sage between the  two pipes and e n t e r s  t h e  outer  pleiiun chamber. It then 
fl.ows upward Lhrougb t h e  fuel-sa1. t  passages to t h e  t o p  of t h e  r e a c t o r  

and downward to t h e  i nne r  plenuii chamber, where iii, leaves thr0ugi-L t h e  

18-in.-diam p ipe .  
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The a c t i v e  p o r t i o n  of t h e  r e a c t o r  core  i s  1.0 f t  i n  diameter  and. 

about 12.5 f t  high. 

which t h e  f u e l  sal.t flows and around which t h e  b l anke t  salt; c i r c u l a t e s .  

Each tube  assembly, as shown i n  Fig.  3.9, c o n s i s t s  of a 3 . 5 - i n . - O D  graph- 

i t e  tube  w i t h  e i g h t  0.53-in.-ID holes  r e g u l a r l y  spaced on a 2.6%-in.-  

d i m  c i r c l e .  The fuel. s a l t  f lws  upward through t h e s e  eFght tubes  a t  
ahout  15 fps.  The sa l t  r eve r ses  d i r e c t i o n  a t  t h e  top  of t h e  f u e l  as- 
seiil'oly, flows downward a t  about 1 5  fps through t h e  1.5-in.-ID c e n t r a l  

passage, and e n t e r s  t h e  inne r  pleriutn a t  tihe bottom of the  r e a c t o r .  The 

3.5- in .  -OD g r a p h i t e  tubes  a r e  s l ipped  i n t o  hexagonally shaped passages 

ins.ide hexagonal graphite tubes that are approxiniately 5 i n .  ac ross  t h e  

outer f la ts .  Zlanke-t s a l t  c i r c u l a t e s  i n  t h e  passages between t h e  c i r cu -  

lar  and. hexagonal g raph i t e  tubes. Thin po r t ions  of each 0utsid.e face o f  

t h e  hexagonally shaped g raph i t e  aw? cut away, as ind ica t ed  i n  Fig.  3.9, 
t o  form passages f o r  c i r c u l a t i n g  b l a n k e t - s a l t  The f u e l  tubes a r e  con- 

t inuous  a long  t h e i r  l engths ,  whereas t h e  hexagonal. tubes are made up of 

stacked g r a p h i t e  p-ieces a The upward and. downward fuel. f 1 . 0 ~  passages com- 

municate a t  t h e  t o p  of  t h e  fue l  tube,  where a threa,ded-graphite p l u g  

tj.ghtI.:y- C ~ O S Z O  t h e  top end o f  t he  tube, a s  Sii<)wY1 7.n Fig.  3. 9. This pl.ixg 

i s  provided w i t h  a t~~ea.dr?d-graph.ite s tud . ,  washer, and nut assembly f o r  

hol-ding t h e  hexagonal p i eces  i n  p lace .  

It conta ins  534 graphibe tinbe assemblies t'nrough 

Stu'os of' 4-in.-OD l ias te l lhy-  1: tubes that, vary i n  length  €rorn about 

6 t o  15 i n .  a r e  welded t o  th.2 ixppe~ diaph.y.agm i n  the I .owe~ head. gf the 

r e a c t o r  v e s s e l .  This diaphragm i s  dxmt  0.75 i n .  . thick.  Metal -l;ransi- 

t i o n  p i eces  w i t h  a n  o u t s i d e  diameter of 4 i n .  and a l eng th  of about  8 i n .  
a re  brazed t o  each of t h e  s tubs ;  previous to Lhis, t h e  3.5-in.-OJ? graph- 

ite tubes  f o r  -the fuel. sa l t  are  bmzed  under c:xreful.l;y control.led shop 

cond-it ions t o  shoul.rlers on t h e  i n s i d e  of Lhe meta,l t r a n s i t i o n  p i eces  a 

'The hexagonal.ly shaped g r a p h i t e  tubes  r e s t  on. t o p  4- in .  -di.a,m by ~ ' C I O I J ~  

4-in.-long met ,a l .  spacers ,  which i n  turn r e s t  on top t h e  metal transi2;i .o:~ 

p i e c e s .  

Othe:r ITa~l;?l.l.oy N s.bub~, % i n .  OD a n d  vaiyirig i n  l e n g t h  from 8 t o  
30 i n . ,  a.r? wel.deii t o  the 0.25-i.n. -.Lhiek top c):f' bhe inner  p lenum chamber 

a t  the bot,torri of t h e  r e a c t o r  vessel  I k e s e  s tubs  neck i iow to about, 

1.42 in. OD a t  the 'cop and are a s l i d i n g  f i t  ixi-l;o t b e  bottom. of  t h e  inne r  
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passage of t h e  g raph i t e  fi le1 tiibe ( t h e  t-ubes a r e  machined ai; t h e  bottom 

end t o  permit  thi-s f i . t ) .  

on ly  a small  buypass o f  t h e  core .  

Any s a l t  leakage -through t h i s  j o i n t  c o n s t i t u t e s  

The blanke'i; sa1.t leaves  and e n t e r s  .Lhe r e a c t o r  v e s s e l  through con- 

c e n t r i c  8- and 12-i.n. p ipes  loca t ed  near  'ihe t o p  of  t h e  r e a c t o r  v e s s e l  

( s e e  Fig.  3 .8) .  The inner  pipes  of t h e s e  concent r ic  connections,  l i k e  

those  i n  t h e  fue l . - sa l t  system, are provided writ11 s l i p  j o i n t s  near  the 

heat  exchanger nozzles  to a l l o w  f o r  t h e  r e l a t i v e  moveornt between p ipes  

due t o  temperature d i f f e r e n c e s .  Small leakage through t h e  j o i n t s  i s  

i.ncoiis equent i a l  

'The blanke-t on t h e  s ides  and t o p  o f  the core averagcs 1 . 5  f t  i n  

th i ckness .  Outside t h i s  blan.ket, and 1 . 5  i n .  from the  v e s s e l  wall. and 

top  head, i s  a 3- in .  t h i ckness  of g raph i t e  which serves  as a r e f l e c t o r  

for neutron economy and also helps  t o  proLect the v e s s e l  frori.1 i r r a d i a t i o n  

damage. The annul-ar space be-tween the r*e€l.ec.tor graphiY'ce and t h e  wa1.l. 

i s  a f l o w  passage f o r  -tile incomi.nz b lanket  sal.%; t h e  s t ream e n t e r s  a t  a 

temperature  of 115C"E ai?d se rves  t o  cool. the vessel. wall. and t h e  top  

head. 

'The b a s i c  design o f  t h e  r e a c t o r  has t h e  advantage o f  low neutron 

l o s s e s  t o  struc'i;urral ma tc r i a l s  o the r  than t h e  g r a p h i t e .  Except f o r  some 

unavoidable 1.0~s of delayed neutrons i n  the e x t e r n a l  f u e l - s a l  L c f r c u i t ,  

t h e r e  i s  al.most no rieutron 1-eakagc -thi-cugh t h e  t h i c k  b l anke t .  Neutron 

l o s s e s  -to f i s s i o n  products  a r e  minimized by t h e  continuous -treatment of  

a sicle stream of t h e  fuel. sa l t  i i i  a processing p l a n t  t h a t  i s  p a r t  of khc 

MSBR power s t a t i o n .  'i'ne nucl.ear performance i s  di~scussed i n  more detai .1 

i n  Secti.on 3 . 5 .  

The r e a c t o r  system descr ibed above provides  f o r  suppor-L of t he  

graplii ' ie when t h e  v e s s e l  i s  elnpty of salts, prevents  'die graphi-te from 

f l o a t i n s  during normal operat ion,  and all.ows f o r  t h e r m l .  cxpansioil and 

growth or shrinkage of t h e  graphi-Le. The core  can bz removed as a n  

assembl-y a f t e r  t h e  holddown clamps a r e  uibol.tcd and rernovcd and t h e  s e a l  

weld i s  cu t  ( s e e  Fig.  3 .XI.). The upper plenum diaphragm, which c a r r i e s  

t h e  load oT t h e  g raph i t e  i n  t h e  r e a c t o r  core,  car! then be removed f o r  

repl-acemeni; should t h i s  prove necessary.  '1ooI.s m i l s t  be  developer! f o r  

seal.-weld cu. t t ing,  j o i n t  p repara t ion ,  and r e j o i n i n g .  The drawings d o  



no t  indi-cate  a means of gui.ding a new core assembly i n t o  pos i t i on ,  b u t  

t h i s  could be r e a d i l y  prcsvided. 

Replacement of  a graphite tube w i t h  t h e  cosae i n  place may also b e  

p . r sc t ica , l .  

t h e  t o p  head of t h e  reactor v e s s e l  to expose the tops of t i le f u e l  pas- 

sage tubes. 

suspect tube would permi t  withd:raval. of the g r a p h i t e  hmagonal sectirx-1 

siX_r~o1mdirig the tube .  The Haste.l.loy N spacer at the bottom could t hen  

be l i f t e d  out  t o  mlte it p o s s i b l e  t o  lower a n  induc t ion  c o i l  h e a t e r  and. 

break the inetaL-to-metal. b r a z e d  joint between the r r e t3 , l  stub aiid transi- 

t i o n  pieces. 

cedure.  

This  could be accorql.i.shed by f i r s t  c u t t i n g  of f  and .removing 

Removal o f  the graph i t e  nint z-k the t op  oT t h e  d e f e c t i v e  o r  

A replacement tube  could. be i n s t a l l e d  w i t h  a reverse pro- 

3 - 4 . 2  Reactor ?daterials 

$)le1 arid Blanket  Sa7.1;~ I The ch.ernica.1 coni.positior1s of t h e  f l ie l  and 

bla ; r ! c t e t  sa l ts  and the p e r t i n e n t  phjrsical  properties employed in khe de- 

srign arc3 shown i n  Table 3 .2 .  The phase di.agrams of  these s a l t s  and a 

general  d i scuss lon  of  tile chemistrg, physical properties, and behavinr  

of fl-uoride sal-ts a r e  given i n  Ref. 1. 'The fea,sjbil.i.ty of  the use of  

these ssl.ts in r e a c b r s  i s  well established on t h e  1)asj .s of many exper i -  

mental s.i;udiesl and MSRE experience. 

F u e l  Salt 13lxrrkot Sxlt Cool.a.nt 
S a 3  



Coolant S a l t .  -_ The coolant  t e n t a t i v e l y  s e l e c t e d  f o r  t h e  1GRR i s  a 

sodium f luo robora t e  sa1.t 'chat appears  t o  be conpatYule wi th  .bile matel-i.als 

i n  the system and. w i t h  t h e  f u e l  and b l anke t  sa l t s ;  it has a l i qu idus  tem- 

p e r a t u r e  of about 700"E' and appears t o  have hea t  Lransfer  and f l u i d  flcw 

p r o p e r t i e s  khat  make i 1; general-ly suitab1.e f o r  MSBR appl.i.cation. 

of t h e  p h y s i c a l  p roper - t ies  shown i n  "able 3 .2  need t o  be vzr i f j -ed  b u t  

a r e  bel~i-eved t o  be s u f f i c i e n t l y  accu ra t e  f o r  t h e  purposes of  t h i s  s tudy.  

Several  

Graphi te .  T'ne MSBR core g raph i t e  woul.d be an improved grade of 

t h a t  used i n  t h e  MSRE (proper . t i es  of t h e  YSRS core g raph i t e  a r e  giveii 

s p e c i f i c a l l y  i n  Ref. 2 ) .  

can t  cracks and should be a b l e  t o  wi-tiistand high r a d i a t i o n  exposures ex- 

ceeding lo2 '  neutrons/cm2 (neut ron  energ-i-es above 30C kev) . 

The MSBR graph i t e  tubes should have no s igniff i -  

Has Lell-oy _I N. The sa l t - con ta in ing  poi-ti.ons of thc IZSRH a r e  fa'ori- 

caked of Iiastclloy N, s i n c e  i t  has exce l l en t  compatibil-it]. w i th  molten 

f l u o r i d e s  a t  high temperatures and under severe  radiat5.m condi t ions .  

The chemical- composition, mechanical and phys ica l  properkies ,  and corro-  

s i o n  r e s i s t a n c e  of t h i s  m a t e r i a l  a r e  discussed i n  Eef.  2. The mechanicai- 

proper'iy values  given i n  Ref'. 2 were used i n  conjurrction wi th  ASbE Code 

requirernents i n  spec< fy-ing equipmerit. Although i i a s t c l loy  N has exhib i ted  

r a d i a t i o n  embrit  klement when i r r a d i a t e d  t o  MSBR exposures, major improve- 

mznts i n  t h e  r a d i a t i o n  s t a b i l i t y  of -the m a t e r i a l  can 'oe obtained by minor 

changes i n  compositi-on and by modifyi.nE the  hea t  'creatrnent. 2 

3.4.3 PJISSR Load-Following Charac -...I- bei-is t i c s  - ___c_I___.I.. 

The negat ive  temperature c o e f f i c i e n t  of r e a c t i v i t y  rrakes t h e  MSBR 

independent of  he need for control.  rod.s for load fo l lowinga  The pre- 

l i m h a r y  na-Lu-re of t h i s  r e p o r t  d id  riot permi-1; a s tudy  o f  r e a c t o r  s a f e t y ,  

bu t  on t h e  basis o f  MSRE 

converber r e a c t o r  safety s t u d i e s , l t i  it appears t h a t  t h e  fue l ,  b lanket ,  

and cool-ant-sal t  temperatures wril.1 be quickly se1.f-adjust ing with no 

o s c i l l a t i o n s  or r e a c t i v i t y  pe r tu rba t tons  o f  consequence followi.ng changes 

i n  turb ine-genera tor  load .  I n  recogni t ion  o f  t he  need t o  con-trol  the  

'~hrott le-s,- tearti  superheat  temperature a - t  l..OOC"F and t h e  r ehea t  steam tem- 

peratu.:t-e at . lOOO"E'  independent1.y o f  csch o the r  and of  tun-bine load,  

s epa ra t e  variabl.e-speed coo lan t - sa l t  pumps were specified f o r  t h e  boi l -e r -  

siLperhcate3-s and t h e  r e h e a t e r s  . 

a-nd experienee,16 and mol ten-sa l t  
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3.5 Nuclear Fuel-Cycle Pe?-forrnance 

It i s  desirab1.e that t h e  r a t e  of  f i s s i l e  fuel y i e l d  be niaxi’mized 

c o n s i s t e n t  w i t h  l o w  fue l - cyc le  costs. Since ~ W O  nuclear  designs can 

have about  t h e  same fue l - cyc le  cos t  b u t  s i g n i f i c a n t l y  d i f f e r e n t  f u e l  

dou-b l i n g  .1; irne s , MSRR nuc 1.ear de s igri op t  i m . i  z a t  ion  s t u d  i. es  were pe r f  onne d. 

t o  find condi t ions  co r re spondkg  t o  bo th  low flnel.-cycI.e c o s t s  and h igh  

f u e l - y i e l d  r a t e .  

An important  f e a t u r e  of  t h e  MSB17 coricept i s  t h e  fuel . - recycle  p l an t ,  

Fuel.-recycle c o s t s  play which i s  an i n t e g r a l  p a r t  of t h e  reac.f;or p l a n t .  

an  important  r o l e  i n  determining t h e  r a t e  a t  which f i e 1  can be econorni- 

cal.ly processed and thus  s i g n i f i c a n t l y  in f luence  t h e  breeding r a t i o  and 

f i s s i l e  inventory  of t h e  PSBR. I n  o rde r  to prope r ly  cons ider  t h i s  i n -  

f luence,  a d e t a i l e d  design and c o s t  s tudy  was made of t h e  fue l - r ecyc le  

pl..ant18 and i s  summarized below. 

f o r  c a p i t a l  and ope ra t ion  of the fue l -process ing  p l a n t ,  have beefi kept  

s e p a r a t e  from the cos ts  of t h e  main r e a c t o r  plank.* This was done i.n 
o rde r  t o  show a fuel cos t  t h a t  can be more r e a d i l y  compared w i t h  f u e l  

c o s t s  of o the r  r e a c t o r  p l a n t s  u t i l i z i n g  o f f - s t t e  fue l - r ecyc le  f ac i l . i t i . e s ,  

where f a b r i c a t i o n  and process ing  charges inc lude  such f a c i l i t y  costs. 

‘rhe c o s t s  obtained., includ.ing those  

3.5.1 Design and Cost Study of Process ing  P.1an.t f o r  Finel Recycle 

The NYBR core  fue l .  c o n s i s t s  of f i s s i l e  W 4  disso lved  i_n an i n e r t  

carr ier  s a l t  conta in ing  ‘LWL, and BeF2. Th.e b l anke t  sa l t  conta ins  the 

ferti.1.e ma te r i a l ,  ThF4, which i s  a.lso d isso lved  i n  a carri-er salt con- 

t a i n i n g  7 L i F ~  and BeE’2. 

r ecyc l ing  t h e  f i e 1  i s  shown i n  F ig .  3.12. 

The f u e l  styesam i s  processed by t h e  we l l - e s t ab l i shed  f l u o r i d e  vola- 

t i l i t y  process t o  s e p a r a t e  t h e  ixanium from t h e  c a r r i e r  salt and f i s s i o n  

products .  

f i s s i -on  products  by t h e  vacuum-dis t i l l a t ion  process ;  about 6.5% of the 

The f1.owshee-L f o r  t h e  VL%3K process ing  p l a n t  for 

The va luab le  c a r r i e r  sa l t  i s  separa ted  from the  r a r e - e a r t h  

*An except ion t o  t h i s  i s  the c a p i t a l  c o s t  of %he b u i l d i n g  f o r  t h e  
fue l - r ecyc le  p l a n t .  
s i n c e  t h e  fue l - recyql  e system i s  housed w i t h i n  t h e  rezctor b u i l d i n g .  

‘This has been included w i t h  the r e a c t o r  p l an t ,  
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c a r r i e r  sa l t  i s  ei'clier discarded. or unrecovered i n  t h e  d i s t i l l a t l o n  pro-  

cess  i n  o rde r  t o  control.. f i s s ion -p roduc t  bu-ildup a n d  reduce recovery 

c o s t s .  

The f u e l  s a l t  i s  r e c o n s t i t u t e d  by absorbing u1'6 i.n uraniu_m-con.t;aining 

c a r r i e r  sa l t  and reducing it t o  UT/+ by bubbl ing hydrogen through t h e  mel t .  

Excess uranium from t h e  r e a c t o r  i s  so ld  as an equ i l ib r ium mixture of t h e  

f u e l  i so topes .  

'i'he b l anke t  sa l t  i s  processed by t h e  f l u o r i d e  v o l a t i l i t y  process  

Any uranium not  removed dur ing  b l anke t  process ing  r e t u r n s  t o  t h e  a lone .  

b l anke t  and i s  removed by subsequent processing.  

Small s i d e  s t r e a m  of  a'nout 14.5 f t3 /day  of f u r l  sa l t  and I44 f t3 /day  

of bl-anket s a l t  a r e  cont luuous ly  withdrawn from t h e  r e a c t o r  c i r c u l a t i n g  

systems and routed  to t h e  process ing  pl-ant l oca t ed  wTthii1 t h e  same iSuil.d- 

i n g *  The inven to r i e s  r e t a i n e d  i n  t h e  process ing  p l a n t  a r e  estj-rnated to 

be about 10s of the r e a c t o r  system f u e l - s a l t  inventory .  

i ng  va lue  f o r  t h e  b l anke t  system i s  about 1%. 

The correspond- 

An important f a c t o r  a f f ec t i i i g  bo th  t h e  breeding ga in  and t h e  f u e l  

c o s t  i s  the 1.0s~ of f i s s j . l e  m a t e r i a l  i n  process ing .  There i s  cons iderable  

engine e r i n g e xp e 1' i e Î! c e i n  f l u o r  i d  e vo la  t j. 1. j.-t y pro  c e s s i ng t h a t  i n  d i c a t  e s 

a n  MSBK f i s s i l e  m a t e r i a l  loss of 0.1% p e r  pass  o r  less through t h e  pro- 

ces s ing  plari-L. Therefore  a 0.1% loss per  pass  has been assumed i n  t h i s  

s tudy  . 
Based on t h e  f u e l - r e c y c l e  process ing  schemes ind ica t ed  above, c a p i t a l  

cost studj.es" were made o f  an MSBR h t e g r a t e d .  p rocess ing  p l a n t .  

p l a n t  throughpu-t was  assumed 'GO be  15 f-t3/day- of fuel. sal-t; aiid 1.05 f t3 /day  

of b l anke t  sal.t, with each s t ream be ing  t r e a t e d  separa.i;ely. These through- 

put  r a t e s  correspond roughly t o  t h e  needs of a 1000-?Cw(e) s t a t i o n .  

The 

I n  perforrtiing t h e  process ing  pl-ant c o s t  study,18 t h e  equiplvlent flow- 

s h e e t  given i n  Fig. 3.13 w a s  developed, t h e  requi red  equipment was de- 

signed, and c o s t  cs t imates  were made for t h e  process  equipment, and asso-  

c i a t e d  s t r u c t u r e s  . The b a s i c  processes  considered involve f l u o r i n a t i o n ,  

p u r i f i c a , t ~ . o n  o f  uF6, vacuum d i s t i l l a t i o n ,  red.uction of  Tfl6 and r econs t i -  

tu-Lion of t h e  fuel., off-gas processing,  waste s torage ,  f low c o n t r o l  o f  

t h e  s a l t  streams, removal of decay hea t ,  p rov i s ions  f o r  sampling of t h e  

sa1.t and of f -gas  s t r e a m ,  a,ncl p rov i s ions  f o r  sh ie ld ing ,  maintenance, and 
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r e p a i r  oT equipment. Based on t h e s e  cons idera t ions  and assoc ia t ed  opera- 

t i o n s ,  a t o t a l  direc-t  c a p i t a l  cost  f o r  t h e  p l a n t  was obtained al.ong w i t h  

a d i r e c t  ope ra t ing  c o s t .  

d i r e c t  cos t s ,  t h e  t o t a l  fuel-recyc1.e process ing  c o s t s  were obta ined .  

From t h e s e  r e s u l t s ,  and cons idera t ion  of in -  

The nlajor novel  p i eces  of  process ing  equipnient a r e  t h e  f l u o r i n a t o r ,  

f u e l  reduc Lion equipment, arid d i s t i l l a t i o n  un i t .  The d-esigns considered 

a r e  shown i n  F igs .  3.14, 3.1.5, and 3.16. Figure 3.14 5.1-lustrates t h e  

f l u o r i n a t o r ,  which u t i l i z e s  a f rozen  wall of sa l t  and performs continuous 

f luo r ina t i . on  of  a flowing s t ream of  urariiwii-contair!ing molten salt. 

NaK coolant  f lowing through t h e  j acke t ,  as shown, f r eezes  a l a y e r  of sa l t  

on t h e  inne r  surface of  t h e  colunm t o  p r o t e c t  t h e  s t r u c t a r a l  mater ta l  

( a l l o y  79-4) from cor ros ive  a t t a c k  by t h e  molten-sal-i;-flixorine mixture .  

Figure 3.15 i l l u s t r a t e s  t h e  equipment for rc.ducin.g UT6 t o  UF4. Barren 

sal t  and UFI; e n t e r  t h e  bottom of t h e  c o l i m ,  which conta ins  c i r c u l a t i n g  

LiET-BeF2-UF'4. The UT6 d i s so lves  i n  t h e  salt ,  aided by the  pi-esenee of 

TEA, and moves up the colurm, where it i s  reduced by hydrogen. Reconsti-  

t u t e d  f u e l  i s  taken off  t he  t o p  of t h e  column and s e n t  t o  the reac1;or 

core  e 

Ba.r.ren f u e l - c a r r i e r  s a l t  Slows cont inuously i n t o  t h e  s t i l l ,  which i s  he ld  

a t  about  1000°C and. 1 rfm Hg. 

r a t e  t h a t  sa l t  en te r s ,  and thus  the volume i s  kept  constaxit. Most of 

t h e  f i s s i o n  products  accumulate i n  the s t i l l  bottoins and a r e  dra ined  t o  

waste storage when t h e  heat-generat ion rate reaches a p resc r ibed  l i m i t .  
The fue l - r ecyc le  pYocessing p l a n t  i s  loca ted  i n  two c e l l s  ad jacen t  

t o  t h e  rea.ctor s h i e l d ;  one c o n t a h s  t h e  h igh - rad ia t ion - l eve l  opera t tons  

and t h e  ot'ner conta ins  t h e  lower r a d i a t i o n - l e v e l  opera t ions .  Each c e l l  

i s  designed f o r  t o p  access through a removable b i o l o g i c a l  s h i e l d  having 

a th i ckness  equiva len t  to 6 f t  of h igh-dens i ty  coricyete. 

served by  a crane used i n  common w i t h  t h e  r e a c t o r  p1.an-t. 

ment i s  loca ted  i n  t h e  c e l l  f o r  remote removal and replaxernent from above. 

No access  i n t o  the c e l l s  w i th  be required.; however, i t  i s  p o s s i b l e  w i t h  

proper  decontamination t o  allow l i m i t e d  access  i n t o  t h e  lower r a d i a t i o n  

level c e l l .  A general .  p1.an of t h e  process ing  p l a n t  and a p a r t i a l  view of 

t h e  r e a c t o r  system are showri i n  Fig. 3.17. The h igh ly  r .adionctive opera- 

t i o n s  involved i n  fue l - s t ream process ing  a r e  c a r r i e d  out  i n  t h e  smal le r  

The 

Figure 3.16 i l l u s t r a t e s  t h e  design of  t h e  mcum. -d i s t i l l . a t i on  unit. 

LiF-UeF;! d i s t i l l a t e  i s  rernov'ed a t  t h e  same? 

Both c e l l s  a r e  

Process equip- 



48 

OWNL DWG 65-3037 

. p Lf 

Fi~g. 3.14. Con’iinuous F1 u o r i m t o r  for S a l t  Proccssing. 
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ORNL CWG. 65-3036 

Fig. 3.15. Fuel-Reduction Column f o r  S a l t  Processing, 



50 

* 
$117 PUBES- 1 1/2" x 16 GAUGE 

1/2" I NOR- 8 
TUBE SWEE7'---- I.. 

... 4 e- 3 0 "  I 

_I INOR-8 
1/21' WALL 

Fig. 3.16. Vacuim Still for C o - r l ? r - : 3 n l t  Pecovery. 
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SUPPLY 
AND 

MAKEUP 
AREA, 

b 

* 

Fig. 3.17. Arrangement of Sa l t -Process lng  Eqi~ipment e 

eel1 (upper left). 

a.nd ti?e "cooler" fu.el-stream operations . 
The o the r  c e l l  houses eqixipment, f o r  the f e r t i l e - s t r e a m  

The highly mi.dioa.ctive cell contains only fue l - s t ream processlng 

ecpipment : 
m d  associated vessels. 'The o t h e r  c e l l  houses t h e  'ol.anlr,et-process-i.l?g 

equipmerit and fuel.- and fe r t i l e -s t ream makeup vessels. 

the f l u o r i n a t o r ,  still, waste receiver, NaF arid IQF2 sorbers, 
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A d e t a i l e d  c o s t  e s t i m a t e  f o r  t h e  f u r l - r e c y c J e  p l a n i  was made and i s  

r e p o r t e d  i n  Eief. 18. ‘ihe r e s u l t s  f o r  t h e  t o t a l  c ap i t a l  c o s t s  are sum- 

marized i n  Table 3.3. The o p e r a t i n g  and mainteliance c o s t s  f o r  t h i s  p l a n t  

were a l s o  e s t i m a t e d  and a r e  shown -in Tablc 3.4.  The d i r e c t  opera t ing  
$ 1  

Table 3 . 3 .  Surnrnery of Cost Eskimate Tor a ‘ly-pic,?-l 
FueLRecyc2.e Prccessi.ng P l a n t  f o r  a. 

iooo-roc( C )  K S ~ R  Stai ; iona .,’ . , 

i l..._l._.. ..I._ 

/ 

Tnst,all.ed p r o c e s s  equipment 4: 853,’/6C 

S t r u c t u r e  and improveaonts 5 5 6,770 
~. 

Interii:: wastc storage 

PL- 0 c ‘2 s s 11 i IJ i- ng 

Pr  0:: e s s i ns trun:en t 2 . t  i on 

3 d7 , a 70 
155,5’133’ 

272,100 

E l e c t r i c a l  s u x i l i a r i E s  81,330 

Sampling coilnee t i  ons 20? 13n0 

Uti lj t;!’.es (1-5$ of i n s t a l  I.ed process eqr*ipment ) 
insu.??,ti.on (6s o f  i .ns ta l l?d  p r o c e s s  equipment) 

123,063 

51,220 

3iacii ati.on inoni. toring 100, c30 

‘Total. rii rcect p.l.snt c o s t  $2,609;383 

762,990 

.$3 ,39 2 ~ 970 

848,240 

C o n s t r u c t i o n  overhea,d (33% oi’ t o i d  d i r c c  t 
II ~ ..... _.-̂ 11 

plan’c cosi;) 

S ubt  ct al c o n s t r u c  t i o n  c o s t  

cns iae i . r ing  and i -nspcc t ion  (25C of t o t a l  con- 
s t r u c t i . o n  c o s t )  

Subtokal  plan-L c o s t  $L,241,21C 

!.,C60,30C Ccntingency (25$ of s u b t o t a l  plant c o s t )  

ToLal c o n s t r u c t i o n  cosi q 5,313 I, 51J 
Invmto iyb  c o s t  of T ; ~ K  c o o l a n t  ( a i  c, 100/ft3 ) 40,13c3 

T o t a l  c a y i t s l  c o s t  . 5 , 3 L l , i j I O  

a Rased on throughput  of 15 fL3/da ,y  of Tuel. s3l.t and 2-05 
ft3/day of b l a n k e t  s a , l t  . I 

binviintory cf f u s l  and bl.ailket s a J t s  i s  c o n s i d e r e d  as 
p a t  of t h e  r e e c t o r  i n v e n t u r y .  
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Table  3 .4 .  Summary of Annual 0pe.mtirig and  Maintenance 
Costs  of ii?lel-RecycLe Processing Plant f o r  

1000-Mw( e) blSL3R Stationa 

Direct labor 

Labor overhead 

Chelnicsls 

Waste containers 

TJt ilit ie s 

Maintenance rnateri.als 

S i t e  
Services and u t i l i t i e s  
Proccss equipment 

Total  annual. charges 

1 4  E $222,000 

14,640 

,J 

177,600” 

28,2‘70: ‘ 

80,300 * 

160,040 ’ 

$721,230 I_ 

>/ - 
a Based on throughput of 15  Pt3/da.y of fuel. salt 

and 105 ft,’/da)- of blanket salt. 

cos 1; includes t,he cost of  immediate supervisory, operati.n,.;, mirtteizance, 

laboratory,  hea l th  phis ics, clerical . ,  and. j a r i i t o r i a l  personnel; also 5.n- 
clu.ded a r e  cos ts  o f  chemicnls, waste containersJ u t i l i t i e s ,  and rn.ai.nte- 

nance ma te r i a l s .  

These capital. arid operatir!g cos t s  were used as base po in t s  f o r  ob- 

taining the  cos t s  f o r  sa l t -process ing  p l an t s  having d i f f e r e n t  through- 

pi.its . Specif 5.caLly, t h e  cap i t a l  and operating cos ts  were estimated 

sepa ra t e ly  f o r  each f l u i d  stream as a function of p l a n t  throughput, 

based on t h e  volurr~ of sa l t  processed.”’ 

a re  given i n  Fig.  3.18, and were used i n  cal.cul.ati.ng the nurlea~- and 

econornic performaice of t h e  PERR Tuel cycle. 

The r e s u l t s  of -these estimates 

It may be noted that, i n  Tab1.e 3.3 t h e  ind5rect charges (overhead, 

enginecrj.ng, and contingencies ) arnoimt t o  a t o t a l  of :~~oo.u.t; 1.00% applied 

a g a i n s t  the direct; construction cos t  of t h e  1lmcessin.g p l an t  

compares with  a similar value of a’ooi.nt; 41$ i ~ e c 3  in t he  cos t  estimate of 

t h e  i’Gl3K r eac to r  and. turbine-generator p l an t  ( s ee  Sect.  3.11). 

v.sl.1~ used here should more than compensate TOY‘ t he  i-rrigher r a t e s  o f  

T h i s  

The high 
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BLANKET STt?IiAM PROCESSING RATE (ft3/day) 

2 5 loz 2 5 1 o3 

2 5 10 2 5 100 

CORE STREAM PROCESSING R A l E  (ft?doy) 

Fig .  3.18. MSNR FiieJ.-Recycle Costs A s  a f i rnet ion of Processing 
Hates.  F luor ide  volati l i-Ly- plus vacuum d t s t i . l l a t i c n  process ing  f o r  
core ;  f luori .de vola.ti.l.ity- process ing  f o r  b l anke t ;  0.8 p l a n t  fac . tor ;  
~ $ / y r  capi ta l .  charges for investor-oTtmed process ing  p l a n t .  

equipment replacement ir. t h e  fue l -process ing  p l a n t  as compared wfth the 

power p l a n t  as a whole. 

3 .5 .2  Nuclear Design Method 

Values of t h e  MSBK nucleal- desi.gn parameters j  which werc l a r g e l y  

f ixed  by- t h e  design cr i ter : i .a  ?.:xi conjuncLion wi th  nuclear-rconomi c calcu-  

l a t i o n s ,  a r e  l i s t e d  i n  Tab1.e 3.1. The c r i t e r i a  helped t o  eotabI . ish the  

design of t h e  s a l t - c i r c u l a t i n g  loops e x t e r n a l  -to t h e  r e a c t o r  (the v o l m e s  

assoc ia ted  wj.tb. t h e s e  loops c o n s t i t u t e  t h e  l a r g e s t  p o r t i o n  of Lhe total 

volume of  sa1.t holdup) .  

the fuel.-cycle-l?erformance calcu7.ati.ons were the r e a c t o r  dimensions, t h e  

Add i t iona l  parameters whi-ch were optimized by 
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power dens i ty ,  t'ne core  composition, i nc lud ing  the carbon-to-uranium and 

tho~iurn-to-ura,nium r a t i o s ,  and particula1'I .y the fue l - r ecyc le  rates through 

t h e  process ing  p l a n t  . 
through nuclear  desigri. op t imiza t ion .  

Table 3.1 al.so l ist ,s  the parameter. va lues  obta ined  

*The fuel.- cyc le  cal .cula,t ions were performed w j t h  OPTIMERC, a conibina- 

t i o n  of an opt imiza t ion  code and a mul-tigroup, d i f fus ion ,  equi l ibr ium 

r e a c t o r  code. Detai1.s of t h e  program a r e  :;ima.rizeci ir! Iief. 20. I n  

b r i e f ,  t h e  progmni i n i t i a l l y  calcul.ates t h e  n u d e a r  perforimnce, t h e  

eq'ui1ibriu-m concent ra t ions  of the va r ious  nuc l ides  ( inc lud ing  t h e  f i s s i o n  

products ) ,  and the  rue].-cycle c o s t s  f o r  a given s e t  o f  conditions; fol- 

l.owiiig this, performance opt imiza t ion  i s  done by permibt ing up t o  20 r e -  

aci;or paramekrs t o  be va,ried, w i th in  l i m i t s ,  i n  order  t o  detemrine t h e  

most desirable values based on the method of s t e e p e s t  ascent. 'Typj-cal 

i npu t  pa rane te r s  were t h e  reactor dimensions, blank.et thickness ,  frac- 

t i o n s  of  fuel .  and fer.ti1.e salts i n  t h e  core, and fue l -  and blanket-s t ream 

processsing r a t e s .  These parameters were va r i ed  i n  a. l o g i c a l  fashiori, 

with f i n s 1  values based on designa optimized p.t'hm?ily for mlnimun fuel 

cost,  w i th  lesser emphasis gi_ven t o  maximiztng t h e  annual  -rUi-l yie1.d. 

I n  addi.ti.on t o  fue l - cyc le  cos t  per s e ,  O E D E R C  includes seveml 

eyuati.ons f o r  spproxiniatlng c e r t a i n  c a p i t a l  and ope ra t ing  c0s- t ;~  that vary  

wi th  nuc lea r  design val.ues, such as t he  s i z e  of t h e  r e a c t o r  v e s s e l  and 

the cos t  of grxph i t e .  

cyc le  c o s t  i n  t h e  opt imiza t ion  r o u t i n e  so t h a t  the op.Lirni::ati.on search  

would.  t a k e  i n t o  account; all known. economtc; factor::. However, c o s t s  oi;hcr 

t h a n  the ~%cl-cycle cost are reyor ted  under c a p i t a l  irrvestment (Sect. 

3.11). 

T'nese c o s t s  were autorna.tics1.l.y added t o  t h e  fue l -  

Standard neutron-cross-sect  i o n  l i b r a x i e s  were used i n  obtaining the 

T;i-cacl-grou.yJ c ros s  s e c t i o n s  f o r  t he  IGBR phys ics  cal .culations (12 groups 

were employed, w i t h  one e f f e c t i v e  thermal. group) . 
w c ~ e  eyal.uated and modified where necessary  to be c o n s i s t e n t  w i t h  p re sen t  

information ( s e e  also Sec t  (I 3 . 5 . 4 ) .  In ob ta in ing  t h e  nuc lea r  consbants 
f o r  nonS,hei-ma,l n e n t m n  groups arid f o r  a par.Licul.ar region, a transport- 
t~ype mnultigroup c a l c u l a t i o n  was perfomeci (B-1 approxirmtion t o  tile 

Boltzrnann equat ion  f u r  a, s i n g l e  r eg ion ) ;  t h e  i;hme spec-ific regions con- 
s idered  were the hortogenized core,  t h e  blanket, and. t h e  reflectosr reg ions .  

The ci-oss sccbioris 
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The e f f e c t i v e  therraI:-.neui;r.on r e a c t i o n  r a t e  was based on t r a n s p o r t  tal-cu- 

l.ai;ions, wh-ich gei:erated khe thei-ma.l.-neutron spectmms i i i  t h e  var ious  

r e a c t o r  reg ions  I n  t h e  core,  t h e  t1iermaJ.-spectrum ca,l~cul.atj.on consideyed 

tiie core lb,t t i .ce c e l l  t o  c o n s i s t  o f  concent r ic  cyl h d r i c a l  regiorls; t h e  

resu3.ting neutron r e a c t i o n  irates were used t o  d e t e m i n z  t h e  e f fec t<-ve  

thermal-group cross s e c t i o n s  f o r  t h e  var ious  nuc l ides .  

The broad-group cross s e c t i o n s  were employed i n  a one-dimensional 

multigroup diffusi_.on program modifted. so  as to approximite a two-dimen- 

s i o n a l  ca lc i i la t ion .  'The cancent ra t ions  of the va-rtous nuc l ides  were 

based on eq iK . i . b r im  neut ron- reac t ion  m'ces, which were cons i s t en t  w i t h  

c r i t i c a l l t y  cons idera t ions ,  t h e  fuel-$processing r a t e ,  -the assurfled be- 

lmvior of f i s s i o n  products  and higher  i so topes ,  and the s a l e  of  uranium 

havi.iig an i s o t o p i c  composition equal  t o  t h e  average i n  tiie r e a c t o r  p lan- t .  

These reac tor -phys ics  c a l c u l a t i o n s  were i n c o q o r a t e d  i n  t h e  fue l -  

cycle-performance opti-rnizations c a r r i e d  out by t h e  OPYZMERC program, i n  
which var ious  parameters were allowed t o  vary wi th in  specifTed I - i m i t s  . 
3.5.3 Nuclear Performance and Fuel-Cycle Cost 

The nucleaw performance of t h e  TISR1I i s  s ig r i i f i  cant1.y inf luenced by 

the phys ica l  behavior  of t h e  f i s s t o n  pircducts. 

havior  of 135Xe an.d o the r  f i s s i o n  gases i s  i m p : ) r t a m t .  

system i s  provided to remove t h e s e  gases from t h e  f u e l  s a l t .  
p a r t  of t h e  xenon could d i f f u s e  i n t o  the moderator g r a p h i t e .  I n  t h e  

cal.culatri.ons repor ted  here ,  a 135Xe pclson frac-Lion of 0.005 w a s  a.ssumed. 

I n  pa r t i - cu la r ,  the  be- 

A gas-s- t r ippjhg 

Zowever, 

The d i s p o s i t i o n  of t h e  var ious  fi.ss:i.on products  i n  the  r e a c t o r  and. 

process ing  system, based on t h e i r  estimated physical., chemical., and 

-thermodynamical. p rope r t i e s ,  was assumed t o  be as shown i n  Tabl.e 3 .5 .  

Anothey f a c t o r  t o  consider  i s  t h e  behavior  oi" corros ion  produc-ts. 

However, t h e  c o n t r o l  of c o r m s i o n  products  i n  t h e  MSBR does not  appear 
t o  be R s i g n i f i c a n t  probiam, s o  the e f f e c t  o f  corrosion products was ne- 

g l ec t ed  i n  t h e  nuc lear  ca l cu la t i -om.  Not o n l y  i s  t h e  corr.oslon r a t e  very 

low, but t h e  fue l -process ing  methods considered here  ca.n remove cor ros ion  

products  from t h e  molten salts (by reduc-Lion w i t h  hydrogen fol.lowed by 

f i l t r a t i o n ) .  
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Table 3.5. D i spos i t i on  of F i s s ion  Products i n  
Reactor arid Processing Systems 

Group Assumed Fiss ion-Product  Eehavior F'i:;sion Products 

1 Elements p r e s e n t  as gases; assixlied t o  be Q, Xe 
removed by gas s t r i p p i n g ,  w i t h  a small 
f r a c t i o n  absorbed by g raph i t e  

f axes ;  axswized t o  be removed in -  
s t an taneous ly  

2 Elements t h a t  p l a t e  o u t  on metal. sur- ELI, Kh, Pd., Ag, I n  

3 Elements t h a t  foirn v o l a t i l e  f l u o r i d e s ;  Se, BY, Nb, Mo, Tc, 
asswned t o  be removed i n  t h e  fluoride Te, I 
v o l a t i l i t y  p r  c ce s s 

vel-ati1.e than  M E ' ;  assumed t o  be Pr, Nd., Flri, Sm, 
4 Elements t h a t  form s t a b l e  fl.u.orides l e s s  Sr, Y, Ea, La,, Ce, 

s epa.rated by vacimm d i. s t i l l a t  ion  Eu, Gd, 1173 

5 Elements that a r e  11.0% separa ted  from the Eb, Cd, Sn, Cs, Z r  
c a r r i e r  salt; asswried to be removed 
only. by salt d i s c a r d  

'The cal.culatir:)n of fuel-cycle c o s t  involves  econcimic f a c t o r s  as 

wel l  a x  t hose  g iven  above. The economic gow-d. m l e s  u:;eci here a r e  g;iven 

i n  Table -3.6. 'The va lues  of -the f i s s i l e  i so topes  were .l;ak_en from t h e  

cirment  I?EC price schedu1.e e 

iiig itenis and IO$ f o r  nondepreciatin.g materials eorrespoiid t o  those f o r  

a p r i v a t e l y  owned pl.ant; t h e  corresponding vQues used fen* puklicly 

owned plants were 7 arid 5$/yr, 1~spective1.y.  

The processtrig cos t s  a r e  based on t h e  speci.fic fue l - recyc le  p l a n t  

The c a p i t a l  c'mirges of 12$/yr for deprecis,t- 

de ,~ ig r l  axid cos t  study given above and FLXT iricluded i n  t h e  fue l -cyc le  
cos'cs* 1 - 1  Lhe resu.lts, gi:ven i n  F ' i g .  3 .I$, were used. to es t ima te  the pro- 

ces s ing  c o s t  as a. f u x c t i o n  o f  fiiel~-proce:l:sing r a t e  s P:mcessing losses 

corresponded to a. fissile m a t e r i a l  loss  of 0.1% per pass %hrough fuel-  

r t? cyc 1.e prcices s i n g  . 
The results of' t he  fuel-cycle calci.11-ations for t he  MSEE design are 

simmarized i n  9.kble 3.7 2nd the neutron '0al.ance i s  gi.ven in Table 3.8. 

'The reactor has the advaxitage of no neutron 10s ses 'GO s~t;ru.c:tural r a t e -  

r ials i n  t h e  core  o t h e r  t han  the  moderator. Except for s~liie imavoidable 



Table 3.6. Basic Econ0mi.c Assii.mpti.ons Used 
i n  Nuclear Design Studies  

Heactor power, MW( e )  

Thermal e f f i c i ency ,  $ 
Z,o,ad f a c t o r  

Cost assumpLions 

Value of‘ 233U and 2 3 3  Pa, $/g 
Value of 2 3 5 ~ ,  $/g 
Val-ue o f  thorium, S/kg 
Value of c a r r i e r  salt, $/k.g 
Capi.tal ciiarge, $/yr 

P lan t  
Nondepre c i a t  ing  capital., inc luding  
f i s  s i. l e  inventory 

Processing cos t ,  $/ft3 sa1.t 
fie1 ( a t  lo--ft’/da process-j_ng r a t e )  
8Il.anket (at 1_00-.ft /day process ing  r a t e )  - B 

Processing-cost  s c a l e  r a c t o r  

1000 

i i -  5 

0.80 

J-L+ 
12 
12 
26 

1.2 
10 

252 
9.3 
See k ’ i g  3.18 

‘ia’de 3.7. NS3R Fuel-Cycl e Performance 

Zuel  y i e l d ,  $ per year  4.86 

F i s s i l e  I.osses i n  processing,  atoms per  f j s -  3 . c057 
Neutron product ion per f i s s i l e  3,7Dso-rption (F) 
SGecifi c inventory,  kg of f i s s i l e  mal;cria,l per  0.7b9 

Spec i f i c  power, Mr8j(tk)/kg of fissile rc1at;eria.l 

Pover dens i ty ,  core  average, kw/l.i t e r  

l3reed.i ng r a t i o  1 .04,Cll 

s i l e  a,bso-i.p?tion 

2 * 223 

rnegawatt of e l . ec t r i c i ty  produced 

2.83 

Gross 
In fuel. s a l t  

80 
47 3 

Fractri.on of fissions i n  f u . d  s t r emi  0.987 

Frac’cion of  fissions i.n tkermsl-neutron g-t’ouy? ‘3. GO6 

Kean TI of 2 3  3TJ 2.221. 

ld:ea,n y of 2 3 5 ~  1. ,958 
~ . . . . . . . . . . . .._. . .......... - 
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1Teu.t r on s per Ab s or p t i on 
i n  FtssTle Fuel 

T o t a l  Absorbed Giving Neutrons 
Ab s orb e d Fission Prod uc ed 

2 3 2 I l l 7 7  

233~a 
2 3 3 ~  

2 3  4u 

2 3  6u 
2 3  51J 

3 7ivp 
238u 

C a r r i e r  s a l t  (except ) 
'I,i 
Graph?. t e 
I3 *xe 
1.1 9 gm 
1. 51Sm 

Other f i ss i .on  products  
~ e l - a y e d  neutrons l o s t "  
Leakageb 

'Tot a,l 

0.9710 0,0025 0,005'3 
0.00'/9 
0.91 19 0 . 8(39 0 2 e 0233 
0.09% 0.0004 0.0010 
0.0881 D.O708 0.1721 
0.0115 0.0001 0.0001 
0.0014 
0.0009 
0.0623 0.0185 
0.0030 
0.0300 
0.0050 
0.006? 
0.0018 
0.0196 
0.0050 
0.0012 

2.2209 0.8828 2.2209 

a Delayed neutrons e::~iti,ed outside t h e  cure .  
'Le:-~Bage, inc luding  neutrons absorbed ia the ref l .ector . .  

loss of delsyed neutrons i n  the external fi'lnel c i r c u i t ,  there is almost 

neutron leakage f r o m  the reactor becsi-xse of  tine thick blanket .  

neutron I.osses ta fission products  a r e  m i n i i n i z e d  by t h e  availability of 

rapid. and inexpensive integ;r.atecl processing e 

'The 

The fuel-cycle cost for the MSBR is given in Table 3 .3 .  The rfiain 

items a re  the f t s s i l e  inventory and pro(  sing cos ts  'The inventory  

c o s t s  are r a t h e r  r i g i d  for a given reacbJr design, s i n c e  they are l a r g e l y  

determ5.ned loy the  fuel voluiie ex-ternal tu the reaxtor core reg ion .  

processing costs are, of c o i x s e 9  a ITunetion of t ine  processing-cycle times, 

mile of the chief parameters op-LTinized i n  t h i s  study. 

The 
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‘i’able 3.9. Fuel.-CycI e Cos-i; Tor TMSBR“ 

Fuel  P’erti l e  Si.i.b- Grand 
S t r e a m  SLrean total T o t a l  

h F i s s i l e  inventory  

E’er t i l e  inv-entoycy 

S a l t  inventory 

Total. i.nvent0r.y 

F e r t i l e  r epl.ac ement 

Sa 7. t r ep la  c eme n t  
T o t a l  replacement 

Processing 

Total process ing  

Productlion c r e d i t  

Ne-i; fue l - cyc le  cos t  

0.1180 0.032A 0.1504 

0.0459 0. C459 

0.0146 0.0580 0. C726 

0.269 

0.0’185 C .0185 

0.0565 0.021’7 0.0782 

0.097 

0.1223 0.0A40 0.1663 

0.166 

( 0.373 ) 

0.46 

a Based oil investor-owned power p l a n t .  
b Inel-uding 2 3 3  Pa, 233U, and 2 3 5 U .  

The f u e l  c o s t s  i n  Table 3 .9  a r e  based on use o f  p r i v a t e  f i n a n c i r g .  

Fuel-cycle  and power-production cos-ts based on pub l i c  f inanc ing  arc also 

of i n t e r e s t .  With p h l i c  ownership, t h e  f i x e d  annizal charge on dep1.e- 

c i a t i i i g  c a p i t a l  i s  taken as 7% and on nondepreciat ing iLrliis as 5%. 

d i f f e r e n c e  i n  the f inanc ia l .  condi t ions  r e s u l t s  i n  sl.i.gh’cly d i f f e r e n t  

op t imiza t ion  p o i n t s  f o r  t h e  f u e l  cycle Ynat a f f e c t  t h e  volulie f ract- ions 

o f  fuel., t h e  -i;~iori~fl--to-u.rar,iwn and carbon-to-uranium ratios, etc . Re- 

op.timizing such parameters has on1.y minor e f f e c t s  on t h e  nuc lear  per -  

fo-rmance. ::owevey, t h e  d i f f e r e n c e  between the 1 2  a n d  7% annual  f i x e d  

charges on t h e  cost of t h e  f u e l  process ing  plan-L and the  lower charges 

on nondepreciat ing item (5$ versus  results i n  l.owering t h e  e s t i -  

ma.ted file1 c o s t  fiwm 0.46 mj.l.l/kv~~hr .to about 0.29 mill/kwhr. 

summarizes t i l ?  f ue l - cyc le  cos t s  for investor-owned and f o r  p u b l i c l y  c.wncd 

p l a n t s .  

This 

Tab1 e 3.10 



Table 3.10. MSRR Fwl-Cycle Costs f o r  Inves.tor-OT/sned 
and rUblicly Owrted Plants 

P lan t  f a c t o r  : 0.9 

F i s s i l e - ,  f e r t i l e - ,  arid c a r r i e r -  0,269 0.135 

Replacement cost of f e r t i l e  and 0.097 0.097 

Core- and blanket-processing cos ts  

s a , l t  inventory 

c a r r i e r  salts 

Operat ion and maintenance 0.075 0.075 
Capital costs 0.091 0.053 

Bred fiiel. c r e d i t  (0 .073)  (0.073) 

Met fuel-cycle cos t  0.46 0.29 
- 

a Based on 12$/y~ capi tn l  charges f o r  processing plant 
and inventory charges of  10$/yr. 

and inventory charges of  5$/yr. 
bgased on 7$/yr. c a p i t a l  c~iargcs  f o r  pmcess jng  p l an t  

3 .5 .4  Criti.qine of Nuelem- Performance Calculations 

TTie performance c l i a r ac t e r i s t i c s  given above shcjw tha.t t h e  MSBli has 

a high s p e c i f i c  power [about l . 2  Mw(e)/k.g f i s s i l e ]  arid a relati.ve3.y low 

b.?-eed.ing gain (a'wuh C.05 net fuel bred per u n i t  of l%el b i rned )  . 
c e r t a i n t y  i n  t h e  s p e c i f i c  power i s  due t o  u;ncertai.nties i n  the  fue l  in- 

v e n b r y  requirements e x t e r m l  t o  t h e  r eac to r  core ( r e l a t e d  t o  the  f u e l  

heat exchanger design and flo~r-d.istributioY1 system),  as we l l  as to i r i -  

accuracies i n  the  critical-rniass ca l cu la t ions .  1% i s  estimated tha-l; about 

a 1.0$ uncer ta in ty  e x i s t s  i n  .the fueI. volume requirenients ex te rna l  LO the  

core of t h e  MSRR because of unce r t a in t i e s  in heat t r ans fe r ,  f l u i d  t rans-  
port ,  and flow d i s  k r ibu t ion  requi.rements. Relative .to c r i t i c a l  Inass, 

er:perience with the 1;kSR.E ind ica tes  tfia1; the calcul.atri.onal methods and 

appl.icable neutron cross s w t i o n s  employed are rel.iab1.e ( the  calculated 

Un- 
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IMSHE: c r i t i c a l  mass was wi th in  I.$ of t h e  experimental  v a l u e ) .  

methods and ci'oss s e c t i o n s  ernployed a r e  sirnj-lar t o  those  used by o the r  

groups who have had good succcss i n  c a l c u l a t i n g  t h e  r e a c t i v i t y  of c r i t i -  

c a l  assemblies .  A s  a r e s u l t ,  t h e  uncer- ia i i l ty  i n  t h e  c r i t i c a l  concentra- 

t i o n  i s  est imated t o  be l e s s  khan 5$. 

s p e c i f i c  power appears 'LO be  less than  15$. 

use  of f l u i d  fue l ,  comperisating changes i n  fissjle and f e r t i l e  mater.ial.. 

concent ra t ions  can be nade i f  t h e  calcuJ.ated qu-ant i t ies  are i n  error. 

Fina l ly ,  s ince  the  s p e c i f i c  power i s  high, a s m a l l .  change i n  i t s  value 
cannot change the  fue l - cyc le  cos t  apprec iab ly .  Thus uncer ta in t i -es  i n  

s p e c i f i c  power do no t  appear Lo s i -gn i f i can t ly  a f f e c t  MSBR performance. 

Also, t h e  

Thus t h e  u.ncer ta inty i n  t h e  

i n  addiLion, became  of t h e  

With a low breeding gain,  however, u n c e r t a i n t i e s  i n  nuc lear  ccn- 

stall-ts, fue l -process ing  losses, and/or p l iys ica l  proper-Lies of tlie f i s -  

s i o n  products  can ha,ve a s i g n i f i c a n t  infl.uence on t h e  5ieJ. doubI.-ing time 

'through t h e i r  in f luence  on t h e  n e t  breeding r a t t o .  A d e t a i l e d  appra.ri.sa1 

of t h e  MSBX nuclear-performance u n c e r t a i n t i e s  due t o  t h e  a,bove f x t c r s  

i s  given i n  Ref.  21, and t h e  r e s u l t s  are sul-marieed below. 

The irnp0rtan.k nuelkides i n  bile bEBR a r e  C, Li, De, F, U, Th; Pa, 

and f i s s i o n  products .  Changes i n  t h e  neut ron-~ . '~sorp- t ion  c ros s - sec t ion  

values  of t h e s e  nuc l ides  can infl-uence t h e  breeding r a t i o ,  wi th  some 

nucl ides  having more importance than  o the r s .  The c ross -sec t ion  values 
are no t  known i n  an  abso lu te  sense,  bu-i t hey  can be i n f e r r e d  from Lhe 

p r e c i s i o n  of t h e  var ious  measurements a v a i l a b l e .  On t h i s  basis, a range 

of  val.ues was assigned t o  each nuc l ide  t h a t  r ep resen t s  a "bes-t Judgpeni;" 

of t h e  va lues  wi th in  which t h e  t r u e  va lue  w i l l  f a l l .  

The neutron balance given i n  Table 3.8 shows t h e  r e l a t i v e  absorp- 

"ions i n  t h e  var ious  ma te r i a l s  based on t h e  s t u d i e s  perfo-med. O f  t h e  

nuc l ides  indj.cated,  only two o r  t h r e e  have c r o s s - s e c t j  on u n c c r t a i n t i e s  

t h a t  could ind iv idua l . ly  a f f e c t  t h e  breeding r a t i o  by as itiuch as 0.01. 
By far the  most iniportant  nuc l ide  i s  233U, and i t s  i.riost importarit charac- 

t e r i s t i c  i s  t h e  va lue  of e t a  averaged over t h e  reac'6or neutron spectrurn. 

'The 2200-m/sec va lue  and t h e  v a r i a t i o n  of e t a  wi th  energy arc: n o t  knowii 

a c c u r a t e l y  enough t o  establi-sh e t a  i n  NSHR spectrums t o  much b e i t e r  than  

about l$ ( t h e  220C-m/sec value used for V z 3  was 2 . 2 9 2 ) .  

u n c e r t a i n t y  i n  breeding ratio i s  about 20.02 t o  0.03, of which t h e  major  

'The a s soc ia t ed  
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f r a c t i o n  is due t o  t h e  uncer - ta in ty  i n  t h e  e f f e c t i v e  thermal  val.ue (the 
uacei-taj .nties associateci w i t h  t h e  %2r)O-z/sec va.l .1~ and the vzir ia t ion witti. 

e n e q y  i n  ciiffererit  energy X-egFot-is are independent of each. o t h e r )  . 
One of t h e  most abimda.nt materials in thc WBR i s  fl.11orine; s l t huugh  

i t s  neut:ron-absorp.i;i.on c ross  s e c t i o n  i s  low,  i t s  h igh  conc:ei?tration m k e s  

it, an important  rriatr2rial r e l a t i v e  t o  neutron a1j:;oqf;ion.a. 

t h e  high-energy absorp t ion  cross sections are estirn-ated t o  be uncertain 
by' a 'uout 30s. 

u:!cestain by about  510 t o  1.5$. 

f(jr fission products  ( o t h e r  than  xenon aiid samuium, whose C n i S B  s e c t i o n s  

aye s~ high  t h a t  fission y i e i d  i s  t h e  iniportarit qiuxiitity) i s  estimated t o  

be about .t3@ for resonance-eii-ergy neutrons, a r d  about  t10$ for thermal. 

neutrons e TJncerrtairities i l l  o the r  nuc l ide  cross s e c t i o n s  are estimated t o  
be about ?lO$ o r  l e s s .  

For fl.uorine, 

Also,  the high-eneygy neutron reactions in be.t.yllimi arc  
Uncer ta in ty  i n  t h e  gross CYbCj;S,S sect5.ijn 

Based. on t h e s e  iuiceYt,ail-lti.es?rtaiI-it;.es i n  c ros s - sec t ion  va lues ,  t h e  imcertariiity 

in 'oi:eed.ing ratio is abcut  10.1)2 t c j  0.(13 due t o  233TJ, :tO.Q(?4- due t o  235U,  

20.002 due t o  pi"otactiniwn, rf-0.006 due to fluorine, +O.C)C;2 due t o  'Li, 

+0.002 due t o  beryl l iwn,  and k0. 004 f o r  g ross  f i s s i o n  p r d l l c t s .  

d-owri these summed i n e e r t a i r r t i e s  into t h e i r  indcperident; u n c e r t a h t i e s  a m i  

t a k i n g  t h e  scpm~-e root of the sim! of %he squares  of t h e  independent 1x1- 

c e r t a i n t i e s  g i v e s  a mean uncer ta i r l ty  of aboiit; 20.624 in breedirig r a t i o .  

This r e s u l t  i l l u s t r a t e s  thaL the m i c e r t a i n t y  i n  breeding r a t i o  can 

Breaking 

have a s i g n i f i c a n t  effect on +he MSBR f u e l - y i e l d  rate j changing the  
breedirig r a t i o  by k0.024 wcjLLd change t h e  f u e l - y i e l d  rate by about  +.50$. 

I n  add i t ion ,  t h e  above ans1 .p  i s  i l l u s t r a , t e s  t h e  r e l a t i r e  imgcrtance of 

t41e thermal  value of q23 in .  t h e  MSBR. 

The cross secti.ons actual- ly  used i n  t h e  WBX s.Lur3.i.E:s d id  not  c z l ~ a y s  

eorresporicl t o  values presentlg considered t o  be t h e  most; probaJt-le. 

example, the  high-energy neutron.-absorption c ross  sectrions used for fl.uo- 

r i n e  are higher  .than present estimates; also, t h e  graphf-Le ab:;or.p.i;i.on 

cross s e c t i o n  (a 2200-nl/sec value oi' 4 mill.i.barn3 w a s  used) did iiot a ~ . o w  

for  burnout of t r a c e  ?.inpurities , Tnco:r.pornting such changes wou.l.d i m -  

prove the breeding ratio by abrxrt 0.005. I n  add i t ion ,  .the assumed be- 

h&vlo~ of ftssion prrjduci;s d.id not always correspond t o  p ~ e s e r i t  cs. t imates 

07 1;heir beha,vior in T4SfB sys terns a 

For 

In pa:rticuln,:r, it appears most probabI.e 
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t h a t  moI.ybdenum, technetium, and o the r  members of group 3 i n  Tablc 3 .5  

w i l . i  forni interme,Lal l ic  compounds wi’Lh o the r  fission products  :ra’ciier than 

remain i-n soluti-on as f luorid.es  . Under such circumstances t h e  elements 

w i l  l most l i k e l y  circinlate as col.l.oi.dal-li.ke meta l  suspensions (’chis i.s 

ind ica t ed  by MSRE expr i . ence  wi th  i r o n  and chromriim). 

groap 3 eJ..ements wou1.d be renoved i n  fuel.-recycl-e processing,  s o  t h e  

e f f e c t  of  t h e  assumed behavior  i n  .the MSBX studyes was c o r r e c t .  

- .In L h i s  w e n t  t h e  

There i s  a s lhgh t  possibil . i . ty that .tile group 3 f i s s i o n  p ~ o d u c t s  w i i l  

f o m  metal. carb ides  an.d rcmaj.n indefIni’ie1.y i n  t h e  MSBR core .  Such a c t i o n  

by a few percent  of t h e  gmup 3 nucl ides  could I.eac3 to a decrease in 

breedj-ng r a t i o  of ahout 0.02 or more. 

As shown i n  Table 3.5, it was assumed t h a t  t h e  group 2 f i s s i o n  prod- 

u c t s  would plat,e out  on meta l  surfaces; a t  prese-ut i‘i pears  mos’i l i k e l y  

that; t h e s e  noble metals  w i l l .  ren.ain i n  col-loidal. suspension and be removed 

dur5.ng Tuel-recycle  process ing .  The change i.:n breeding r a t i o  du.e t o  t h e  

above change l eads  . to  a decrease in breedj-ng ratio of only  O.OC, l .  

It i s  important t h a t  xenon be removed from the !VZSR€? core i n  o rde r  

t o  main ta in  breeder  opcra t ion .  Experience in t h e  YGRE i n d i c a t e s  t h a t  ‘ihe 

gas i-emoval assumed i.n Table 3 .5  i s  r e a l i s t l i e .  

Re la t ive  t o  gi:oup 5 f i s s i o n  pi-.oducts, it appears  t h a t  at l ea s t  cad- 

mium and. t i n  will behave l i k e  the group 2 f h s i o n  products  and t h e r e f o r e  

be  removed i n  t h e  fue l - r ecyc le  process ing .  ‘The IXBH calcula.ti.ons assumed 

that t h e s e  f i s s i o n  products  would be removed through sal t  d i sca rd  a lone .  

Changing t h e  behavior  of  t h i s  group t o  t h a t  indicated above would. i .ncreasz 

t h e  breeding  r a t i o  by no more than  0.003. 

Al’ihough no t  discussed previously,  it was assumed t h a t  237Np vcu1.d 

b e  removed dur ing  fuel reprocess ing .  Ti; appears  that Lhis removal can be 

accomplished by proper. opera t ion  of  t h e  absorber  beds.  

t h e  accumulation of 237Np i n  t h e  f u e l  s t ream would decrease t h e  breeding 

r a t i o  by about 0.01.. 

If no t  removed, 

‘The f’uel-process5ng l o s s e s  WWE assumed t o  be 0.1% p e r  pass  through 

t h e  f l u o r i d e  vola’cility process,  a.nd ’chis l o s s  i s  cons is  L e n t  wi-’Ch exper i -  

mental  r e s u l t s .  Doubling the  3-osses would decrease the  breeding ratio 

by about 0. 0CG. 
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The nuc lea r  c a l c u l a t i o n s  were made w i t h  t h e  a s s m p t i o n  t h a t  a l l  

nue l ides  i n  t h e  r e a c t o r  were at -f;heir  equi l ibr ium concea.f;rations a When 

s t a r t i n g  w i t h  2 3 5 U  as t h e  i n i t i a l  fuel ,  there  w i l l  be 3 per iod  of  opera- 

"cion during which nonequi l ibr iwn condi t ions  apply.  To check t h e  adequacy 

of t h e  assirniption used, t h e  ope ra t ing  time required t o  approach eqinilib- 

rium concent ra t ions  wi th  235U s t a r t u p  w a s  examined. 

233TJ and 2 3 s U  were wi th in  95% of t h e i r  eyui1.i.briu.m concent ra t ions  i l l  Less 

than  two years, 234'U was w i t h i n  95% af ter  e i g h t  years, whi le  236U was 

wi-thin 80$ aftel. ten years. 

with 235U f i e l i n g  w i l l  lower t h e  breeding  r a t i o .  Xow-ever, t h e  net e f f e c t  
of' 235U s tax tup  i s  equiva len t  to i nc reas ing  the N9RR s;oecific f i s s i l e  j.n- 
ventory by 10 to 15$ and cons ider ing  t h e  c q u i l i b r i m  br.eed.ing r a t i o  t o  

apply. This 5s due t o  t h e  h5gIier c r i t i c a l  mass w i t h  235U f u e l i n g  and i t s  
decrease  w i t h  ti.me as t h e  bred fuel i s  recyc led ;  t h i s  Beeps the e f f e c t i v e  

fuel "production" r a t e  c lose  t o  t h a t  associa.Led with eq,uilibr*iljsn condi-  

i i o n s ,  a , f t e r  t h e  f i r s t  year  o f  MSRR ope ra t ion .  

It was  found t h a t  

since 362r 'bu.ildup i.s detrirnen-f;al, s ta , r tup 

I n  swmiary, a l though t here  a r e  sufficiently l a r g e  u n c e r t a i n t i e s  i n  

xie-t~t.i;Yon-cross-seil..f;ion values and in t h e  behavior of f5ssion products t o  

s ign  i f i cant  l y  i n f l  ue n G e nuc l e a r  p e r  fo.rman c e ,  .f; he :net nuclear  p'e rfommne e 

presented  i n  Sect joi i  3 . 5 . 3  appears c o n s i s t e n t  wi th  p r e s e n t  inforp.itrion 

basied on equi l ibr ium fueling of  t h e  r e a c t o r  a 

ra-ther. t han  having equilibrriimi f u e l i n g  condi t ions ,  will tend. t o  be equiva- 

1er . t  to a s l i g h t l y  higher  s p e c i f i c  fissi1.e inventory  and. a fue l  productj.on 

c o m  e s p ond i n g  t o e qui l i b  r iwn c o nd it i ons . 

I r i i t i a l  fuelizig with 2 3  5 -  0.9 

Xenon a,nd kqyptorl are sixsipped from t h e  fue l  salt i u i  Lhe r e a c t o r  cir- 

culat5.ng system by sparging wi th  an liner(; gas, such as heI.im.* Since a 

xenon-renirwal cycle ttme of aboixt I min i s  required t o  ixairjtain t h e  Kerion 

po?.soning at a, s a t i s f a c t o r i l y  low I.eveI., an i r i - l ine sparg ing  system i s  

pro.vj.ded. The spar.ging gas i s  inLrod.uced. st t h e  bo.t,tom of t h e  primary 

hest exchmgers to provri.de soiiie r : ircul.ation of the salt b. event  of pwq 
Pa-i.1.ure. '.Chis gas and t h e  f i ss ion-product  gases are  witIrilr.a,wri in a full- 

flow gas separai;or i n  the  p ipe  between the heak exchanger arid the r e a c t o r .  
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The flows'neet f o r  the  off-gas  sysLern i.s shown i n  P ig .  3.19. A s  

mentioned above, xenon, krypton, and o the r  f i s s ion-product  gases a r e  

sparged from t h e  f u e l - s a l t  c i r c u l a t i n g  sys'cern; Lhese gases a r e  removed 

from t h e  loop i n  a fu l l - f low c e n t r i f u g a l  s epa ra to r  l oca t ed  i n  -the d i s -  

charge o f  each hea-t exchanger, w i t h  each loop imit d ischarg ing  about, 50 

gpm o f  sa l t  and about 4 scfm o f  gas:% A j e t  pump i s  used t o  a s p i r a t e  

t h e  fuel-Salk-gas  s t ream from t h e  separat ,or;  t h e  pimp discharges i n t o  

t h e  sal t  stoi-a,ge volume above the  pump bowl and c- i rculates  t h e  helium 

carrli.er gas. A f - t e r  paxsing -t;hrough the salt s to rage  volime, t h e  c a r r i e r  

gas e n t e r s  a 1.000-ft' decay tank,  which ?.s cooled by  evaporat ion of water  

(si-milar cool ing  i s  used i n  t'ne bGRK d r a i n  t a n k s * ? ) .  The gases  then  pass  

through mter-cool.ed charcoal. beds, where xenon i s  r e t a i n e d  f o r  48 hr ,  

and reenter t h e  f u e l  system a.t t h e  bottom of -the primary hea t  exchanger. 

In  a d d i t i o n  t o  removing 'che 135Xe, t h i s  system o f  c i r cu . l a t ion  e f f e c t i v e l y  

t r a n s f e r s  a l a r g e  f r a c t i o n  of  t h e  o the r  g~seous  fissrion products  t o  a r e a s  

where t h e  decay hea t  can be removed more r e a d i l y .  

About 0.1 scfh OS t h e  gas s t ream l eav ing  the cha.rcoa1 beds ( o r  0.4 

scf'rn t o t a l  f o r  t h e  f0u.r fuel. .-salt  c i r c u l a t i n g  loops)  passes  through o the r  

charcoa l  beds and 'chen tl-rough a molecular s i eve  (operated. a t  3-iquid 

n i t rogen  temperature)  t o  remove 99$ or  more of  t h e  85Kr and o the r  gaseous 

products. The effhnen'i hel.j.urn can he recyc led  i n h  t h e  system o r  passed 

through f i l - t e r s ,  d i l u t e d ,  and discharged i n t o  an of f -gas  s t a c k .  The 

nolecinlar s i eves  can be regenerabed and t h e  r ad ioac t ive  gases dri.ven o f f  

can be s e n t  'LO s to rage  tanks .  

A hel.ium s y s t e n  a l s o  pr0vid.w cover gas for b l a n k e t - s a l t  pump bowls, 

d r a i n  tanks,  fue l -handl ing  and -processing systems, C L C .  'The cover gas 

dischargcd from t h e s e  systems passes  through charcoaJ adsorbers  and a'o- 

s o l u t e  f i l - t e r s  prior t o  d i l u t i o n  wi th  a i r  and disposal.  through t h e  o f f -  

gas s t a c k .  

X'i?le full-flow gas sepa ra to r s  have been s tud ied  only i n  labora tory-  
s i z e  equipment b u t  a r e  considered t o  be wi th in  the range of  Present  bech- 
nol-ogy. 'i'he PGBII loop i n s k a l l a t i o n  requrirec 1.5 small sepa ra to r s  arranged 
i n  t h e  annulus between the 18- and 2Lt-in. concen-kr.ic pipes. These small 
sepa ra to r s  would be capable of removing esse i l t i a ldy  a l l  bubbles l a r g e r  
than  0.01 i n .  i.n d i a n e t e r .  
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3.7 :kat Fxcha.ngers 

The system hea t  exchangers c o n s i s t  o f  t h e  primz.ry hea t  exchangers 

used t o  t r a n s f e r  hea t  from t h e  f u e l  and b l anke t  sa,l.ts -to t h e  coolank sal t  
and t h e  'ooiler-  superhea ters  axid r e h e a t e r s  t h s t  Lransf'er hea t  from Llie 

coolan-t salt  t o  t h e  s u p e r c r i t i c a l  f1iri.d i n  t h e  steam-power system. A l s o  

included, a l though more closely assocri.aLecJ with t h e  s t e m  system than  t h e  

s a l t  systems, a r e  t h e  r ehea t  steam p rehea te r s .  

3.7.1 Fuel-Sa1.t Kcat Exchwgcrs 

b'ou1" sheI-I-a.nd.-tu'ne two-pass verti.cal heat exchangers t r a n s f e r  hea t  

from t h e  f u e l  sal'c i n  -the Lubes t o  t h e  coolan t  sa l t  c i r c u l a t e d  throizgh 

t h e  s h e l l .  The co-ilccptual design i s  sho7wIi i.n Fig.  3.20, and t h e  p e r t i -  

nent  d a t a  a r e  I i s t e d  i n  Table 3.7.1. 

Each exchanger has a capac i ty  of  a.hout 528 Mw(th) and i s  about 5.5 

f t  i n  diameter a n d  18.5 f t  high, inc luding  t h e  bow1 of t h e  circul-atling 

p11.-mp, which i s  an in tegra l .  paxt  o f  t h e  hea t  exchanger shell. 

and tube shee t s  a r e  fabr tca ted  o f  I-lastel.l_oy Ti. 

Shel l ,  tube,  

The r e a c t o r  f u e l  sa1.t e n t e r s  t h e  heat exchanger from Lhe  1.g-in.- 

diam inne r  passage of t h e  concen-Lric p ipes  conneeti-ng t h e  reac- tor  and 

exchanger. In t h e  hea t  exchanger, t h e  file1 flows downward through t h e  

annular ,  ou te r  rows of tubes a t  a v e b c i t y  o f  11.3 f p s .  I n  each u n i t  
m e r e  a r e  4.167 of  t h e s e  0.3'75-i-a.-OD tubes on a 0.75-in. pitch. Upon 

reaching t h e  bottom head t h e  sa l t  r eve r ses  d i r e c t i o n  and moves upward a t  

ahou-i; 1.3 f p s  through a cen te r  bank of  0.375-in.-dlam tiibes. There a r e  

3624 of these Lubes on a 0.625-in. pitch. Thus each f u e l - s a l t  primary 

hea t  exchanger has 7791 tubes and about 9665 ft2 o f  e f f e c t i v e  su r face  

a r e s .  

L 1  

The coolant  sa l t  e n t e r s  t h e  hea t  exchanger ai; t h e  top and flows 
downwai-d, countercu.rrent  t o  t h e  f low o f  f u e l  sa l t .  i ' ~  i - n i t i a l l y  flows 

Lbrough t h e  cen te r  secti.on of  t h e  exchanger, and on reaching khe bottom 

of the s h e l l  jt t u r n s  upward t o  fl.ow through the tubes i n  t h e  aimular 

s e c t i o n  and 1.eave t h e  exchanger through an annular  collecting r i n g  at, 

the top.  
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'Tab1.e 3.1 I-. F u c l - S a l t  Xeat Exchanger Ccsign Data 

______-. _____.___.___I_ .-____ ~~ I-__1__ ___.- ...... ---.--- 

'lm e 

Nui-iils e r r e  q u i r e  d 

Ka.te of he3-i; t m n s f e r ,  each, 

P*TV.j 
Btu/hr 

She l l - s idc  condi t ions  

Cold f l u i d  
Kntrance temperature,  "F 
E x i t  tempei-aLure, "F' 
Entrance p r e s s w e ,  p s i  
S x i t  p ressure ,  p s i  
Pressure d~rop  ac ross  exchanger, psi 
Mass fl.ow r a t e ,  l b /h r  

'i'uhe-side coiidi'iioils 

H o t  f l u i d  
Entrance t enperature  "F 
>:xit temperature,  "E' 
Entrance pressure ,  psi 
Exii; p ressure ,  p s i  
Pressure  drop ac ross  exchanger, psi 
Mass flow i-ate, l b /h r  
Mass ve loc i ty ,  lb/hr . l" t2  

Center seck-ion 
Annular s e c t i o n  

Center s e c t i o n  
Annular s e c t i o n  

Vzlocri'iy, fps 

Tube mater ia l .  

Tube OD, i n .  

Tube th ickness ,  i n .  
Tube length,  tube  shee t  t o  tube 
sheet, f-L 

Centcr s e c t i o n  
Aniiiilar see-Lion 

She1.1 m a t e r i a l  

S h e l l  th ickxess ,  i n .  

Shell-and - tube two->:as s 
v e r t i c a l  exchanger wi th  
disk and doughnut baff 1 es  

4 

Cool.act, salt 
850 
1111 
80 
29 

Fuel s a l t  
J.3CC 
1000 
96 
1.0 (pu::p suc t ion )  
86 
1.08 x l o7  
5.95 x l o 6  
5.1.8 x l o6  

i3.c 
1.1.3 

Hastel.loy N 

0.375 

0.035 

13 .? 
11.7 

Has te l l cy  M 

0.5  
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Ta,bl e 3 .1.1 ( conti nixed) 

SI1el.I U J ,  in. 

Center section 
Annu:Lar s e c t  i.on 

Ti-ibe sh.eet material. 
Tube shee t  thickness, in. 

Top anrmlar  section 
BotS;<jm a,nnular s e c t i o n  
Top ,and bottom c e n t e r  see t io i i  

Nu_lib e 1: G -f tu.b e s 

Center s e c t i o n  
Annular section 

F'itci? of tdbes, in.. 

Cen.t;er secti.on 
Anniil.ar s e c t io;i 

T o t a l  heat t r a n s f e r  a rea  per 

Cent; e i" s e c t t o n  
Annular s e c t i o n  
TOtELl  

exclianger , f t  

B z ~ 5 . s  for area ca3culation 

T;ype of baffle 
Nunber of baffles 

Center section 
Annula r  sectj.on 

B a f f  1.e spacing, in. 

Center section 
Anriular s e c t i o n  

D i s k  OD, in. 

Cellter s e c t i o n  
Ar?nul ar sect ion 

Doughnut ID , 
Center S F J C t i O Z i  

iPliln1dixr G e c t i. on 
Overall  heat tra.ni;:f'er coef f ic ien t ,  U, 
3tu/hr f t 2  

r+o. 2 
66.5 
S a s t e l l o y  N 

3.62 
1. . 7  5 
1.0 

3624 
4167 

0.625 
0.750 

5 
2 

27.4 
21 

30.6 
T5.8 

25.0 
51. C) 

111.0 
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Table 3.1.1. ( cont inued)  

Ma.xiinuni s t r e s s  i n t ens i ty , "  p s i  

Tiib e 
Calculated 
Allowable 

Shell 
Ca leula,% e d 
A1 lowable 

b?aximum tiibe sheel; ski-ess, p s i  

Calcula Led 
All owable 

a The symbo1.s a . re  those  of  Sect ion 3 of  t h e  ASME Bo i l e r  and Pressure  
Vessel  Code, w M i  

Pn, = pyimary membrane s t r e s s  i n t e n s i t y ,  
Q =:: secondary s t r e s s  intcnsj- ty ,  
S, -= al.lowablz s t r e s s  I n t e n s i t y .  

The general- configuration and arrangement of  t he  exchanger were 

1argel.y drictated by the design requirement t1ia.t t h e  fiiel-sal 'i;  c i r c u l a t i n g  

system have a minimum fuel- inventory  cons i s t e a t  w i t h  practj-ea1 design 

cons ide ra t ions .  Associated f a c t o r s  were pcrmissible s t r e s s  ?/-allies and 

t h e  a b i l i t y  t o  remove a f t e r h e a t  and drain the core .  The hea t  exchanger 

c a l c u l a t i o n s  were concerned prlirnarily with determini.ng t h e  lengths  and 

number o f  tubes,  t h e  tube pi.tch, t h e  number of b a f f l e s ,  t h e  b a f f l e  spac- 

ing, e-Le., .iJhich woul.d b e s t  suit  'che s p e c i f i e d  condi t ions .  A computer 

program w a s  clev-eloped f o r  t h i s  optimj.eatlon work. The program a.nd t h e  

detai1.s of the ca.lculatri.ons f o r  all. the MSBR heat exchangers are repor ted  

elsewhere. 2 3  

To d i s t r i b u t e  c o o l a n t - s a l t  f low on t h e  shell s i d e  o f  the exchanger, 

d i s k  a.nd doughnub b a f f l e s  are used in t he  c e n t e r  s e c t i o n .  I n  t h e  annular  

regioiz t h e r e  a r e  'iwo b a f f l e s ,  one extending i.nwa.rd from t h e  e x t e r i o r  s h e l l  

and one extending outward from t h e  b a r r i e r  t h a t  surrounds t h e  core  sec-  

tlion. These b a f f l e s  j-rnprove the shel.1.-side heat, t r a n s f e r  c o e f f i c i e n t ;  
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however, no b a f f l e s  a r e  used a t  t h e  top of  the  annular sec t ion ,  because 

t h e  h o t t e s t  f u e l  f l u i d  en te r s  here  and an improved heat  t r a n s f e r  coeff'i- 

c i e n t  would r e s u l t  i n  an excessive terflperatwe drop across  the tube wall. 

Also, a b a f f l e  i s  located near  each tube shee t  t o  p a r t i a l l y  i n s u l a t e  it 
and thereby reduce the  temperature drop across  t h e  shee t .  

ant, sa l t  can be  drained from t h e  bottom of t h e  primary exchangers through 

t'ne concentr ic  d r a i n  l i n e s  ind ica ted  i n  Fig. 3.20. 

Fuel o r  cool- 

The s t r e s s e s  t h a t  tend to be developed i n  t h e  hea t  exchanger due t o  

th.e temperature d i f fe rences  between the  she l l  and t h e  upflow and downflow 

tubes a re  re l ieved  i n  t h e  design concept by a bel.lows expansion joint, a t  
the  lower tube shee-t. The s t r e s s e s  i n  the present  design a r e  given i n  

Table 3.11. * 

3 .7 .2 .  Blanket-Salt  Heat Exeha.nge:rs 

The four  shell-and-tube v e r t i c a l  beat exchangers used t o  t r a n s f e r  

heat from t h e  bla,nke2; sa l t  .to t he  coolant salt are  very si.milar t o  t h e  

fuel-salt exchangers, bu t  they only have a c:a;oacity of 2'7.8 Yb( th) each. 

They a r e  i l l u s t r a t e d  i n  Fig.  3.21. 

T a b l e  3.1-2. 

Per t inen t  c3csigii d a t a  are giveii i n  

The coolant s a l t  passes  through the  fuel.-salt  heat; exchangers and 

then through the  blanket  exchangcxs, i n  s e r i e s ,  en te r ing  the  l a t t e r  a t  
about llll°F and  leav ing  a t  1125°F. Since the flow r a t e  is x l 8 t i v e l y  

high and t he  -t;em$eratm.c change i s  small., t h e  exchangers a2.e designed f o r  

a s i n g l e  s h e l l - s i d e  pass o f  t he  coolant; salt. The blanket  sa l t  i n  the  

0.37;-in. -OD tubes rrlakes tw.0 pass t?~  ho,we'rrer, tm-ving dowmmrc? a t  about 

1.0.5 f'ps i n  the  o u t e r  annular  s ec t ion  and. iipward th:L-o%gh t h e  inner  bank 

t o  t h e  pmip suc t ion .  

*Other exclumger designs were also studTed. that utilized bent  tubes 
r a t h e r  than t h e  bellows Go absorb the  d i f f e r e r i t i a l  expails? on; these  ex- 
changers had t h e  pump discbaxging f u ~ l  from the  reackoy i n t o  t h e  heat 
exchange:r so that; the po?lnt of h ighes t  pressure j.n t h e  system was t h e  
exchanger r a t h e r  than t h e  reachor The results of these  s.1;udj.es are 
presented i n  Sect ion A.4. In  geneyal, it is bel ieve?  that the present 
exctb:mger design can be  improved to minirfijze engixieering devel.opriient 
probl.ems b u t  that the estimated capital cos t s  of beak exchangers based 
on t he  preseii l  design a r e  representa,ti.ve o f  developed heat exchanger 
co:;ts. 
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Fig. 3 .21. H!.r.nket-Salt IEe;..t I.:xchanger. 



75 

Tab1 t: 3.13. Blanket -Sa l t  Heat Exchanger Data 

- 
Shell-and.-tube one-shel l -  
pass two-tis.be-pass excha.n- 
g e r ,  with d isk  and d.oughimt 
b n , f f l .  e s 

4. 

27.8 
9.47 x 107 

C oolen t s : i lk 
1111 
112 5 
2 ‘I 
9 
18 
1.68 X lo7 

B l a n k  et s alt, 
3.253 
11.50 
100 
10 
30 
4.3 x 106 
1.0.5 X lo6 
10.5 

I-ias-%ell.oy N 

0.37.5 

0.035 

8.25 

IIast;eI.l.oy Iu 

0.25 

36.5 

Hastc%.Loy N 

1.0 

1641 (-820 pe?? pass ) 
0.81 

1330 

0u.i;si de diameter 
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'r21512 3.12 (coi i t inued)  

Yype of bnf f l  e Disk and doughnut 

Baf f le  spacing,  i n .  24.8 

Disk OD, i n .  26.5 

Douzhnut ID, in. 23 

S-tra.i.ght tubes wi th  two tube s h e e t s  are used ra ther-  t h a n  U-tubes i n  
order to permit drainage o f  t h e  b l anke t  s a l t .  Disk and doughnut b a f f l e s  

are u.sed t o  improve Lhe s h e l l - s i d e  hea t  ti-arrsfer coeff ic i -ent  and t o  9ro.- 

v ide  Lhe necessary  -tu'ue suppor t .  

shee'cs reduce the  'iemperature d f f f e r p n c e  a c r o s s  thc sheets t o  keec thcrmal 

s t r e s s e s  within to?-erable l i m i t s .  

1.0w pressures  and snial.1 temperatuye d i f f e rences  produce stresses that a r e  

well with in  the all.ot~ab3.e range.  '' 

Baf f l e s  on t h e  shell si.de of t h e  tube 

Calcu la t tons  show 'illat t h e  relative1.y 
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3.7.3 Boi l e r  - Superheaters  

S ix teen  ve r t i . ca l  TJ-tube U-shell. heat, exchangers a re  used t o  transfer 

t h e  heat from t h e  1125°F coolant  sa l t  t o  t h e  700°F feedwater t o  gene ra t e  

steam at l.OOO°F and  about  3600 psia.. 

each of t h e  coola-nt-sal t  c i r c u l a t i n g  c i r c u i t s  and a r e  suppl ied  by a 

var iab le-speed  coolant-sa1.t pump (adjustment  or" t h e  pump speed. pe.rmi2;s 

c o n t r o l  o f  t h e  outI.et str-a.m temperature)  . Each exchanger has a capac i ty  

of a b r x t  121 Mw(th) and. has a IJ-shaped cy l i r i t i r iea l  s h e l l  about  18 i n .  i n  
diameter ;  each verti.ca1. l e g  sta.nds abou'c 34 f t  high, inc luding  t h e  sphe r i -  

cal. head. 

i s  shown i n  F ig .  3 .22.  P e r t i n e n t  design d.ata a r e  given i n  Table 3.13. 

Four of t h e s e  exchsngers a r e  i n  

'The tubes  and shel.1. a r e  f a b r i c a t e d  of Has te l loy  N.  The u n i t  

Because of mayked changes i n  t h e  physical. p r o p e r t i e s  of water  as the 

teniperature inc reases  above t h e  c r s i t i ca l  po in t  (a-t supercr i t i c a l  pres -  

s u r e s  ), heat t r a n s f e r  c a l c u l a t i o n s  f o r  t h i s  p a r t i c u l a r  exchanger were 

m a d e  on ,the basis of a detai . led spa,t ial  a n a l y s i s  w i th  a computer 

The e s l c u l a t i o n s  e s t a b l i s h e d  t h e  optimum number of tubes, tube l ength ,  

nudoer of baffles, and b a f f l e  spacing, i n  terms r3f speci.fied design c r i -  

t e r i a .  The . resu l t s  ind ica ted  t h a t  t h e  optimum design w a s  an exchanger 

w i t h  a long, s l i m  s h e l l  and r e l a t i v e l y  wide b a f f l e  spacing.  The spacing 

w a s  g r e a t e s t  i n  t h e  c e n t r a l  p o r t i o n  of t h e  excha~tnger where t h e  temperature  

d i f f e r e n c e  between the bulk f l u i d s  .is high.  

The 3600-psi f l u i d  p re s su re  on t h e  i n s i d e  of t h e  tubes  d i c t a t e s  t h a t  

t h e  heads and tube  s h e e t s  be c a r e f u l l y  desi.gned. Tie rel.ative1-y small 

diameter of 1% i n .  s e l e c t e d  for t h e  s h e l l  arid. t h e  s p h e r i c a l  heads on t h e  

ends o f  the exchangers a l lows t h e  stresses t o  be  kept  w i t h i n  pe rmis s ib l e  

l i m i t s .  A baff1.e on t h e  s h e l l  side of  each tube  s h e e t  provid.es a s t ag -  

nant  s a l t  layer t h a t  he lps  t o   educe s t r e s s e s  i n  the s h e e t  due t o  tempera- 

t u r e  grad?-ents.  

The coolant  s a l t  can be corripletely dra ined  from t h e  s h e l l .  Th:: 

water  can be par t ia l ly  removed from t h e  tubes  by gas pre::suri.zation, o r  

by f lush ing ,  b u t  complete drainabi. l . i ty was no t  considered ,a mandatory- 

des igri requ.irem.ent . 
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SUPER CRITICAL 
FUIBD OUTLET ~- /I 

COOLANT SALT -,.- 
INLET 
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F1.IIID lNLET 

/-- 

.&=- 

---TURF: SHEET 

-BAFFLE 

COOLANT SALT 
GUTLET 

ROD B SPACER 

.FLES 

Fig. 3.22. 3oller-Su.perheater.  



Number requ-ired 

Ra.te of' hea t  t r a n s f e r ,  Kw 

Shell- s idt: c ondi 1; ions 

Rtu/hr. 

H o t  f l u i d  
Entrance temperaturn,  "F 

Elnt:rance pressure, psi 
E x i t  pressure, psi 

Mass flow rate, 1b/hr 

pe ra tu re ,  OF 

pre- ~ a u r e  n d.rop ~ C X - G S B  ex.cl-ianger, psi 

Tube-side condri t i o n s  

Cold. fluid 
Entrance temp 
Ex i t  temperature, Ob1 
Efiti-ance pressure, p s i  
J3xi.t p ressure ,  p s l  
Pressure drop across exC'nsn&?i-, psi 
Icl,.ss r"l.ow rate, Ib /h r  
Mass veloc i - ty ,  I.b/hr f t2 

Tube ma,terial 
Tube OD, i n .  

Tube th i ckness ,  i n .  

Tube l eng th ,  t ube  sheet t o  tube  she?%, f t  

Shell mat:rial 

Shel l .  thickness, i n .  

She1.l I D ,  in, 

Tiibe shee t  ma te r i a l  

Tuinc shee t  t h i ckness ,  i n .  

N ~ ~ a b e r  OS tubes 

P i t c h  of tubes,  f.n. 

ToLal. h e a t  t r a n s f e r  area, f-L2 

B a s i s  for a r e a  cnlcul .a t%on 

Type  of 'rsaff1-e 

Number of baff les  

U-tube U-she1.l exchanger 
with crossfS.ow b a f f l e s  

16 

1 2 1  
4.13 X l.08 

Cool a n t  s a l t  
1.125 
IS50 
150 
92 
58 
3.66 x l o 6  

Sup e Y' c I- it i c, al. f lu id .  
700 
1000 
3770 
3600 
1.64 
6.33 x 105 
2.78 x l o 6  
Hastelloy N 

0.50 

0.077 

63.8 

IIastel.l.oy N 

0.375 

18.2 

Ilastelloy N 

4.75 

349 

0.675 

2915 

Outsi-de sixrface 

c r 0 s s flow 

9 



Table 3.13 (cont inucd ) 

Ra.f . f le  s s x i ~ n g  

Gvera.l.1 he,zt trarisrc'r coeCf ic ien t ,  U, 
Rtu/hr - f t2 

Naximu; stress in tens i ty- , "  psi  

X b e  
C a1 culai; e d 
A I_l~c>jabl e 

Maxlmun tube sheet s L r e s s ,  psi 

C a 1- c u l a t  ed 
All cwab 7. e 

' J a r  iab1.e 

1.030 

<16,630 
16,600 

The syrnboI..s a r e  those of SectLon 3 oi" t h e  ASMF: Boi le r  and Pressure  a 

Vessel Code, with 
Pm = primary r:imbra.ne s-i;ress intensity, 

Q : secondary s t r c s s  intensity, 
SI, = al lowable stress in twsi ' c j r .  

3.7.4 Steatti Rehea.ters 

Hight shel l -and-tube hea t  exchangers 'cyansfer heat  from Llie coolan t  

salt  t o  the h ig 'n -p res su rc - - ' i~b ine  exhaust stea,ja (-570 p s i a )  and r a i s e  i.ts 

temperature t o  1.00C"E'. 

having been heated from t h e  552"E' exhaust temperat,u.re i n  a p rehea te r  

described below. There a r e  two r ehea te r s  t o  each coo lan t - sa l t  c i r c u -  

I .at ing loop, each p a i r  be ing  suppl ied by a var iable-speed c o o l a n t - s a l t  

pump i n  an  arrangement t h a t  permits  con t ro l  o f  t h e  c u t l e t  steam tempera- 

t u r e .  The gene ra l  arrangement of t h e  r ehea te r s  i s  shown i n  Fi-g. 3.23, 

and des ign  d a t a  a r e  given i n  Table 3.lA. 

The steam e n t e r s  t he  exchanger a'i about 650°E', 

Each of t h e  e i g h t  imri.t;s has s capacj-ty o f  about 36 Mw(th); t h e  cool- 

a n t  s a l t  e n t e r s  a u n i t  a t  11.25"F and l eaves  a t  85C"F. 
shel-1s about 28 i n .  i n  diame-Ler and 24 f t  long s r e  u.sed.* Both s h e l l  and 

S t r a i g h t  v e r t i c a l  

"Yhe s t r a i g h t  s h e l l  occupies l e n s  c e l l  volume than a TJ-tube U-shel l  
design a n d  requi-res s l i g h t l y  l e s s  coolar i t - sa l t  inventory.  
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'Table 3.14. Steam Reheater  Design Da'La 

Numb e r 1- e qu i~ r ed 

Kate o f  hea t  tr.ansfixr per- imit, Mw 
Btu/hr 

She3~J.- s i d e  ccndi ticlis 

Hot fluid 
En t r  a.nc e temperature  , O p 
Exit terr-perature, O F  

Entrance pressure ,  p s i  
Exit pressure ,  psi  
Pi-essnrn drop across exchangei:, ps i  
~ e s s  f low rate, ~b/hr 
Mass v e l o c i t y ,  l b / h r  - E t 2  

7u.be-side cond i t i o n s  

Cold fluid 
Ent r3.n c e t emp e r  a'i UT e,  O F 
2xi.t temFeraiure,  "E' 
En'iranc e pres  su r  e ,  psi- 
Exl t  p re s su re ,   psi^ 
Pressure di-op across exchange-,:, psi  
Mass fl.ow r s t e ,  lb/hr 
bkss velocity, Ib/hr ft2 
Veloc i ty ,  fps 

Tube OD, i n .  

Tube thickness, i n .  

'i'ube I-ength, -iu'uc sheet, t o  tube shee t ,  f t  

S h e l l  material. 

S h e l l  th ickness  i n .  

Shell ID, i n .  

Tub2 shee t  1::ateria.l 

lube sheet thickness, i n .  

Number of tubes  

Pibcln of tubes ,  in. 

T o t a l  t i e s t  t ra ,ns fer  a r e a ,  ft2 

Bas i s f o r  area c ~ l c u 1 a . t i o n  

Straic'fit.  tube and s h e l l  ex- 
chsnger T$~ith disk and dough- 
nui b 2 f f l c s  

E! 

36.2 
1.24- x l o 8  

S team 
650 
1000 
570 
557 
l 3  
6 . 3  X 1.05 
1;- .o x 1-05 
LL' i  

iIas telloy N 

3.75 

3 .c35 

22.9 

Has te l loy  N 

3 .5  

28 

I ias te l loy  N 

4.75 

628 

1.0 

3.830 

Outsi.de of t ubes  
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Table 3 .I.?; (cont inued)  

Type of b a f f l e  

Number of baff les  

Ra, f f? -e  spac i.ng, in . 
Disk OD, i n .  

Dnmglmut I D ,  in. 

Ovrral?- lieat transfer c o e f f i c i e n t ,  IT, 

Maximum s t r e s s  i n t e n s i t y , "  psi 

R t l l / ' n r  * ft2 

Tube 
C a1.c ula, t ed 
Al1owabl.e 

S h e l l  
Ca7.eula-t; nd 
A11 owable 

Disk and doughnut 

14 and 15 

8.75 
23.2 

16.0 

27 5 

9,600 
9,600 

c?,,~,. h e  sy-rcls,o1s 3,x-e those of S e c t i o n  3 of t h e  AXME. Bo-i.l_el- and Pressure 
Vessel  Code, wi.th 

P, = pr.ima.ry c:e-cnbrane S ' G ~ C S S  intens5Lty, 
Q = secondary s t r e s s  i-nterisi-ty, 

Sr-i = a1low.iabl.e s t r e s s  i n t e n s i t y .  

tubes are  fabricateci  of I-Iast,ell.oy N. 

support the  tiibes a t  c1.cse interva.1.s t o  prevent excessi.ve vib?-a.tion. 
Baffles on t h e  s2.iel.l. s i d e s  of the  tube shee t s  provide a stagrlant l aye r  

of  coolant S a l t  to reduce thermal s t r e s s e s  i n  the sheei;. 

pipe at the  bottoni pvovides for drainage of t h e  coolan t  salt. 

Disk- and douglx-iui;-t8ype 'oafLrles 

A speci.al d r a i n  

A n a l p e s  of  the stresses ind:i.cated t h a t  t h e  values were wi-thin per- 

rnissible l i m i t s .  

3 .7 .5  Rehea.t-S.l;eam Preheaters  

Throttle steam a k  3500 ps ia .  and 1000°F is used to heat the  hi.&- 

presswe tu rb ine  exhaust from about 55.2 t o  650°F before it en te r s  the 
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r e b e a t e r s  . 
a n t  sa1.t t akes  p l a c e  i n  t h e  r e h e a t e r s  i f  steam e n t e r s  a t  650 r a t h e r  t han  

700"F, due t o  the low value of t h e  steam-side hea t  - t r ans fe r  c o e f f i c i e n t . )  

Use of t h i s  p rehea te r  permit ted t h e  adoptioii o f  t h e  TVA Bull. Km Steam 

Plank opera t ing  coildit ions without  s i c p i f i e a n t  changes a f f e c t i n g  c o s t s  

or perfoi-macce . 
mum themlodynamic eff j -c iency and mj.nirnulu cos t ,  ?c sli.nce t h e  d i f f e re i l ce  

would be small and have l i t t l - e  e f f e c t  on t h e  f ind ings  of t h i s  s tudy .  

(Heat t r a n s f e r  s-Ludies i.ndi.cate - tha t  no f r eez ing  o f  t h e  cool..- 

This f a c t o r  was griven p r i o r j t y  over designi-ng f o r  ma.xri- 

The design concept for t h c  reheat-steai-n preheaters i s  shown i n  3Yg. 

3.24, and -Lhe design d a t a  a r e  1 . is ted i n  'Table 3.15. Eight  prei ieaters  

__.... _I__ 

*A thermodynamically more e f f i c i e n t  arrangement m u l d  be t o  exhaust 
t h e  steam f r o m t h e  high-pressure turb ine  a t  650°F r a t h e r  t han  552Oii, 
which woinld a l s o  have ihe advantage of e l imina t ing  t h e  prehea t ing  equip- 
ment ( est imated cos t ,  $2'15, OCO) . 

FLUID OUTLET 

i 

J 
I 

i 
4 

'\, 
1 

-TUBE SHEET 

- -07-PASS R I G  

TIE ROD A SPACER 

BY Pa% RING 

Fig. 3.24. Keheat-Steam Prehea ier .  



Table 3.15. Xeheat-Steam Prehea,ter Design Data 

-.. 

Type 

12.3 
4 . 2 1  x 1-07 

Supercr i  t i c a l  ws-ter 
1000 
869 
3600 
3 9+/+ 
56 
3.68 x l o 5  
1.8'1 x 106 
93.5 

Croloy 

0.375 
0 065 

1.3.2 

Cmloy  

7/16 

20.2  

c r 01. oy 

6.5 
603 

0 .I75 

'781 

Tube ou t s ide  di;i,iiieter 



-'zble 3 .I-5 (cont inued)  

Overal..l hea t  t r a n s f e r  coeff i c i -en t ,  U, 
Btu/tir * f t 2  

Maxiiiiwa s t r e s s  in t ens i ty , a ,  ?sj 

TU?: e 
C a l e  i r i  at ed 
Al.loWab1 e 

P4aximu.m tube  shee t  s t r e s s ,  psi  

Calcula'ied 
A-l.l.oi.Jab1. e 

162 

7800 
7800 a t  1000°F 

a. The symbols z r e  t h o s e  of Sec'iion 3 of the ASPF Boil-er 2nd Pressure 
Vessel Code, with 

Pro = primary membrane s t r e s s  i n t e n s i t y ,  
Q = secondary skress i n t e n s i t y ,  

S-. I. = allowable s t r e s s  i n t e n s i t y .  

a r e  used. This number was determined almost e n t i r e l y  by the sel .ect ion 

of r e a s o m b l e  dimensions for t h e  u n i t s .  The p rehes t e r s  a r e  p a r t  o f  the 

steam power system and no biological.  s h i e l d i n g  is requi red .  

1.ocatzd i n  Lhe por t ion  of t h e  p l a n t  ass igned t o  t h e  feedwater. h e a t e r s .  

They a r e  

Each preheatel. has a capac i ty  of about 1 2 . 3  M w ( t h ) .  Each v e r t i c a l  

l e g  o f  t h e  U-shell i s  about  2 1  i n .  i n  diameter a n d  t h e  overall height  i s  

about 15  f t ,  inc luding  .the s p h e r i c a l  heads.  The tubes,  tube  shee ts ,  and 

heads conta in  t h e  3500-psia throb ' i le  steam and a r e  designed f o r  t h i s  high 

pressure  an6 temperature .  Se l ec t ion  of t h e  U-shel l  r a t h e r  than  a d iv ided  

cyltndrli.ca1 s h e l l  permits  use of  smaJ.1 head diame-keys and reduces t h e  

requi red  tube-shee t  and head th icknesses .  S - t ~ e s s  ana lyses  i n d i c a t e  tha.t 

t h e  s t r e s s e s  a r e  within the allo?mble l i m i t s .  Bo th  tubes and s h e l l  a r e  

f a b r i c a t e d  of Croloy. 

The f7-ow in t h e  prehea.ters is countercur ren t  and no b a f f l e s  a r e  

needed i n  t h e  s h e l l .  The U-tube cons t ruc t ion  accormodates t h e  t h e r i m l  

expansion t h a t  occurs .  The re la t ive ly  high steam film rosiskance t o  hcai; 
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t r a n s f e r  012 t he  shell s i d e  red.uces t h e  tempersture gradi .ent  &cross t h e  

t u l x  w * t l l  t o  perziissible l e v e l s .  

3.8 Salt-Circula,ting Pumps 

Each of t he  fou.r separa te  s a l t - c i r c u l a t i n g  c i rcu i . t s  contains a fuel.- 
salt; circulating pump, a bla&.et-sslt  pump, a coolant -sa l t  p u p  for t he  

b o i l e r  superheaters, and a cool.ant-sa.lt pmp f o r  the  reiieaters. The de- 

s l ip  d.ata f o r  these  pwfips are l i s t e d  in Tab3.e 3.1.6. The pmq d-esigns 

u t i l i z e  the  technology developed over t he  past 3-15 years, with present 

pump capac i t i e s  being extrapolated s f a c t o r  of 10 foi- MSRK use. 

Table 3.1.6. Sa1.t Purflp Dimensions and Performance Requirements 

Reheat Superhesi Eke1 Blanket Coolant I: 0 0 lan t System System Sys t ern. xys t 2rn 

PJumber of pmps 
Temperature, ‘E’ 
Flow, gpnn (each) 
Head, f t  
Speed., rpm 
Impeller dia.meter., Fri. 
rUrp tank diameter, i n .  
Suction diameter, i n .  
Discharge dj-meter,  i n .  
Nominal motor power, hp 
Motor length, in. 
Motor diameter., in. 

4 
1,000 
11,000 
14 0 
I.., 1’7 0 
2 4 

l b  

1,250 
92 
64 

4 
l, 1.50 
2,2(30 
100 
1,750 
13 

5 00 
72 
4.0 

4 
1,125 

110 
1,750 
13 
36 
8 
6 
200 
37 
29 

2,200 

4 
1,125 

150 
1,170 
2 4 
60 
18 
1 4  
1,250 
131 - 
6 r+ 

1.4, 000 

A l l  pumps are of cen t r i fuga l  type, with a v e r t i c a l  s h a f t  su.ppor’ted 

a t  its lower end i.n a hydrodynamic journal. bearing lu-bricated. by molten 

sa l t .  The fue l -  and b lanke t - sa l t  pump bowls have d i f f u s e r  vanes and a r e  

an i n t e g r a l  p a r t  of the primary beat exchanger vessels. The equipment 

avrangeim-hs a r e  i l l u s t r a t e d  i n  Figs. 3.20 and 3.21. Figure 3.25 shows 
the  fue l -  arid b l a n k e t - s a l t  pwfips and Fig. 3.26 shows details of -the 

coolant-sal.t pump. 
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IN TABLE 3.15 
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GAS PURGE- 

MOLlEN SALT 
JOURNDL BEARING 

,--SEI.F ALIGNING 
DIFFUSER--, BEARING SUPPORT 

...---/-- 

SUCTION 

Fig .  3 .25.  Fuel- and Rl.aiiket-Sal..t Rmp. 

A continu0u.s purge o f  i n e r t  gas flows through each pump dur ing  opera- 

t i o n .  Thus purge gas e n t e r s  t h e  l abyr l i l th  annulus near t h e  upper end of 

the pimp shaft,. 'The l a b y r i n t h  seals t h e  motor c a v i t y  from t h e  gas space 

i n  t h e  pump tank .  The purge gas f!.ow splits i n t o  two paths; one p o r t i o n  

flows upward i n  t h e  annulus .to keep 1u'Dricating vapors f rom en te r ing  t h e  

pimp tank, and t h e  o the r  flows downward t o  prevent  t h e  migra t ion  o f  rad io-  

a c t i v e  gases i n t o  'ihe motor cav i ty .  

The pumps c o n s t i t u t e  a p a r t  of  t h e  primary containment o f  the r e a c t o r  

f1ui.d. A s  such, t hey  would be constructed i n  accordance wi.th -tile app l i cab le  
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OANL-DWG 66-6972 

G A S  

r- 

GAS IN 

DIMENSIGNS ARE LISTED 
IN l-ABLE 3 15 

SUCTION 

Fig .  3.26.  Coolant- Salt Pum~.  

portrions of the ASVE codes, wi th  proper al.lowanees made ~ O Y '  the therma,l 

s t r a i n  fa.Ligv.e t h a t  would accompany r e a c t o r  s t a r t u p s ,  power cyclzs, and 

r a d i a t i o n  hea t ing .  'The long shafts on t h e  fut.1.- and bl-ank.et-salt pwnips 

permit the d r i v e  motors to be shielded Prom. the reactol-. rad5at ion  and 

temperature. The e l e c t r i c  drive rricrtors a z e  l oca t ed  outsj.de the biol .ogical  

sb.j.el.d.ing, w i t h  the he:me-i;ic cans around these motors se rv ing  as part of 

t h e  r e a c t o r  c o n t a h n e n t  vessel. A squ i r r e l - cage  induct ion  motor i s  i~sed ,  

wi.t,h t h e  b a , l l  bea r ings  lubricabed w i t h  radiatri.on-Y'esista:nt grease ca.pab1.e 

of withstanding 3 X l.09 r ad .  The el .ectricsl .  i n s u l a t i o n  also uses special 
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m a t e r i a l s  having a r a d i a t i o n  tolerar ice  up Lo l o 9  r ad .  

moved by c i r c u l a t i n g  3 coolant  through c o i l s  i n s i d e  t h e  herrf ie t ical ly  

sea1.d motor v e s s c l .  

Motor hea t  i s  r e -  

3.9 Steam-Power System 

The thermal  power of the MSBR i s  2225 Mw(th), which provides a fu.l l .-  

load n e t  e l e c t r i c a l  ou tput  o f  1000 Mw(e) plus a'uout 15 M.s(e) of  power 

f o r  auxiliary equipment. T h r o t t l e  s t e m  condi t ions  a r e  3500 ps3.a aiid 

7.000"F/1000"F'; t hese  condi t ions  a r e  r e p r e s e n t a t i v e  of modern s tem-power 

pl.an.1; p r a c t i c e  and correspond. t o  those  enipl-oyed i n  t h e  r e c e n t l y  conpleted 

T W  Bull R u n  Steam-Electr ic  Plank. 

%ne stearn-power system f lowsheet  i s  shown i n  F ig .  3.27, and the de- 

Energy ba lances  s i g n  and performance d a t a  a r e  sunmiarl.zed i n  Table 3.1.7. 

were made i n  determining t h e  thermodynamic peyformance o f  t h e  systex based 

on a 700°F i n l e t  feedwater The flow r a t e s  and steam piup- 

e rLies  a t  var ious  p o i n t s  i n  t h e  system a r e  shown on Fig.  3 . 2 7 ,  The n e t  

e f f i c i e n c y  of the plant i s  about 45$. 

'The YSBH system has a convent ional  1035-~~( 2) gross output c ross -  

compvunded 360C/l.800-rpm four-f low tui-bine-generator init wi th  35'20-psia 

1000°F steam t o  t h e  t h r o t t l e  and r ehea t  t o  1000"Y a f t e r  the h igh-p res swe  

t u r b i n e  exhaust .  'The exhaust pressure  a t  r a t e d  condi-Lions i s  1.5-i.n. Hg 

abs. Ei-ght s t ages  oi feedwater hea t ing  a r e  used, w i t h  ex tyac t ion  steam 

taken from t h e  high- and low-pressure tu rb ines  and also from t h r e e  p o i n t s  

on t h e  tu rb ines  used. t o  d r i v e  t h e  b o i l e r  feedwater pumps. 

The feedwatel- leaves hea'iet. 4 a t  about  357°F and 200 psia; j.t i s  

r a i s e d  t o  3800 p s i a  and 366°F by two turbine-dr iven c e n t r j f u g a l  pimps. 

The purrps have s i x  s tages ,  run a t  5000 rpm, and d e l i v e r  8100 gpm agains-L 

a head of  3380 f%.  The d r i v e  turb ines ,  which have e i g h t  s tages ,  a r e  sup- 
:plied with t h r o t t l e  steam a t  1069 psia and ?OO°F, and they exhaus'i a t  

about  77 p s i a .  There i s  one d r ive  t u r b i n e  p e r  pimp, and no s'iandby p1~m.p- 

ing  capacity i s  provided.  

The P&SBR stesm-power system d i f f e r s  f l -om t h e  TVA Bull Hun p l a n t  i n  

having higher  feedwater and reheat-s team tengewatures . The temperature  ol" 

t h e  feedwater enCei,ing the boi . ler-s i iperhesters  was governed by t h e  e s  Liiiiated 





T.ilblc 3.17. ?"ISBR Steam-Power Systen Des1 gn and 
Ferforrmnce Data w i t h  700°F Fcedwater 

.._ . . . . .. .. _____ ........ ___..- 

Ccnzra l  pr-forniaace 

P.eac'ior h e a t  ?_npu'c, Mw 
Net e l c c t r i ~ c a l  o u t p u t ,  F4w 
Gr 0 s s el. e c t r  i c a1 gei1era.t loll,  bhJ 
S b a t i o n  a,uxiliary load ,  Mi$ 
B o i l e r - f e e d w a t e r  pressure-boos  Ler ~ w n ~  l o a d ,  P~Iw 
60 i. 1. er - f e edi.ra;L zr pump st e am - t urb  i.n 2 power o u t  put , 
F l o ~  t o  i;urbi.ne throttle, l b / h r  
PI-ow from s u p e r h e a t e r ,  l-'o/hr 
Gross e f f i c i e n c y ,  $ (1034.9 + 29.3)/2225 
Gross heat r a t e ,  Btu/kwhr 
Net e f f i c i z n c y ,  $ 
N e t  iies'c rat  e ,  B t  u/kwhr 

Mw (mechanical) 

Bo i 1. e r - s up e r h  e a t e r s 

Number of  uni . ts  
Total d u t y ,  Mw( tlz ) 
'Total ste8.m caps-ci'cy, l b / h r  
Tempe-rnturc of ii1l.et feedwater ,  "F 
Enthalpy cf i n l e t  Yeedwr.ter, B t u / l b  
Pressure of  i n l e t  feeciwabcr, psia 
Temperature of oU-tl.nt steam, "P' 
P r e s s u r e  of o u t l e t  s t e m ,  p s i ?  
Enthal-py of  o i i t l e t  stearn, B t c . / l b  
Texperature of i n l e t  coolan t  Sal t ,  
Tmpcra.tui:e o f  o u t l e t  c o o l a n t  s a , l - b ,  "Y 
Awerage s p e c i f i c  hea t  of c o o l a n t  salk,  Rtu/l.b * "F 
T o t a l  c o o l a i z t - s a l t  flow, l b / h r  

'li' 

cf s 
gpm 

C o o l a n t - s a l t  F r e s s u r e  drop,  in l .e t  t o  o a t l e t ,  p s i  

Steam r ehe a,'; e z s 

Nur.ber of iuni L s 
T o t a l  d u t y ,  PIw(th) 

Temperature o f  i n l - e t  steam, "F 
I'i-essure of inlet s-team, p s i 3  
F n t h d p y  of i n l e t  s t e m ,  Btu / lb  
Temperat Uj:e of o u t l e  t steam, "E 
Pressure of o u k l r t  stcar::, p s i a  
Enthal.py cf o u t l e t  steam, Btu / lb  
iLl..pera,ture cf i n l e t  coolan'i, salt, "E'  

Averaq.; speci . f ic  h e a t  of coolnnk sel t ,  B t u / i b .  "F 

m lol;ql sLea,rrL c a p a c i t y ,  I-b/hr 

i 1 ~..., 
r l  Lempera-t;ure of o u t l e - t  coolian-i; sa l t ,  "I' 

2225 
1.000 
l;134 a 9 
25.7 
3.2 
29.3 

7.15 x lo6 
10.1 x I C 6  
47.8 
7136 
44.9 
760i 

16 
1932 
1.0.1 x 7-06 
7 0'3 
769 
377c 
io00 
-3600 
1.424 
1125 
850 
3.42. 
55.5 x 1-06 
130 
58,300 
-60 

5 
23 L; 
5.13 x lo6 
650 
-570 
I 3  24- 
1-000 
55'1 
1-518 
1.1.25 
g50 
c . A 1  
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8.813 x 1-06 
1.9 . '7 
$860 
-1.7 

.KPrfi 
Coolant-sal-t pressu.re drop, i n l . e t  .to o u t l e t ,  ps?. 

8 
1-00 
5 "13 x 1.06 

552 
650 

59 5 
53 0 

1257 
1324- 
2.92 x 106 

1000 
869 

2 

14 .7 Power i-equ.irzrl zt; r a t e d  f:Low, m , r  (each)  
Po~rier, nominal hp (each)  20,000 
 mottle steam cont i i t ions ~ p s i a / O E '  
Thrott l-e flow, l.'o/hr (each)  414,000 

r 87 

1070/700 

'7 7 
8 
3 

Ekbaust pressure, approxima-te, p s i a  
Number. of stages 
Nwnbei- of  extra,ctrion pori-nts 

...... ....................... .- -. ~ ................. 



T3ble 3.17 (cont inued ) 

Bo i 3. e r - f e edwa'i er pî  e s s u r  e - b oo s t e r  pinps 

Nwnibpr of units 
Centr i fuga, l  pump 

r'eedwater fiow r a t e ,  t o t a l ,  l b / ~ i r  
Kea-ui~red capac i ty ,  g x n  (each)  
Head, approximate, f L 
Wa,ter inJ.et teirperature, "F 
Wzter  inle 'c p re s su re ,  p s i a  
Water i n l e t  s p e c i f i c  volume, f L3 /l.b 
Wate-c o u t l e t  temperature ,  "F 

Power required. a t  ra,ted flow, Mw(e) ( each )  
Power, nominal hp (each)  

g lee  t r ic -motor  d r i v e  

2 

10.1. x 106 
9,500 

695°F 
-3,500 
q. O332 
-70C 

1413 

4 6 
6,1513 

liquidus temperature o f  t h e  coolan t  sa l t ;  it w a s  decided t h a t  Lht. coolan t  

salt shou1.d n o t  be permi t ted  t o  f reeze ,  so tlic feedwater must e n t e r  the 

b o i l e r s  a t  700°F oi- higher .  In  t h e  r ehea te r s ,  however, 'die h e a t - t r a n s f e r  

r e s i s t a n c e  of  t h e  steam f i l m  i s  high, s o  the steam can e n t e r  a t  650°F. 

The f eedwater leaves  the conventional. e i g h t  s t ages  o f  r egene ra t ive  

feedwater hea t ing  a t  about  551°E', t h e  same as  i n  t h e  TVA 'Bul.1. liw- steam- 

power cyclk.  

and i s  hea.ted t o  650°F i n  a shel.l.-and-tube type  exchanger (descr ibed  

i n  Seck. 3.7.5), w i t h  s u p e r c r i t i c a l  f l u i d  a t  3515 p s i a  and 1000°F. 

high-pressure hea t ing  steam leaves t h e  h e s t  exchanger near  866°F and 3500 

pia and i s  d i r e c k l y  mixed i n  a "mixing t e e "  wi-th the 550°F feedwater t o  
raLse i t s  Lemperature t o  about 695°F. 

bo i l e r - supe rhea te r  pressure by motor-driven pumps, and t h e  pumping e f f o r t  

ralises t h e  pwnped water temperature  to the r e q u i s i t e  700°F. 

of - b e  s u p e r c r i t i c a l  fl.uid pwiiped by t h e  booster purnps i s  about  34 Ib/f-L3, 

and very  l i t t l e  compressive work [-9.2 bbi(e)] i s  involved i n  r a i s i n g   he 

f l u i d  p re s su re .  The pwnps employed ar5 s imi l a r  t o  those used f o r  forced-  

convection f l o w  i n  s inpercr i t ica l -pressure  steam gene ra to r s .  

two boos ter  pumps has a r a t i n g  of  about 20,000 gpiii and 6200 hp. 

The stearn leaves t h e  high-pressure t u r b i n e  a t  about 552°F 

The 

The mixture  i s  then  boosted Lo 

The dens i ty  

Each of t h e  
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3.1.0 Other Design Considerations 

3.lO.I Pipfrig and Pipe Stresses 

The s t r e s s e s  i n  the s a l t  and steam piping were s tud ied  brief1.y t o  

d-etermine whether t h e  reactor- and t u rb ine  plant layouts contained gross1.y 

irripractical axrangements . 
c0d.e I 

a c t o r  and the  turb ines  were f ixed  and the rest of the system was allowed 

to mc3ve in accordance wi.th the  thermal-expansion forces. 
exar~ined at about 1.50 poin ts  w? l th  p a r t i c u l a r  enrphas is on the  locations 

of suspectxed high s t r e s s e s .  

The ca lcu la t ions  >rere made wfth t h e  MEC-21/7094 

In t hese  estimates, i t  was assmied t h a t  the centers of t he  re -  2 5  

Stresses were 

The s i z e s  of the main p i p h g  i n  %he steam-power systern a r e  shown in 

%'able 3.1.8. The asswned ve loc i t i e s ,  matcria,ls, and other conditions a.re 

a,lso given. The nlaximun~. calculated s t r e s s  i n  pipin.g fabricated of Hastel- 

loy N was found to be about In,Oili) ::si, which is about a factor of  3 l e s s  

than  that; a1.1.omble based or1 AS!%T Code requiremerits. The Croloy steam 

piping has a ro.aximim calculated s t r e s s  of 2200 psi, which i s  we1.l within 

the  al lowable value. 

One case was ca.lculated i n  which the  coolan t -sa l t  purnps we're re -  

strained i n  t h e  d i rec t io i i  -transverse t o  the maLn coolant-sa1.t pipe run. 
The riaxiniun stress i n  the Hastclloy N pi;oi.iig in this case was about 

22,000 p s i ;  the  n m i u ~ u m  stress in t h e  Crol.oy steam pip ing  was essential1.y 

the  same as before .  Since t h e  v e r t i c a l  d.efl.ections a t  t h e  pimp loca t ion  

are apparently- srml.1, it appears t h a t  use of  veri;icsl and .trans-verse re-  

s t m i n t s  w i l l  not cause therrnal-expansion e f f e c t s  to o v e r s t r e s s  t h e  

piping. 

The MSHR equipment was des iglned and. a.rranged s o  t h a t  inspection, 

rriaintenance, arid replacement o f  2.11 major equipment would be practical. 

Most of the rm,intena.nce would be done by use of Y'emOtely operated tools 

through opexirigs i n  roof plws . 
derrionstrnted i n  t h e  PISRE, and infomiatimi i s  ava i l ab le  r e l a t i v e  t o  -the 

special. tools r equ i r ed .  

The f e a s i b i l i t y  of such methods has been 



S t e m  Line Coic: liehea; Cold 4ehcat IIot R e h e i t  Feedwater L:ne Heat ing  Scerm Eea-icng S t e m  

Sugerhea ter  ?reheater  3ehea t er Reheaier  
Line L'rom 
Preheiiter 

Line to 
Prehester 

S i z e s  and. C o n d i t i o m  Leaving B o i l e r -  Line t o  L j n e  to Line Leaving ZG B o i l e r -  
Superhea ter  

Number of > ipes  

1Jornincil p%pz OD, i n .  

'vJal1 thickness, i:i. 

Pipe rnaterlu.: 

Operating tenpera-iure, "F 

Allowable s-:ress ~ t t  operat jag 

 low rats,  ~b/hl-  

Pressure ,  p i n  

S p e c i f i c  volume, f t3/1b 

'i'ota.1 volume f l o w ,  ccrn 

Calculated ve loc i ty ,  f p m  

Assumed velocity, Ipm 
'rota: f low zrm, i:i.2 

temperature, I.Jsi 

s 
14 

J 

A335, Gr P-22 
1000 

'7 , 600 

10.; x LO6 
3600 
0.20 

33.4 x 103 
11.3 x 103 

7-0 to l2 x 103 
481 

2 8 8 

35 1'3 16 

3.63 0.5 0.5 

A155, Cr KC-70 L 5 5 ,  G r  <C-70 A35, Gr P-22 

352 650 1030 

2 , 7 5 0  15,750 7,890 

5.1 X 10' 5 .1  x 106 5.1 x ia6 
600 570 51,c 

0.69 i .0'7 1.57 
78.3 x 103 90.0 x 103 132 x 103 

6.0 X IO3 5.7 x 103 13.5 x 103 

5.9 to 7.4 x 103 5.8 to 7.4 x i o3  15.4 x ~ 0 3  

17 7 1756 123 5 

8 

12 

1 . 3  

A106, Gr C 

700 
i6,603 

LO.1 x I o 6  

3800 

3.229 

4.9 x lo3 
1.12 x l o3  
15.4 x 103 

557 

2 2 

12 12 

2 2 

A335, C r  7-22 A335, Gr P-22 

1000 866 

7, ijco 7,800 

LC 
a 

2.9 x 106 2.9 x 106 
3600 3500 

0.20 0.16 

9.6 X ?J3 7.9 x 103 
11.5 x 103 9 .5  x i o3  
i..: x 103 1.; x 103 

133 114 
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3.10.3 Containnent 

The primary c i r c u l a t i n g  s y s t e m  conta in ing  t h e  f u e l  and b l anke t  sal.ts 

are constructed of Has te l loy  M and. designed f o r  about 150 ps i  and 1200 

t o  7.300"F. These systems - c0nsi.stin.g of t h e  r eac to r ,  hea t  exchnngers, 

pumps, and connect ing salt  p ip ing  - a r e  a.11 housed i n  t h e  r e a c t o r  c e l l .  

This c e l l  volume i s  contained by a re inforced  concre te  s t r u c t u r e  l i n e d  

with. s teel .  p l a t e ;  beneath t h e  roof pl.ugs a r e  s e a l  pans w i t h  welded j o i n t s .  

Th. is  containment a s s ~ r e s  a c e l l  l e a k  rate below l$ of t h e  t o t a l  c e l l  

volume p e r  24 h r .  The r e a c t o r  c e l l  design pressuxe i s  adbout 45 p i g .  

The c e l l s  ad jo in ing  t h e  r e a c t o r  c e l l  conta in  t h e  b o i l e r - s ~ ~ e r h e a . t e r . s ,  

r ehea te r s ,  and c o o l a n t - s a l t  c i r c u l a t i n g  pumps. These c e l l s ,  which are 

ais0 designed f o r  a pressure of 8bout 45 ps ig ,  are of r e in fo rced  concre te  

a,nd are sea l ed  i n  t h e  same manner EIS t h e  r e a c t o r  c e l l .  Pr.esswe-siippres- 

s i o n  system a r e  provi-ded f o r  330th t h e  coolant  arid r e a c t o r  c e l l s .  These 

systems a r e  separate and independent and con ta in  vridergroumd wa,ter tank.s 

f o r  condensing steam. 
The arnrxmt of water  p re sen t  i n  t h e  r e a c t o r  ce l l .  p roper  w i l l  be s r n a l l ,  

probab1.y c o n s i s t i n g  mainly of  t h e  -water circu.la-t;ed through t h e  s h i e l d i n g  

and e q ~ i p r ~ e n t - s u p p o r t  cool ing  c o i l s .  The coolant-sa1.t  cel.ls, one for 
eazh of  t h e  sepa ra t e  coolant  c i r c u l a t i n g  c i r c u i t s ,  are no t  i n t e rcon-  

nected, and one c e l l  could not  c r e d i b l y  recei.ve mare than  one-fourth of 

the to t a l .  coolan t  sa l t .  However, it i s  conce i -nble  t h a t  a l l  t h e  approxi- 

rnate1.y I, 01)0,000 1.b of stearn and water inventory  i n  t h e  steampower sys- 

tern might flow i n t o  a s i n g l e  coolant  cel.1. The p r e s s u _ r e - s u ~ p ~ e s s i o n  

system i s  desigrled t o  l i m i t  i h e  c e l l  p re s su re  to 45 p s i  i n  such a n  a c c i -  

dent .  

The r e a c t o r  and c o o l a n t - s a l t  c e l l s  and t h e  fuel.-processing cell are 

l o c s t e d  i n  a b u i l d i n g  with a conkr-olled v-en t i la t ion  system. 

adsorp t ion  and filtration equ5.pment a r e  provided. 

The usual 

3.11 P lan t  Construct ion Costs 

The methods a n d  assumptions used in estimt5.ng t h e  MSBR c o s t  conform 

to those used i n  t h e  advanced.-converter r e a c t o r  s t u d i e s  ; ' p a r t i c u l a r  
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r e fe rence  w a s  made -to the Sodium Graphi te  Reactor, s i n c e  i t s  c i r c u l a t i n g  

systems were similar t o  those  of t h e  NSBK. 

The cons t ruc t ion  c o s t  estima.tes of the re ference  MSBR desigr! a r e  

l i s t e d  i n  Table 3.19 i n  conformance w i t h  t h e  AEC Cos-t Giii.de. l1 

r e c t  cons t ruc t ion  cos'is t o t a l l e d  about $80.7 rni.llion, and t o  t h i s  must 

be  added t h e  iiidi.rect c o s t s  f o r  engineer ing,  cont ingencies ,  e- tc .  't'hese 

i n d i r e c t  costs, l i s t e d  i n  Table 3.20, correspond 'io about  42.$ or^ t h e  

d i r e c t  const-ruetion costs and gi.ve . t o t a l  bEHR p l a n t  cons'iniction cos-Ls 

of about $114 m i l l i o n .  The ex i s t ence  of an e s t ab l i shed  mol ten-sa l t  r e -  

a c t o r  i ndus t ry  was assumed i n  e s t ima t ing  cos t s  covering ma-ter ia ls ,  W o -  

r i c a t i o n ,  inspec t ion ,  t r a n s p o r t a t i o n ,  i n s t a l l a t i o n ,  aj2d t e s t i n g  rn 

The d i -  

Addi t iona l  information concerning t h e  c o s t  es t imates  f o r  -the vari- 

ous accounts a r c  given below. I n  o'utaiiling t h e  t u r b i n e  p l a n t  cos ts ,  t h e  

es t imates  used were inf luenced by- t h e  a c t u a l  c o s t s  zxpeyienced i n  the  

'TVA Bull Run Steam P lan t  (completed aboiit March 1966). 

Land and Land-Rights (Acct.  --__ 201. An investment o f  $363,000 w a s  as- 

s u e d  f o r  land .  This i s  -the same cosi; t h a t  has been allowed i n  o the r  r e -  

a c t o r  s t u d i e s .  As is customary, t h e  land was t r e a t e d  as a nondepreciat ing 

capri.ta1 c o s t  and w a s  s u b j e c t  t o  a lower f ixed  charge rake,  as i nd ica t ed  

i n  Table 3.1.9. 

S'Gructures and Tmpi-ovements - (Acct . 21)  . The pre l iminary  charac-ter. 

of "Lie K33R s tudy  d id  n o t  waxrant ex tens ive  opt imiza t ion  cf t;he p l a n t  

l ayou t .  

were incorporated i n  t h e  € S B R  drawings. 

The turbine-room f l o o r  dimensions of  the TVA Bu7.1. Run plan-l; 

The r e a c t o r  p l a n t  p o r t i o n  of t h e  bui.ldi.ng w a s  consi.der.ed in.  'LWO 

p a r t s .  

s i v e  s t r u c t u r e s  w a s  es t imated a-L $1.30 pe:r cubic  f o o t  of b u i l d i n g  vo1u:nle. 

The upper high-bay- porkiun was costed a t  $0.80/f t3 .  

inc lude  -the containment, shiel.di.ng, and overhead cranes,  a l l  of which 

a r e  included i n  separa-Le accounts .  

'Yne portion p a r L i a l . 1 ~  below grade and conta in ing  t h e  more nas- 

These c o s t s  do  not  

'r'ne to'ia-3.. es t imated d i r e c t  cons t ruc t ion  c o s t  of $9.3 mi l l i on  f o r  

bu i ld ings  and s t r u c t u r e s  appears  t o  be typical .  of lOOO-M,f(  e )  nuc lear  

power s t a h i o n s  . 
Reactor Equipment (Acct.  221.). The MSRR r e a c t o r  v e s s e l  i s  about; 

14  f t  i n  i n s i d e  diameter and 19  f t  h igh  w i b h  t o r o s p h e r i c a l  heads; the 



99 

l'sble 3.19. Cost Estiinetc f o r  bSBI? Power Station 

A C C C J l J l I t  h o u n t  It em 
KO. ( i n  thonsands of do l1s r s  ) 

20 L,and. a r id  Lmd R.fghtsp 

21. S t.r ;IC i, u_r e s m d  1ro.pPvov ernent 3 

211 Ground in!pr.ovcnantn 866 
.1 F.eac-t;or b11ild-iit.g~ 4,I.til. 
.2 Turbine building, 3.uxl.l.iary 1~11i.I.diiig~ and feedwater 2, K j 2  

.3 Orfices, sho38, and 1.ako~:zi;Ories I., 1.60 

.4 Waste disposal 'mjil.ding 150 

.5 S t z k  7 6 

.6 Wa.Jars'no1.lse 4 0 

.? Mi scellmxmus 30 

h e a t e r  space 

l o t e l  iiccol.mt 212 8,467 

22 
9,335 

1,61.0 

1,2C0 
1,089 

250 
2 113 

26.5 
~ - -  

6,527 

5 ,054 
I., 6'73 
1,9A7 

3,123 
6,530 

?(IO 
_I 

18,332 

1,700 
L59 

4,500 

' i o t d  b x o u f i t  227 

228 Sienm, condensete, a i d  feedwater piping 

4,051 

4,069 

"InclLiuded in i n d i r e c t  c o s t s  and in tota.1~ plant c o s t .  

' ~ o e s  n o t  inc1u.de cont,ainment cost; see account 2 ~ ~ ~ 3  ~ 

Land i s  c l a s s i f i e d  zs a nondepreciating 
cagj-tnl~ expiise in es t ina t log  fixed charges. 
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.1 Crniies ar.d hoists 

.2 S 2 e c i n l  tools 

.3 De contaminat ion  f ac j . l i  t i e e  

.4 7eFlacernent eo_uipment 

23 l'ii-,-bine-G:-ncrstor Units 

231 
232 
233 
23 L 

23 5 
216 
237 
23s 

5 ,  033 

1 5 ,  i29 

U J ,  174 
1,243 
',690 

60 
25 
22'3 
66 
25 

Toxl Accourt 23 
L r ,  , Access o r j r  );1 e c t r L  ci . 1 ~  ;'qi,ipment 

241 Swi;cnsezr, inair. a:ld sl;si;ian s e rv i cc  
242 Sui tchbosrds  
213 S t a t i o n  se rv i ce  t rxs forn iers  
21,4 A u x i l i a r y  Senerator 
215 X s t r l b u t t d  i t e m s  

22,523 

25 :>l: s c el- laneous 

Tcta:. k c o u n t  2& 2,897 

e00 

'r'otal D i r e c t  Cons;ructio:i Cos t  

? r ivs te ly  CwClfd i h n t  

T o t a l  lnciirect  costs (see Table 3.2C) 

PO tal- plant ccs t" 

Less nonde>rec ia t ing  czp l t ? l  

Land 
Coolan;- s r l t  Lmcritory 

m 7 6 a 4  

33,728 

114, /,l2 

Total Deprecia . t in;  "p i ta1  

W d i c l y  33;med Plan-'; 

T o t a l  iydirezt c o s t s  ( s e e  Table 3.11) 

Total. plant cost' 

Less noncdeprecistin; capitel 

Lend 
2oo;ir.t-salt invento iy  

113,698 

360 
3 5.: 

Total 2eFrec in t in .g  Zapi2r . l  10'9 ,9 81 

' ~ n c l r d e s   xi an3 coolant-sa,lr. in:.entory c o s t s .  
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Table 3.20. D i s t r i b u t i o n  of I n d i r e c t  Costss" 

I tem 

1n.d. i r e c t 

AeclunulatPd ( i n  tliousands i n  tiiousands 

Accwriulated Percentage of  

T o t a l  

cost  Total. 

of d o l l a r s )  of d .o l l a r s )  

U i r e  c t cons t rue  t ion  cost, 

General  arid adir i inis t ra t ive 

Miscellaneous cons t ruc t ion  

Arch i t e  et - engineer  fees 

Nuclear- engineer ing f e e s  

S t a r t u p  cos t sb  

Iand 

Coolant - s a l t  inventory  
Contingency 

I n t e r e s t  - p r i v a t e  f inanc ing  

T o t a l  i n d i r e c t  c o s t s  
( p r i m b e  f inanc ing )  

I n t e r e s t  - p u b l i c  firiancing 

6 

1 

5 

2 

0.7 

10 

10.8 

7.2 

4,841 

85 5 

4 , 319 
1,814 

646 

360 

354 

9,387 

33,728 

ll., 152 -- 

7,435 

80 , 684 

85,525 

86 , 380 
90,699 

92,513 

93,159 

93,519 

93 , 873 
103,260 

U4,4t12 

110,695 

T o t a l  i n d i r e c t  costs 30,011 
(p.bl . ic f i n - a n c b g )  

a I n d i r e c t  c o s t s  fol low those used i n  t h e  advanced conver te r  r e a c t o r  
s tu .dies  . 

bStar-tup c o s t s  a r e  based on 35$ o f  f i r s t  year's nonfuel  ope ra t ing  
and maintenance c o s t s .  

v e s s e l  walls a r e  about  1.5 i n .  t h i c k  and  t h e  heads about 2.25 i n .  Based 

Or1 f a b r i c a t i o n  experience w i t h  similar v e s s e l s  and maberials ,  $8.OO/lb 

w;5s used t o  cover the ins ta l - led  c o s t  of t h e  vessel., supports ,  e t c .  

There are 534 Ib , s te l loy  N tubes  1 . 5  i n .  i n  diameter. and. 18 i n .  
long, and a l i k e  number of tubes 3 in. i n  diameter  and 18 i n .  l o n g .  

These were estimated t o  have an  in s t a l l ed .  c o s t  o€ $5~00/1.?3. 
of  b raz ing  t h e  g raph i t e  tubes t o  t h e s e  Hastelloy- N tubes  was es t imated  
at; roughly $lOO/b-rsaze , or  about $107 , 000. 

The cos t  

An a d d i t i o n a l  $393 , 000 was 
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al.lowed f'or s p e c i a l  inspec t ions ,  assembly of t h e  graph.j.te, r Lc ., t o  b r i n g  

t h e  t o t a l  c o s t  of t h e  v e s s e l  t o  abcut  $1 .6 m i l l i o n .  

'The c o n t r o l  rods f o r  t h e  MSBX do ilot employ expensive d r i v e  o r  scram 

mechani s m s  and were c o t  s tud ied  i.n de.Lai l  for Lhis p re l  irninazy r e p o r t .  

An al.J.owance of $25@,0CG was made foi-  t h e  r o d s .  

Reinforced concre te  for sh ie ld ing  a n d  containiiient was est imated t o  

cos t  $80/yd3, i.n p l ace .  

mated t o  cos t  $L.5C/l.b, i n  p l a c e .  

to have ar! i c s t a l l e d  cos t  of $6.Xl/-f't2. 

f o r  water cool ing  of  t h e  s t r u c t u r e s .  

The 0.25- t o  0 .5 . - in .  s t e e l .  l i n e r  p l a t ?  .wa,s e s t i -  

The thermal  i n s u l a t i o n  was considered 

An al.lowance cf $100,0CO T$ja.s made 

'The MSBII r e a c t o r  c e l l  r equ i r e s  h e a t h g ,  cooling, and a vapor-suppres- 

sioil  sys  bel11 t o  1 . i m i k  t he  p r e s s i r e  i n  an emergency condi-tion, b u t  con-. 

cep tua l  s t i id ies  of  t hese  s y s t e m  were not  undertaken. An allowance of 

$1.2 m i l l i o n  was made f o r  t h e s e  i tems.  

The g raph i t e  used as t h e  MSRR moderator must be o f  h igh  d e n s i t y  and 

h igh  q u a l i t y  and be c l o s e l y  inspec-Led. 

g r a p h i t e .  It i s  assumed t o  c o s t  $10/14, based on information Troa a manu- 

f a c t u r e r  and t h e  apparent  feas ib i l - i - ty  of ex t ruding  the requi red  shapes. 

'The r e f l e c t o r  g raph i t e  w a s  assimeci t o  be 6 i.n. t h i c k .  The c o s t  UP t h i s  

graphrite v:as est imated a t  $5/lb.  

Heat Transfer  -_-- Systems .. (Acct.  222) .  The c o s t s  of' t h e  shell-and.-tube 

About 767; of -tile core  volume i s  

hea t  exchangers were determined by breaking down each component f n t o  

weights of shel.l.s, tubes ,  c t c . ,  a-nd us ing  t y p i c a l  cos t s  for mate r i a l s  

and fabr i .ca t ion  t o  a r r i v e  ai; a t o t a l  estiiiiated cost, p e r  syu.are  f o o t  o f  

su r f ace .  These values  checked w e l l  w i th  cos Ls o f  s imi l a r  reeac-br p l a n t  

hea t  t r a n s f e r  equi-pment f o r  bo th  actual. equipment and f'or e s  birmtes used 

i n  o the r  s t u d i e s .  

The cos t  of  I ias te l loy  N p ip ing  ca r ry ing  molten sa1.ts was est imated 

at $lO/lb. 

'The c o s t s  o f  s a l t - c i r c u l a t i n g  pumps were estimated by ex-Lrapolating 

experience With e x i s t i n g  mol ten-sa l t  pumps and us ing  ccs-ts f o r  I.i.quid- 

metal. pwips . 2 6  'Ike c o s t s  were i-ncrcased 5$ -Lo inc1ude supports and by 

lo$ t o  ihc lude  i n s t a l l a t i c n  and t e s t i n g .  

The quan t i ty  of coolant salt requi red  for one fill.iiig of the circu- 

l a t i n g  system i s  about 2833 f t 3 .  A t  an estima.'ced cos t  of  $l . .OO/l ' i~ ,  t h e  
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coOlan t - sa~ . t  inventory  c o s t  is 3,boui; $354,000. 

t ype  of capi-Lal  expense and was t r e a t e d  5.n t h e  same rmmer as the land 

c o s t .  

'This i s  a nondep.reciating 

Nuclear Fuel  Iia~idl-ing and Storage (Acct . 223)  . No conceptual. design 
work w a s  done on t h e  M5BR j ? ~ ~ e l -  and blanliret-salt  d r a i n  t a n k s .  An a1-loTw- 

a x c e  of $1.7 in i l l ion  was made for t h e  e i g h t  tanks. 

Feedwater Supply and 'Treatment (Ace<;. 227) .  The est imated costs for 

t h e  makeup suppl-y, feedwater. purif  icstiori ,  and. feedwater pimps and. d r i v e s  

ai-e la rge ly  based on va lues  used. i n  o t h e r  ~ O O O - M W (  e )  r e a c t o r  p l a n t  s t u d i e s  

and on t h e  'TYA B u l l  IiUn Steam P l a n t  d a t a .  

A va lue  of $44/1b was used. f o r  t h e  e i g h t  Croloy reheat-s team p.1-e- 

h e a t e r s .  

i n  t h e  feedwater supply t o  t h e  FJol.l.e.~-su-~erheater were est imated a t  
$~t~/gpm capacit;y-. 

The var iable-speed d r i v e s  were a l so  based 0x1 u n j . t  c o s t s  of $10/hp. 

The two h igh-pressure  lGTJ-hesd 20, OOO-gpin pyessure-booster pumps 

' ~ ~ i e  motor costs were based oy? unit  ccsts of $1.0/h-p. 

Steam, Con.densate, and Feedwater Piping  (Acct . 228). 'The cos t  of 

condensate and feedwater piping f o r  t h e  315-Mw( e )  'iVA Bull. Rim P1.an-t i s  

r epor t ed  t o  be $3.62 rr&l.l.ion. On Ynis basis, t h e  p-ipkrig for  t h e  1.000- 

Fh(e) MSBX w a s  estirfia-bed t o  be $4.07 mill.ion. 

Other Reactor P l a n t  Equipment (Acct 229) . Maintenance of t h e  MIBR 
w i l l  probab1.y r e q u i r e  remotely control.led cranes and h i s  t s  and the use 

of s p e c i a l  t oo l ing  and. rermte-brazing a,nd -welding equipment. Decontami- 

nation. and hot  s to rage  f a c i l i t i e s  a r e  needed. No conceptual  designs were 
made f o r  t h i s  equipment. The costs l i s t e d  correspond t o  juclgments, w l th  

estimates tending  t o  be h igh  due t o  l ack  of design d a t a  and of na in t e -  

naxice experience.  

%ne MSRR m.intenance procedures  w i l l  involve rep1.acement and s u - b e -  

q w n t  r e p a i r  ra-b'ner than in -p lace  r e p a i r  of i tems such as sal t  pwnps and 

pr imary h e a t  exchangers. This w i l l  e n t a i l  an inventory  of replacemnerh 

equipment, an  expense that could be jnterpreted as part  of t h e  i n - i t M L  

c a p i t a l  investment r a t h e r  than  as an ope ra t ing  expense An allowance of 

$2 m i l l i o n  wa.s made for t'nis repl.acement eqwiprent . 
Turisine-Generator Units  (Acet a 231) .  The t u rb ine -gene ra to r  founds- 

t i o n s  were estim8,teed a t  $3'70,000, a more or l e s s  s tandard  allowarice for 

1.0OO-Mw( e )  s t a t i o n  s t u d i e s .  E rec t ion  costs were taken  t o  be $/(IO, 000, 
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aga in  a s tandard valiie. T’ne cos t  o f  a cross-compounded fcw-fl .ow tu rb ine -  

ge-nerator unit w i L h  Lt3-in. l a s t - s t a g e  b lades  was based on General EJ.ectric 

Company p r i c i n g  da ta ,  w i th  a 78% discount  fac‘ior appl ied  Lo t h e  book value. 

The e x c i t a t i o n  equ-i.pment was assumed t o  be  of  t h e  b rush le s s  .Lype, wi th  

no p:,li,ovisions f o r  standby e x c i t a t i o n .  

Circulating-Water I S~s’iem (Acct ..-.. . 2321. ‘The est imated c o s t  o f  about 

$1.24. m i l l i o n  f o r  t h e  ci.rcul_ating-water equipment was taken from the  SGR 

c o s t  e s t ima tc .9J”0  

t h e  c i rcu l -a - t ing-wa~er  i n s t a l l a t i o n s  i.nc1ud.e prov-isri ons f o r  f u t u r e  p l a n t  

expam ion .  

The ‘TVA Bull Run cos t  d a t a  were n o t  app l i cab le  because 

-..- Condensers and Ai ix i l ia r jes  (Acct. 233). ‘The toLa l  c o s t  of t h e  four- 

s e c t i o n  h o r i z o n t a l  s ing le-pass  320, 000-f t2  u n i t s  f o r  t h e  915-Mw( e )  TVA 

Bu l l  R m  Plan t  was $1.3 mi l l i on .  

f o r  t h e  PERH. 

also ext rapola ted  from Lhe TVA da ta .  

This was ex t r apc la t cd  t o  $1.5 i-:tillion 

The $190,000 allowance f o r  t h e  €GBR condensate pump was 

Cen t ra l  Lubc-Oil System (Acct. 23u. _I._ An allowance of $80,000 was 

made f o r  ’chlis account on t h e  b a s i s  o f  T’VA  COS^ information.  

Turbine P lan t  Instrumentat ion ._.. (Acct . 23.5). This  accoun’i covers tur- 

b ine  p l a n t  c o n t r o l  boards and instruments  not  included wi th  khe steam 

piping ( R c c t  . 228) and ins t rumenta t ion  (Acct . 226).  
$25,000 was made on t h e  basis of  t h e  SGR r ~ t i m a t e . ~ ~ ’ ~  

data were not  avai1abll.e i n  a form such t h a t  t h i s  account could be ex- 

t r a c t e d  convenient ly .  ) 

An allowance o f  

(The TVA Rul.1 Run 

Turbine P lan t  Piptng (Acct.  236) .  The TVA 811.1.1 R u n  Plant repor ted  

c o s t  of $160,000 w a s  ex t r apo la t ed  t o  t h e  1000-W(e)  p l a n t  s i z e ;  i n  addi-  

t i o n ,  $12,000 was added f o r  t h e  prchea ter ,  booster-pump, e t c . ,  .bo make a 

t o t a l  of $220,000 f o r  t h i s  account .  

Aux i l i a ry  Equipment f o r  Generator ... (Acct . 237).  Although tlie e s t i -  

mated c o s t  of t h e  t w b l n e - g e n e r a t o r  u n i t  i s  presumed t o  inc lude  t h e  
a u x i l i a r y  equipiflent, t h e  pre l iminary  na tu re  of the es t ima te  l e d  t o  i n -  

c l u s i o n  of $66,000 f o r  miscel laneous equipment and u n c e r t a i n t i e s .  

Other Turbine P lan t  Equipment (Acct.  238) . This miscellaneous ac-  

count i s  of l i t t l e  s ign i . f icance  i n  t h e  t o t a l  cos t ,  and o the r  reac-Lor 
p l a n t  s t u d i e s  ha.ve not  always included it. On t h e  basis of  TV?4 experi-  

ence, however, $25,000 has been i.ilcluded i n  t h e  MSBR es t imate .  
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Accessorj-  E l e c t r i c a l  Equipment (Ace-ts. 241-245). This account  

covers t h e  c o s t  o f  hund.reds of e l e c t r i c a l  itemy, such as motor s - t a r t e r ( -  * J  

e tc . ,  s c a t t e r e d  throughout t h e  p l an t ,  and amounts t o  a s i g n i f i c a n t  por- 
t i o n  of t h e  t o t a l  p l a n t  investment%. 

for tjle t o t a l  of accounts  242 through 245 is t h e  same as t h a t  used. i n  

t h e  SGR Account 241, which covers b o t h  main and. s t a t i o n  ser- 
v i c e  switchgear ,  w a s  reduced below t h e  SGX e s t ima te  because t h e  MSBR ha.s 

smnal-ler punip motors, u t i l i z e s  turb ine-dr iven  boi le r - feedwater  p u r ~ s ,  and 

does no t  r e q u i r e  la-rge motor-driven pimps f o r  em-ergency cool ing  of t h e  

type needed in t h e  SGR. 

Accoimt 24 i s  only s l i g h t l y  less tliaii t h e  t o t a l  o f  $3.0 m i l l i o n  used. f o r  

t h e  SGR. 

The e s t ima te  of about  $2.35 in i l l i on  

However, t h e  to.ta.1 of about $2.9 m i l l i o n  f o r  

I n d i r e c t  Costs.  The i n d i r e c t  cos ts ,  which amo1m.b -f;o about 41s of 

t h e  t o t a l  d i r e c t  constr-uct ion cost, have a very  important bea r ing  on t h e  

t o t a l .  c a p i t a l  c o s t  and t h e  f i r i a l  productiori  expense. The i n d i r e c t  c o s t s  

f o r  t h e  NSXR fo l low those  used i n  t h e  ad.va~riced-conver,t;eY' study' and a r e  

l.is%ed i n  Table 3.20. 

t i v e  of  p re sen t  p r a c t i c e  than  those  suggested i n  t h e  AEC c o s t  evali-mtion 

handbook. Each percentage expense i s  app l i ed  t o  the accumulated c o s t  

t o t a l  preceding t h e  p a r t i c u l a r  i tem.  

The percentages used appear  t o  be nore representa-  

The l and  and c o o l a n t - s a l t  inventory  costs a r e  included i n  t h e  i n -  
d i r e c t  cos t s  s o  t h a t  the contingency and i n t e r e s t  cosks r e f l e c t  t h e s e  

expenses. However, t h e  land  ami c o o l a n t - s a l t  c o s t s  a r e  d-edueted from 

tine t o t a l  pl_ant c o s t  t o  o b t a i n  t h e  dep rec i a t ing  c s p i t a l  ou t l ay .  

3.12 Power-Production Cost  

Power c o s t s  a r e  made up of  ca,pi.tal. charges,  o p e r a t h g  and n:aiute- 

nance cos t s ,  and fue l - cyc le  c o s t s .  I n  computing c a p i t a l  charges,  an  

important q u a n t i t y  i s  t h e  f i x e d  charge r a t e .  For an investor-o-met3 MSBR 

p la .n t ,  a f ixed  charge r a t e  of l 2 $ / p  was app l i ed  t o  d e p e c i a t i n g  c a p i t a l ,  

whi le  lO$/yi* was app l i ed  t o  nondepreciat ing c a p i t a l .  
rates are the same as those used i n  the ad.vanced-conver.t;er r e a c t o r  

s t u d i e s ;  t h e  d i s t r i b u t i o n  of t h e  charge ra te  f o r  dep rec i a t ing  c a p i t a l  

i s  given i n  %'able 3.21. 

These f i x e d  charge 
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Table 3.21. Fixed Charge Rate Used for 
Investor-Gwned Power Plan t s  

Tterfl 

Heiurn on money invested" 6 
Thi r iy -yea r  deprec ia t ionb  1.25 

Insurance o the r  than l i a b i l i  Ly f 

Lnterim replacementsc 0.35 
Federa l  income taxesd  1- .80 
Other taxese  2.40 

0.20 

Total 12.0 

a Return w a s  based on one- th i rd  e q u i t y  c a p i t a l  
f inancing,  w i th  a re- turn o f  9s a f t e r  taxes ,  and 
two-khirdk debt  capita.1 drawing 4.5s i n k e r e s t .  

bThe sinking-fund method was used i n  de t e r -  
mining tile depreciat i -on aI..l.owance ( p l a n t  I . i fe  of 
30 years  assumed). 

allo+rance w a s  made f o r  replacement of equipment 
having an a n t i c i p a t e d  l i f e  s h o r t e r  th.ar_ 30 yea r s .  

dFedera l  income taxes  were based on "sum--of- 
the-year  d i g i t s "  method of computing tax defer -  
ra ls .  The s lnk ing - fmd  method isas used t c  nor- 
malize t h i s  to a coiistan'i r e t u r n  p e r  year  of  1.8s. 

Tor 1 9  

for prope r ty  damage insurance .  Thi rd-par ty  
l i a b i l i t y  insurance i s  l i s t e d  as an opera.Ling 
c o s t .  

C -  I n  accordance wi th  FPC prac'Ltce, a 0.35% 

e The FPC reconrfleaded va lue  of  2.4$ was used 
o the r  taxes. " 

'A convent ional  allowance of 0.2C$ was made 

For p u b l i c l y  owned p l a n t s ,  t h e  fj.xed charge r a t e  ernpi-oyed was 7$/yr 

f o r  dep rec i a t ing  c a p i t a l ;  t h e  d i s t r i b u t i o n  of this charge r a t e  i s  griven 

i n  Table 3.22.  For nondepreciat ing capi-tal .  the charee r a t e  was 5$/yr. 

The opera t ion  and mai.ntena;nce charges a r e  given i.n Table 3.23 and 
9 a r e  clonsisten.t wi th  those  used f o r  t h e  advanced-converter s t u d i e s  J 

however, t h e  staff  payi-01-1 cos t s  were increased  by 35$, si-ncc pre l iminary  

informa.Lion regard ing  the proposed rev;-sion bo Sect ion  530 o f  ' ihe AEC 

Cost Guide" i n d i c a t e s  that such an inc rease  i s  requ-i-red Lo be c o n s k t e n t  
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Table 3.22. Fixed Charge Bate Used. for 
Pub1icl.y Omed Power Plarits 

It em 

Return on money invested 4.00 
Thirty-year depreciation 1.75 
Interim replacement 0.35 
Local taxes pl.us insurance 0.90 

Total  7.00 

Table 3.23 Operation and J!k,irtteriar?ce Costs f o r  
a I - O O O - M ~  e ) MSBR" 

. Annual Cost It em 

Opera t i.ng 

Total payroll, 70 employees with 20$ 
f o r  fringe benefit:; arid. 20$ f o r  
general  and administrakive expense 

Private  insurance 
F e d e r a l  i n s i r a r x e ,  at $30/M( t h )  

Maint enemc e 

Repair arid maintenance mater ia ls  
Mafieup coolant sa .~.~,b ( 28 replacerrlent 

Contra ct s e rv i  c e 8 

per year) 

$ 900,000 

1,065, 000 
7,000 

'72,000 

Total operating cost; 

IJnit  cost, mill/kwhr(e), 0.8  load 
f a c t o r  

$2> 37 I., 000 

0.34 

?be opera t ing  a.nd mnaintenaiice costs  as soc ia t  ed. 
wi th  t h e  firel--recjrcle processing p l a . n t  a r e  ?ncI.uded i n  
t h e  fuel- cyc1.e c o s t s  a 

c u i t s  i s  included under fuel-cycle costs 
Makeup ca r r i e r  sa l t  f o r  t h e  reactor. sa l t  c i r -  b 



wi lih present-day s a l a r i e s .  

with t h e  fue l -process ing  p l a n t  could a l s o  be incl.uded here  but, ihstead,  

a r e  included under fue l - cyc le  c o s t  s o  t h a t  t h e  l a t t e r  can be more d i -  

r e c t l y  conipared wi.Lli t h e  fuel-cyc1.e c o s t s  of  reactor plants employing 

of f -plant fuel.  f abr ica- t  i o n  and process ing  

The opera t ion  and maintenance c o s t s  a s soc ia t ed  

Combining t h e  c a p i t a l  cos t s ,  opera t ion  and maintenance cos t s ,  and 

t h e  fue l - cyc le  cos t s  gave the power-productioil cos t s  smmarized i n  Tablc 

3.24 f o r  inves.Lor-o~n-iled and public1.y owned u t i l i l i i e s  . 
power-production cos t  would be about 2.75 mil.ls/kwhr( e )  i n  a n  5.nvestor- 

owned p l a n t  and about 1.73 mi l l s /kqhr (e )  in a p u b l i c l y  o%mcd p l a n t .  

A s  sho-m, t h e  

I n  a u t i l i . t y  system compl.ex, t h e  incremental  cos t  between zero-powey 

and full-poi.rer ope ra t ion  infl .uences .bile 1 oad fac- tor  of  an i n d i v i d u a l  

plant. 

w:i.th o the r  cosks t h a t  are independent o f  power l e v e l .  A s  shown, 'Ghe 

This incremental  cost f o r  t h e  MSBR i s  shown i n  Table 3.25, a long 

Pr iva-; e - 3.m c r :: h i p  c Lng -.... 
~. . i.xeci chai-ges 

Deprec ia t ing  c a p i t a l  2-12, 'jt.~i:; 2-2 13,644 
Xor.6epreciatir.g capiLa-1 7 11, 10 71 

(la.-nd PILS cool ant-salt 
izivent ory ) 

Operazior. and ma;.r<enance costs 

>'?;el- c y c l e  c o s t  

2: 371 
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Table 3.25. MXBK Power Cost Breakdom intcJ Fixed 
and Incremental Costs 

Annual f ixed  charges, $/lwyr 
Fixed operating cosf;s, mill/kwhr(e) 

16.2 9.04 
0.33 0 .3 '3 

T o t a l  f ixed power cost;, d mil l s /k i , q l i r (  e )  2.70 1.68 
Increiiiental power cost ,  e i x i l ~ / ~ w ~ ~ r (  e )  0.05 0.05 

Total. power-production cost, r~Ll.ls/kw~hr( e )  2.75 1.73 
- 

&12$/yr f ixed  charges on r eac to r  plant;, iiic1tldiiig process- 

%$/yr fixed. charges on r eac to r  plus processing p l an t ;  

ing  p l an t ;  10$/y-r inventory charges for noiidepreciating items. 

5$/yr inventory charges f o r  nondepreclating i t e r a .  
mized f o r  changed conditions.  

t h e  processing plant. 

Not opti- 

C Includes 0.06 rnil.l/kwhr( e) f o r  f i x e d  operating cost  of 

dBased on 0.8  load f a c t o r .  
e. 1ncrern.ental c o s t  i n  going from zero- to RIl.1-power opera- 

tion (0.8 I.oad f a c t o r )  ; inc ludes  incremental- fuel-cycle cos t  
arid incremental operating costs. 

incremental cos t  between operation a t  zero power and. a t  full power i s  

only 0.05 mill/hvhr ( e ) and would provide a high irieentive f o r  operating 

wi th  a, high p lan t  f a c t o r .  Since t h e  reactor has "on-line" reflueling, 

t he re  i s  no basic reason why t h e  pl-ant tias t o  be shut ~ O W ~ I .  except f o r  

maintenance; operation wi.t;h a, 0.9 load f a c t o r  wou1.d decrease BEBR power 

costs t o  2.49 mills/kwhr(e) f o r  investor-owned plants arid t o  1.59 

r n i . ~ s / ~ ~ ~ ~ r (  e )  f o r  pu'0licl.y owned p l a n t s  . 
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A s  a p a r t  cf t h i s  study, v a r i o u s  e l t e r n a t l v z  conditiioiis weye con- 

s i d z r e d  Tor t ho  i.niti.aL f E R R  d e s i g n  i n  o r d z r  to ioipivge t h e  plant and t o  

r:za,sure t h e  incent i -ve  f o r  a c h i w i n g  sach coridi ms. One of  the more 

irnpo-tant c o n d i t i o n s  i.s t h e  abi  I . i t y .  t o  economj.cs1.ly remove p-ot3,cJciiiii_?m 

dtrectly from tile b la i lke t  stream of t h e  reactor. Another dzcirsb1.e con- 

d i t i o n  i s  t h a t  of i n t r o d u c i n g  feedwater  in'io kilo boil nr-super5eaters at 

580'5 rat 'ner than  7110°F. 

3.11.1. ti.i::es i~s a l s o  o f  Lrripcr'carice. '-'hese i'iems as  wel l  as others, cire 

d i  s c us s ed b e l  ow. 

?he a b i l i t y  bo maintain 2. high p l a n t  f a c t o r  a t  

4.1. Frot:ac'iinum Rzmov87- Pro;i B1 a n k e t  Stream ....... .. . _.. .- 

EJen tl-iough f l i i o r i d e  vel-atility p r o c e s s i n g  appears t o  be 2 s a , t i  sfac- 

Lory proc^-s:: for remova.1 of u.ra,nium, the a b i l i t y -  to remove 233Pa di -ccec-t;l.y 

and zconc;mical.l.y f 'roa t h e  b l a n k e t  r e g i o n  of a,n MSW, W O U ~  d. sig1ii.f i - c e n t l y  

improv-e t h e  performance of t h =  reac'cor . One possi.bl.e p r o c e s s  i n v o l v e s  

oxid-  p r e c i p i t a t i o n  of pro.i;i'Li:tiiiiwn. 

have demonstrated tha t  pr 'otac t i n i u m  c a n  b e  i -eadi ly  p r e c i p i t a t e d  from a, 

molten f l u o r i d e  r ixLurc  by addi- t ion of thcri.um oxide  and -tli2t t h e  pr.ci-pi- 

t a t c  can be r e tu rned  to sol.u.tion by trea;hen'i  w i b h  ILF. Experimental  re- 

s u l k s  a l s o  i n d i c a t e  tha t  t r e a t m e n t  o f  protactiniwn-contain in^ sa1.t wi.th 

Z r 0 2  l e a d s  t o  O X ? . ~ P  preci.p-i.ta.tion o f  the p-otsc-iiniurri  and that a f t e r  b e t a  

dccay o f  -the p r o t a c t i n i u m ,  t h e  r E s u l t i f i g  rJ02 wil-1~ r e s e t  wi~th ZrFo tc giv-. 

Several .  l.a,loora.tory e x p e r i m e n t s 2 7 ~  28 

W'4 * 

More r e c e n t  e x p e r i n e n t a l  resulr.ts ha,ve i n d i c a t e d  another me.thod i'or 

rernovins protactj.ni-inrn d i r e c t l y  frorr t h e  b l a n k e t  f.1uj.d. Thj.s involves  

t r e a t i n g  the mol ten  blanket salt w i t h  a stream of bisciuth con'ia,iliing di.s-- 

solved thorium ne-i;al_. 'The thorium reduces the pro-Lac-L iL i iLun  (and also any 

urani ~ i m )  t o  m e t a l ,  which can t?ien be accumrlated on e. s t a i n l e s s - s t e e l . -  

Wool f j-l-ter. 

n a t e d  t o  re tu- rn  t h e  pro~l;acl;iriiwa (and ,9..ny ura.n~.um) to the fuel-r-cyclc 

Frocess  2s t h e  f l.uorS.de. Thus t h e r e  i s  exp,er ine; i td  evi-dence t h a t  simple 

processes a r z  a v c i l n b l  :~: €0-c d i r e c t  renova1 of G r o t a , c t i n i u r n  f-ron t h e  b l a n k e t  

The d e p o s i t e d  m e t a l  can b e  hydrofl .uori~na.ted e.nd/or fluori- 



si;reu.m of an X5BR. Practicable a p g l i c a t i o n  of  such processes would d.e- 

crease abso:rptions o-P neutrons by  protactinium t o  a, n e g l i g i b l y  low l e v e l  

a n d  a l s o  remove econornj.c r e s t r i c t i o n s  as t o  t'ne permiss ib le  average neu- 

t r o n  f l u x  i n  t h e  cj.i.cu.ls.tri.nff-bla.nke-t -volume (reia:ted t o  tiioriLim <.mentory  

needs ) . 
'The mechanical desl'Lgn of t h e  MSBR with p r o t a c t i n i  im removal would. 

be e s s e n t i a l l y  Lhe same as t h a t  Siven prevlous ly ,  and. .Lhe p ' i m a . r y  change 
would be i.n t h e  nuc lear  des ign  and fue l - cyc le  perforrmnce.  The r e s u l t i n g  

r cac to r  p l a n t  i s  termed t h e  ~EBR(PL)  and r e f e r s  t o  t h e  i n i t i a l .  MSlB design 

modif ied f o r  protact inium reaovsl f r c j n i  t h e  b l anke t  s t ream. 

E i t h e in t h F oxide - pr  e c ri. p i. t at, i on  p roc e s s or t h e  1 i quid -metal. ext  L" a,c t i on 
p-rocess appears l feas ib le  <as a, rnet'nod of removing protactS.ni.wri f rom the 

b.l.anket s t r e m i .  It was es%ima-tr-:il t,hat, f o r  e j ~ t h e r  process  t h e  b lanket -  

piboccssing cos t s  wo!il.d be equiva len t  to those associa,ted wi th  uranium re -  

covery by fl.uorj.de volatil.?'.ty process ing  p1u.s an  a,dditl  ona,l c a p i t a l  in-  
vestment for equiprmiit . Thri s zdd.i . t i  ona,l. investment va,rries wi.th t h e  

'al. anke t - p r  oc e 8 s i ng  ra t  e as s oc i a t  e d wi t,h prot ?,e t i n i  LUII r e  c o v ery and i. s e s ti - 
mated t o  be about $1.65 m i l l i o n  a t  a b l a n k e t - s a l t  process!~ng r a t e  of 1000 

f t 3  pe r  da,y; for other pocess i f lg  yatc?s t h e  c a p i t a l  inves.tment ris e s t i -  

mated to vary  i n  accordance wi th  t h e  thrcughpu-t r a t e  r a i s e d  t o  t h e  0.L5 

power . 
The SRIIIE des ign  me-Lhods used f o r  t h e  J!+EBR were employed i n  ob.La.ining 

t h e  :JT,';SR(Pa,) des ign  condi t ions ,  except that t h e  bla,nket-processirig method 

and  costs were al~keretl in accordadnee with t h e  above d i scuss ion .  'The re- 

su lk ing  IGBE(IJa,) design condi t ions  x e e  given i n  Table 4.1.. 

The r e s u l t s  of  t h e  MSBH(Pa) nuc lear  perforniance calcu.ladtions ar2 

summarized in Table 4.2, while  Talble 4 " 3  gives  t h e  neutron bdm-ce f o r  
the a s s o c i a t e d  design conili t ions . These resiults ca,n be cornpsred J?rlt;h 

t h o s e  i n  Tables 3.7 and 3.8 t o  g ive  the r e l a t i v e  nuclear  perforriiance of 

the PEER(Ps) ver sus  t h e  MSBR. 

neutron alxorpti-ons by pro tac t in ium and t h e  lower tho-r?um inventory  for 

tile MSBX(Pa) d.er;ign condi.tj.ons. 

The essnntia.1. d i f f e r e n c e s  a r e  t h e  deere:;i,sed 

I n  o732;ainin.p; t h e  r e a e h r  design c u r d i t i o n s  t h e  opt imiza t ion  pro- 

eed.ixre considered both f u e l  yield a n d  fuel-cycle cos-t; as crite:r .a of 
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fab le  4.1.. MSBK(Pa) Desigri Condi t iom 

?ow er , bl.?~ 

‘The rmal- 
i l . ec  t r i e d  

‘Thernal e f f i c i e n c y  

PlanI; l oad  factor 

Dimens ions, f‘c 

Core 
Height 
Ijiarne Ler 

E a a i s l  
kxi al 

Re f l e  c -L oi’ t‘n i c h1 e s s 

TVol ime f r 3 c t i o n s  

Elanke t t h i c h e s s  

c 01- e 
Fuel  s e l t  
I l ’zr t i~le  s a l t  
Itlo d er at o 1- 

F e r t i l e  sa l t  
BLenke’G 

S a l t  volm-.s,  f t 3  

F u e l  
Core 
Bla,nket 
PI ena 
Hest exchanger and p ip ing  
PI- o c e s s ing 

‘Total 
F e r t i l e  

Core 
Blanket  
Heat exchanger a.nd p ip ing  
Processing 

222 5 
1000 

0.45 

0 .8C 

12.5  
1.0.0 

1.5 
2.0 
C .25 

3,169 
0.0735 
0.7575 

1.0 

166 
26 
U? 
3it5 

33 

7 17 
__ 

72 
1121 
100 

24 

To ‘id 

salt compositions,  mole % 
Fuel  

LiF 
BeY2 
~ 1 7 4  ( f i s s i l e )  

131 7 

63.6 
36.2  
0.22 
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Table 4 .  I (continued ) 

S a l t  compositions, mole $ (cont inued)  

Fer t i 1. e 
LiE' 
BeF2 
ThF4 
U F ~  ( f i  s s i l e  ) 

Core atom r a t i o s  

'Ilhoriurn t o  urani-urn 
Ca.rbon t o  uranium- 

F i s s 3.1. e inv en t ory , kg 
F e r t i l e  inventory,  1000 kg 

Processing . 
Eyuival e n t  cyc le  time, days 

Uranium remova,l process 
1"r. o t  ac t inium r emoval 
process  

Equivalen-t :rate, f t 3  per  da,y 
TJraniwn rerno-val. process 
Protact inium removal. 

process 

unit processing cost ,  $/ft3 

71. .0 
2.0 
27 .O 
0.0005 

4 l .  7 
5800 

6 81 

101 

Fuel streasn F e r t i l e  stream 

42 
None 

16.3 
None 

55 
0.55 

23.5 
2350 

1-9 0 65" 
a Equivalent u n i t  processing c o s t  based on recovery of  i . i m -  

niw-n by t h e  f l o u r i d e  vola,ti.l.:i.ty process a,nd protactinium concen- 
t ra tTon i n  accoidance with protact inium rejtloval. r a t e ,  which gives 
t h e  same processing cost as that assoc ia ted  with d i r e c t  p ro tsc-  
binium removal from f e r t i l e  stream. 1. 

perfoima.n.ce. Although most emphasis was given t o  ob ta in ing  a l o w  Yuel- 

cyc le  c o s t ,  a, f : ract ional  weight, wa,s given t o  lnaxirnim f u e l  y i e l d ,  so t h e  

des-ign condi t ions do not correspond to rii-i.nimm tuei-cycle cos-Ls \. This 

i s  i l l u s t r a t e d  i..n Fj.g. 4.1, which sliows t h e  m?.n?.mim cos t  i3.s a furrction 

of fuel.  y.ield. 

correspond. t o  the desigriated poi.nts in Fig. 4.1. 

The design con.d.it:ions f o r  t h e  MXRR(Pa)  and a,l.so -the 

The P E B H  ( P a )  fue l -cyc le  c o s t s  are l i . s ted  i n  Table 4.4.  Co-mpa.rison 

w.th r e su l t s  in %'de 3.3 shows -t'nat; d i r e c t  prota,ctinium removal. from 

~ i i e  islanket strean redu.cfx fue l -cyc le  cos t s  by ahout 0.1 mill/kwh? ( e )  . , .7 



Table 4.2. Kuclear Perforr-ance for I lSBR(Pa)  
C e s i gn C c nd i t i on s 

Fuel  y i e l d ,  per a,nnim 

Breeding r a t i o  

F i . s s i l e  l~osscs  i-n p r o c e s s i n g ,  atoms p e r  Tj s- 

Neutron product ioi l  per  f i s s i l e  absorption ( qt ) 
S p e c i f l c  i n v e n t o r y ,  kg/Mw( e ) 
S p e c i f i c  power, Mw(th)/kg 

Power d e n s i t y ,  core averegz,  k 'd/l i . tcr  

s j. 3. e ab s orlj t  Con 

Cross 
In f u e l  sa l t  

Neutron f~.ux, c o r e  average, neut rons /cc2  esec 

'The r m s l  
Fas t 
F a s t ,  OVCI' 3-00 kzv 

Thcriml f lux  f a c t o r  i n  c o r e ,  Feak-to-men3 
r a t i o  

Rad i:~ z , l  
Ax ia .1  

Fra,cii-on of' f i s s i o n s  i n  f u e l  stream 

F r a c t i o n  oI" fissions i n  therma,l.-neui;r.ciil group 

Mean 7 of 2 3 3 ~  

Mean 7 of 2 3 5 ~  

7.95 

1 .0713 

3,@051 

2.227 

C ,681 

3.26 

80 
i 73 

7.2 X 13'" 

3.1 X 10"- 
12.1. x 

2.22 
1_.37 

0. ?96 

3.515 

2.221 

I .958 



Table 4 . 3 .  Neutron Balance f o r  P/ESR(Pa) Des?@ Condif,ions 

Neutrons per F i s s i l e  A'osorp-tion 

Absorbed Total .  Absorbed by Fission Produced 
Mat LriaJ. 

0.9970 0.0025 0.0058 
2 3 3 ILL 

0.08.1.9 0.0003 0.0008 
2 3 5 u  

0.0084 0.0001 0.000.1. 
2,3 7Np 

Ca , r r ie r  sa1.t (except 6 ~ i  ) 0.0647 0.0186 
%i 0 .0025 

2 3 2 ' ~ ~  

0.0003 
0.9247 0.821.3 2 s o 5 4 1  

0.0753 0.0607 0.1.474 

2 3 3 ~  

2 3 1 ~  

2 3 6 ~  

2 3  8u 
0.0009 
0.0005 

Graphit e 0.0323 
135xe 0.0050 

4 sm 0.0068 

OLI-ier fission prod.uct;s 0.0185 
5lsm 0.0017 

Del.aycd neutrons lo s t "  0 .0049 
Lea.kageb 0.001.2 

'Yoti! 2.2268 0.8849 2.2268 - 
a Bel3yed neir.1; cons emi.tted outs.j.de  COY^ . 

LeaBagc, i.nclu.ding neutr.oiis absorbed. in refleci;ur. 13 - 

Fi s s il e inventory" 0.1125 0.0208 0 1.333 

Fertile inventory 0 " 0000 0 * 01.79 0.0173 

S a l t  invciitory 0.014'7 0.0226 0.0373 

Total inventnry 0.M3 

F e r t i l e  ~epla,cernent 0.0000 0. 00ltl 0.0041 

Sa1.t r e p 1 ~  emend; 0.06% 0 .OO35 0.06171 

T o t a l  replacement 0,071 

0.1932 1"roc e s s ing 0.1.295 0.0637 

Tot  a1 pi-oc e s s  j.ng 0.1'33 

Production credi ti 0.105 

Nci; fuel-cycle c o s t  0.35 
_I-. 

a. ~nc~.udiiig '33~3, 233u, and 2 3 % .  



F i c .  )-*I . 
MSBK( Pa) Concepts. 

V a r i a t i o n  of Fuel-Cycle Cosi  w i L h  Fue l  Y i e l d  i n  T~lS311 end 

llable 4.5. IviSSR(Pa) Tud-Cyclle Cos ts  f o r  investor-O\med 
and Fubli  c l y  OTmed Pla i l t s  

3 '7 I 0.069 * L6 3 
0.124 0.373 

(C.11J5 ) (3.105 ) 
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Table 4.6 . Power- Product j.on Cos ts  of lOOO-b?w ( e  ) WBH (Pa, ) 

. 

Load f a c t o r :  0.8 

Power Cos‘i 
[ r i l i I . l~ /k~&r(e ) ]  

Item 
Prri va t e  PmS1i.c 

F’insncing F i n m c i n g  

Depreciat  ring caFi  tal. 1.947 1 .ow 
Nondepi-ecisti.ng capita,l. ( l and  p3.u.s 0.010 0.005 

c o u h n  t- s a1 i; inventory ) 

Ope rat  i on a nil main t enanc e costs 0.338 0.338 

F u e l - c y ~ l . ~  C O S C ;  0.348 0.202 

Power- produc t i  on cost 2.64 1. .64 
- 

Table I+ .?. MSBK Power C o s t  B:rea.kdown i n t o  Fix& 
and Incremental Costs  

Annual. fj.x,od charges,  $/kwy-r 15.9 8.90 

Fixed ope ra t ing  cosl;s , rn-i l.l/kwh:e ( e  ) 0.38 0.38 

Tota,1 fixer1 power i i i i~ s /kwt i r ( e )  2.65 1.. 65 

Incyemental power c o s t ,  e m i l  ~./kwiir (e ) -0.01 -0.01 

T o t a l  pow-er-p-oduction cost ,  rnilI.s/ktJtir ( e  ) 2.64 1 *64 

plant; ~.~$/yr inven.tor.y c i - ~ r g e  for nondepreciat ing i tems e 

inventory charges You’ riondepreciating items. Not optimized. for. 
changed cond..i-tions . 

“12$//yr f ixed  charges on r eac  to r  plant, incl.uding process ing  

b7$//yr f i x e d  charges on r e a c t o r  -plus processirig p l a n t ;  5g/yy- 

c ,__ rhi s incl.v.d.es 0.055 m i l l / k L h r  ( e )  for fixed- opera.t ing c o s t  ol” 
t h e  process5.ng plant,. 

d.~3ased or? 0.8 load factor. 

eIncrernental. cost :in going i’rorn z e r o  to fu~.l-power operation 
(0.0 load f a c t o r ) ;  tliis iriclrirjcs incremental  f u r l - c y e l e  cost, and 
incrernen.tal operat?: rig costs .  
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For compa,rison, a, simmary o f  the power cos t  and fuel-util.iza,'Gion 

c h a x a c t e r i s t i c s  o f  t h e  €SHR(Ps) and t h e  MSBR i s  given j.n Tab1.e 4 . 8 .  

4.. 2 A l t e r n a t i v e  Feedwater -.- Temperature Cyclc _.___ 
.I- 

Thc 700"P' -feedwater "ieniperabure and. t h e  650°F temperature of t'ne 

"co1.d" steam to t h e  r ehea te r  i n  the i n i t i a l  design were d i c t a t e d  by the  

700°F l l qu i3us  teiTLperaturc o f  t h e  coolan t  sa,l ' i .  It would be  an obvious 

adva.nt3.ge i f  it were not necessary t o  divert a i rnos t  30$ oI" th- thro'ct1.e 

stesrn f o r  hea t ing  of the feedwater and reheat steac, s i n c e  this diversion 

leads to a l o s s  o f  ava j~ lnb lc  energy. An even more s i g n i f i c a n t  Saving 

could be axhieved i f  t h e  9.2 rSw(e) of power requi~red  'LO drive the feed- 

water pressu.re-booster punips could be eliiiiiilated; a l s o ,  removal o f  t h e  

reheat-s team pi-eheaters a n d  t h e  boos te r  pumps would reduce capital i n -  

vestment requirements.  Thus, savings can be achieved by lowering the 



temTeratu-re of t h e  s t ecm-cyc le  f l u i d  entering t h e  b o i l e r s  and rehe2tter.s 

To determine t h e  i n c e n t i v e  f o r  developing a, coolan t  sa,l.t having a. low 

1i.quidu.s i;emnperature, t h e  MSBR Steam-poVTer cyc le  was s t u d i e d  with c0nd.i- 

t.-ions OF 58a*F feedwater temperature and 550°F r ehea t  s.t;eai~l. 

.Lo d i f f e r e n t i a t e  and corripare casesq  use  of 700°F €;eedwatuy and (j50°F re- 

h e a t  s t e ~ f l  i . ~  des ignuted  case  A, wlii 1.e case '3 represents  .tile a1teynatiTje 

conditions. 

In ox.cj.er 

I- 81 ine  cyc le  azrangement f a r  the case  13 cond.ii;ions i s  shown i n  F ig .  L+.2. 

I? this cycle the 552°F steam from the high-pi%essure tu rb ine  exhaust i s  

introduced i n t o  the  reheaters  w5thout p~el iea t i l ig  ?'he feedwate-w i ~ s  hcclted 

froril 550 to 580°F by the add52;ion of  one m r e  s t a g e  of feedwater heat- 

iiig; steam ex t r ac t ed  fx-om tile I.ii.~~S'n-pressizre ti~rj3i.ne i s  used. Tlie con- 

densa te  f:roi!i this new Ifleaher i-s casca,d.ed back th?:ou.gh the feeciwa-ker ineateys 

-Lo t h e  d-eaerating hea te r  j.n the usual. mamier. The heat bsl.amces and t h e  

anslysri.s of t'ne s'ce,m cyc1.e wi1;h case B condi t ions  were performed in the 

sa,ine manner as -Cor. c2se A coridliticlns, 2 4  

d a h  f o r  the  two cases .  
'~'a111.e 4.9 cornpayes t l ie design 

'The el I'.rfllin at i. on o f  t h e f e zdwat e r p r  e s s u r  e - b o o s t e r punp s r s qui-r e d. i n  

c a s e  A saves a'mut 3 .2  W d ( e )  of a u x i l i a r y  power, wli?:.ch, t oge tbe r  w i . t h  -the 
improvement i.n t he  cyc le  thermal efficiency due t o  t h e  a d d i t i o n a l  stage 

of Teedwster regenera t ion ,  makes about 9 .'7 Mw( e ) addi t i -ons l  power a,va,iLl.- 

able from the  case  B cyc le .  T'ne o v e r a l l  n e t  theixial e f f i c i e n c y  Is thus 

improved f:wm the G.9$ ob-tained from c a s e  A t o  45.4$ i n  case  R. 

The cost estirmtes f o r  the TGBR stearti s ta t i .on a r e  given i n  d e t a i l  

i n  Szc t ion  3.11 f o r  case A .  

case 3 condi t ions ,  t h e  c o s t  esti.rnates f o r  the tiffected items of equipment 

were cmparcd;  t h e  r e s u 1 . t ~  a r e  swrma,ri.zed n'.n Table 4.10. A s  shown, the 

case  B arrangement requ.j.res 3bou.t $465,000 l e s s  eapi.trzl zxpenditiure, yri- 

ma-rily due t u  rernovsl of the pressure-booster pumps :E 

To complete t he  d i scuss ion  of case A versus 

T"ne net, e f f e c t  o f  clianging from case A to case 9 coridi t ions,  assiming 

that j.nexpensi.ve coolan t  s a l t  i s  avsil.ablc: f o r  both cas:3sf  is to increase 

...... . ~ , ........... 
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Table 4.9. M B B  Ste,am-Porv.er S t e m  Design and Performance Dat,% .for Case A and Case B Conditions 

Case 4 - 3lS33 F t e a n  Case B - hSRR A.lternatiue 
Steam Cycle with 

F eedwst e? 580°F Feedwater 
Cycle with 700°F 

Reactor heat in@, kkq 2225 

Gross e lec t r ica .1  g;enez.s.tion, Mw 1034.9 
Station a x i 1 i a r y  load, r.k(.) 25.7 

9 .2  
29.3 

Net e l e c t r i c , d  output,  Mw 1000 

Boiler-fr 'ed'mter pressure-booster punp load, Mw( e )  
Bo.',ler-feed-mteer p ~ m p  s t em- tu rb ine  power output, 
F lov  t o  tu.rbFne t h r o t t l e ,  Ib/hr 
Flow fron superheater,  lh/:hr 
Gro:; 8 ef f'l. c i ency 
Gross heat r a t e ,  Btu/kwhrc 
t*Tt:-t efficiencjr ,  $ 
Set  heat r a t e ,  B-tu/kwhr 

Boil.er- superheaters 

N u t i n w  of u n i t s  

Tota l  s t e m  c a p x i t y ,  l b /h r  

Cnthdpy of i n l e t  feedwater, Btl$Lb 
Pressure of i n l e t  ieedwdter, p i a  
Texperature of  e x i t  steam, 
Pressure of % i l ,  steam, psia 
hnthalpy of e x i t  s t e m ,  &tu/lb 
Tempera-ture of i n l e t  coolant s a l t ,  "F 
'i'eniperature of  e x i t  coolant s a l t ,  "F 
Average spec i f i c  he?,+ of coolant salt , Btu/lb. 'F 
Total coolant-sa! t flow 

' ? O t a . l  duty, ?hi(th) 

n lLl.qeratuze of i n l e t  feedvatel., OF 

1b/'n): 
c fs 
g P  

S t e m  rehea ters  

N i i r d x r  of v.ni.t,s 
Total duty, N ~ ( t h )  
Tota l  steam c a p x i t y ,  lb/hr 
Tempershire  of  i n l e t  steam, "P' 
?fessuri: of inlet s t e z n ,  psi% 
~iitiia1py of in1.et s t e m ,  ~ t u / ~ . b  
T e q e r e t u e  OF e x i t  s t e m ,  "F 
Pressure of e x i t  steam, p s i o  
Fnthnlpg of e x i t  s tem, Btu / .?b  
Teiriperotuwe or in le - t  coolnrit s d t ,  
TeIQ)eratlJ.re of  ex3.t coolant s a l t ,  
Average spec i f i c  her t  of coolent sal-t ,  B'cu/lb."F 
1ota . l  coolcn-i-salt flow 

lb/hr 
c f s  
&3P 

Coolant s a l t  9ressin-e drog, i n l e t  t o  o u t l e t ,  ps i  

Reheat-s team yreheRt 2-r 

HKlber of Wlits 
Tota l  d.uty, h h (  th) 
Toia l  heated s t e m  capdci ty ,  lb/hr  
I n l e t  teiriperat~ilre of heated s t e a r ,  'F 

Inlet presswe of heated sl;e:;sn, ps% 
Exit pressure  of heated steaxi, p i a  

t tenlperG.tnrc of  h e x k d  s-t ,?arn,  "P  

t enthnlpy of heated .,tear., Btu/lb 
enthzlpy of heated s-temn, Dtu/.Lb 

Tots1 hi-ating steam, 15/hr 
I n l e t  temyzrature of heating stemi,  "F 
E x i t  tcrrpr-a;ture O F  heating ste,mi, V 
I n l e t  preesixe of heetjng stezm, psi% 
Exit  p ~ s s u m  of  heating stmwn, p s i a  

7.152 % l o 6  
10.068 x 1.06 
47.83 
7116 
44 .? 
'1601 

16 
1931.5 

703 
'169.2 
-3800 
J 003 
-3600 
1421.. 0 

10.068 x 106 

1125 
050 
0.42. 

58.468 x 106 
129.93 
58,316 

8 
293.5 
5.134 X I O 6  
650 
-570 
1323.5 
1000 
-54 0 
1518.5 
1125 
850 
0.41 

8.884 X 1C6 
19.742 
8861 
-60 

8 
100.45 
5.3.34 x 106 
551. .7 
650 
-580 
-370 
1.256.7 
1327.5 
2.915 x 106 
1000 
866 
3515 

2225 
1009 .? 
1035.1 
25 .7 
Xone 
30.6 
7.160 X 1 C 6  
7.450 X 106 
47.91 
'71 2)- 
45  .4 
7518 

16 
1837 .0 
7.)+63 x 106 
580 
583 .6 
-3800 
3.003 
-,3600 
1424.0 
1125 
850 
0.41 

55.608 x 106 
123.57 
55,L63 

8 
388.0 
5.056 X LO6 
551.7 
-600 
1256.7 
1000 
-540 
151.8 5 
1.125 
850 
0.  /+I. 

11..7IL x 106 
26.098 
11,714 
-60 
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Table 4.9 (continucd) 

~ . _ _ _ _ _ _ _  .. 
Case A - MS3R S t e a x  C-tse B - MSBR Al terna t ive  

Stean; Cycle with 
Feedwat e r  580°F Feedwater 

Cj-ic1.r with 700°F 

Bciler-feechist e r  pimps 

Wmber of u n i t s  
Centrif  uga 1 pullips 

Nimber of s tages  
Feedwater flow r z t e ,  l b / h r  total .  
Required capacj ty,  kp-1 
Head, f t  
Speed, rpm 
Water inlet t e q e r a t u r e ,  "F 
Water inj.et entha~ipy, fitu/lb 
iST8,te-t- i n l e t  s ~ e c j  f i c  volume, ft3/11: 

Power required a t  r a t e 3  flow, Mw (each) 
Power, noxlna l  hp (each)  
' l n ro t t l e  steam conditions,  psia/"F 
Thro t t l e  flow, Ib /hr  ( e a c h )  
Fxhaust p e s s u r e ;  psia  
Number of s t a ses  
hmber  of ex t rac t ion  poin ts  

Boiler-  f eedwat er pres sure  -booster PU~:LF 

S t e a m  tu rb  ine  3i-ive 

Nurllser of  u n i t s  
Centrifugal p u ~ p  

Feedwater fl.ow Pate, lb/hr t o t a l  
Rec_ui.rerl capacity,  gpm (each) 
Head, ft 
Water,inlet  temperature, OF 
Water i n l e t  pressure,  ~ s i a  
Water i r ~ e t ,  s p e c i f i c  volume, ft3 /YO 
Wat ei' ni i t le t  t eniFei-ature, OF 

Fower required a t  r a t ed  flow, hi (each) 
Power, nominal. hp (each)  

ElectrLc-motnr clrlve 

6 
7152 X lo6 
8060 
-9380 
5001 
157.5 
329.5 
-0. Cl838 

14.66 
20,000 
l C ; l 0 / 7 C O  
/+13,610 
9 7  
8 
3 

6 
7460 X 1.06 
81'38 
-9350 
5000 
357.5 
329.5 
Q.Ola08 

15.30 
20,000 
1070/700 
431,400 
-77 
8 
3 

2 None 

10.067 X lo6 
9500 

69 5 
-3503 
-0.33020 
-703 

4 * 587 
61 513 

-1L13 

..... 11- 

t h e  thermal  c f f i c i e n c y  from &+,9 t o  45*4$ and t o  reduce const:rii.cti~on c o s t s  

by abou'i, &465,000. 

ahou t  0.008 miK./kwhr(e), w-liile -the jncrea,sed e f f i c i e n c y  lowers power 

cos t  by about 3.026 mi l l / kw"r (e )  ( p r i v a t e  f inanc ing ) ,  t o  g ive  3. -i;otal 

saving of about 0.031+ rnj.I./kwhr ( e ) [ 0.021 mill /kwhr ( e  ) f o r  pub l i c  f inanc- 

i ng ] .  Th5.s saving T.ri a ?..OOC-Mw(e) plani; (0 .8  l o a d  f x t o r )  corresponds t o  
about $238,000 pe r  yea r .  The present worth (6% discount  f a c t o r )  o f  this 

s a v i n s  over a 25-year per iod  -is about $1.5 m i l l i . o n .  For s e v e r a l  MSBR 

power p'l.ants, t h e  saving would be propor t io i ia l ly  g r e t t t e ~ .  Thus, t h e r e  

i~s an economic incent-i ve f o r  developing a cool-ant salt with a I.ow 1-iquidus 

tcr iyers ture  so long as its inventory  cos t  dozs not outweigh t h e  potential. 

s m i n g .  If the inventory c o s t  of t h e  coolan t  sa l t  Tor  case B were about 

+2.4 mil..?~i.on inor? t han  l;ha-L f o r  C R S ~  A, t h e  poterrbiai  sa,ving would be 

The lower cons t ruc t ion  c o s t  reduces power c o s t s  by 
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'Table 4.10. Cos-t Coillpsrj.son of 700°F and 580°F 
Feedwater Cycles for bEBRa 

Case A - '700°F Case R - 580°F Number 
O f  

Uni ts  Feedwat e r  F e edwat e r 

F'e edwat e r  pv e s sur e -b oo s t e r  pumps 

Reheat-steam p r e h e a t e r s  

Spec ia l  mixing t e e  

E'eedwetei-' hea te r  No. Ob 

Charge f o r  ex t ra  ex t r ac t ion  noz- 
zle on tu rb ine  f o r  hea te r  No. 0 

Boiler-  superheaters 

Reheaters 

Cost d i f f e r  ent i a1 

D i r e c t c o ns t m c  t i on c o s t 
'Total construction cos t  f 

2 $ 400,000 

8 180,OOCJ 

5,000 

Norie 

None 

16 6,000,0OOc 

8 2,720, OOOe 

$9,305 , 000 

$i 330,000 
$ 465,000 

None 

None 

None 

$ 150,000 

45,000 

5,900, OOOd 

2,880,000 

$8,9'75,000 

3,,., l a b l e  shows only those  c o s t s  d i f f e r e n t  i n  two cycle arrange- 

b?'.ne h5gh-pressure feedwster hea te r  added i n  case B was designated 

rtlents and is n o t  a complete l i s t i n g  of t h e  t u rb ine  plant c o s t s .  

"No. 0" in order not t o  d.isturb t h e  'nes4;eu. numbers used i n  case A .  
c Estimcted on basis of $1.30/ft2. 

Zstima;i;ed on bas i s  of $140/ft2 . 
Es-timated on basis of $1.25/Pt2. 

Ind i r ec t  costs were assumed to 'ue 41$ of t h e  d.irect cos t s .  

d .- 

e 

f 

c3,ncelled by t h e  increaseti coola,nL-sa,lt inventory  c0s.b ( f o r  a p r fva te ly  

owned p l a n t  ) . 
-", .3 Modlxlar- Type Plant 

An i rpo r t s .n t  fr;zcto.r* i n  low power c o s t s  i s  t h e  s,bi.lity of the power 

p lan t  .bo maj.n-i;ain a high pl.a,nt-avai I.a'oi1ity factor . Thus d.ysri gn fea-Lu-res 

c 
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that can improve t h i s  f a c t o r  are d e s k a b l e  i f  t h e s e  featu.res do not  tllern- 

s e lves  in”irod1.i.c e compensating d i s advan’iagcs . 
A f e a t u r e  of t h e  MS3R plari’L design i s  t h e  use of four  h23.t exchanger 

c i r c u i ~ t s  i n  conjunct ion w i t 1 1  one reactor v e s s z l  i n  such. a inaniler t h a t  i f  

one pump i n  t h e  fuel. c i r c u i t  s tops ,  t h e  rez.cl;or i s  e f f e c t i v e l y  shul; down. 

If, on t h e  o the r  hand, it were practicsb1.e to have four  separaatc r e a c t o r  

c i r c u i t s ,  with each connected t o  oiie of t h e  four  h e a t  exchanger c i r c u i t s ,  

stoppage of a f u e l  pump would shut do-m-1 only one-quarter  of t‘ne s t a t i o n  

capac i ty ,  l eav ing  7598 avai1abl.e f o r  power product ion.  

mine the p r a c t i c a l i t y  of using 8, number of r e a c t o r s  i n  a s i n g l e  1000-Mw(e) 

s t s t i -on ,  ’che design f e a t u r e s  of a. modular-type NSBH pl-ant , termed IMNSBR, 

were inves t igaked .  

In order  t o  deti ir-  

The NMSL3R desi.gn concept cons iders  four  separa,te and i d c n t i c a l ~  r e -  

a c t o r s ,  a long with t h e i r  s epa ra t e  s a l t  c i r c u i t s .  The onl..y connections 

of t h e  four  reackors  a r e  ‘chi-ough t h e  f u e l - r e c y c l e  plant. The designs of 

t h e  heat exchangers, t h e  cool.ant-s3.l-t c i r c u i t s ,  a n d  t k e  steam-power cyc le  

remain e s s e n t i a l l y  as f o r  t h e  TCS3R. Each reactxi: rnodu.1.e genera tes  Lher- 

ma l .  power equival~pnt  t o  that requi red  f o r  p rodwing  250 Mw( 2) riet .  

The f low diagvarr! given previous ly  f o r  t h e  MSBR (F ig .  3 .7 )  a l s o  3.s 

e s s e n t i a l l y  v a l i d  for t h e  PWSRR. S a l k  flow r a t e s  and czpaciLie:: of t h e  

va r ious  coniponeiits rema,in as i n  the :4S~R desi-gn. 

E‘igix-es 4.3 and 4.4- give  plan and e l eva t ion  views of t h e  four  d i s -  

t i n c t  r e a c t o r  c e l l s ,  a,long with the j - r  ed j z c z n t  stearti-generating c e l l s .  

Any r e a c t o r  ;nodule can be sh-irt dorm and serv-iced .while t h e  o the r  t h r e e  

remain opera t ing .  

The rea,ci;or core  c o n s i s t s  of 210 gi38,phi.te f u e l  ce1l.s opera t ing  i n  

p a r a l l e l  wi’bliin t h e  i-ea,ctor tank .  The design of t i ic g raph i t e  tubes  sepa- 

r a t i n g  t h e  f u e l  and bla,iikct sal..ts i-s similar to &ha,% used i n  t h e  TN3BR. 

‘The i-esctor core  reZion i s  c y l i n d r i c a l  with a, di-arneter or about 6.3 f t  

und a, hei.g’nt of about 7.9 ft. The r e a c t o r  vessel. ?’_s approximately 1 2  ft; 

i n  diameter and about 1.4 f t  h igh .  Except f o r  t h e  use  of four r e a c t o r  

vessel.s itiistead of one, all. design features of t h e  PDERR a r e  sirnil-ar t o  

those  of the NSBR. The design condi t ions  a s soc ia t ed  w i t i n  one r e a c t o r  

module are sum.nai-ized i n  Table L p . 1 1 .  
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Table 4.11. ?JliGBII Design Conditions for One Module 

Power genera t ion  

Tile m a  1 
E l e c t r i c a l  

Thermal. e f f i c i e n c y  

P)lant f a c t o r  

D i m r i  s ions  ft 

Core 
Hei-ght 
Diameter 

Radial. 
Axial 

Blanket thickxeas 

Ref lec to r  t h i ckness  

Reactor volumes, ft3 

Core 
E l a n  ket 

Sa1.t volufles, ft3 
Fuel 

Core 
Blanket 
Plena 
Pip5i-g 
Heat exchanger and pwnp 
Processing 

556 
250 

45 

0.80 

7.87 
6.3 

2 
2 
0.5 

245 
1000 

41.5 
7 

22 
25 
82 
7.5 

Tota.1 
F e r t i l e  

Cor e 
Blarke t 
Heat exchanger and p ip ing  
Processing 

T o t a l  

185 

12 
1000 

2s 
24 

1.061 
- 

63.6 
36.2 
0.22 

71 
2 
27 

Average po~rier dens-ity in core f u e l  salt, kw/ l i te r  473 
I-. 
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a, Inverse  of Cr sc t iona l  f u e l  yleld 2er   yen^. 

Capita.1. c o s t  es t imates  werz a l s o  made fur t h e  modular  p l a n t .  The 

primary d i r f e rcnce  bc.tween t h e  MMSHR and MSBR."ty-pe p l a n t s  i s  the use of  

f o u r  r e a c t o r  v e s s e l s  and c e l l s  in t he  rnodul.ar p1an.L rather tlsiaii t h e  one 

i-n t h e  bISt3H. IIowev-el-, -tire r e a c t o r  vessels i n  th? modular p l a n t  are 

s m a l l z r ,  and. their combi.iled cos t  i s  not much more than that, o f  t h e  si-ng1.e 

l a r g e  v e s s e l .  Also, t h e  moduI.ar plafi t  yeriniks better placement of cel.1-s 

aiiri a rreducti.on i.n building volume. The resu.1 t a n t  capj t a l  cost est imate  

f o r  t h e  moiiu1a.i- pJ-a.nt was e s s e n t i a l l y  ihe same 2 t h a t  obtained f o r  the 

single-reac-i;or p lan i ; .  

cwnca' p l an t ,  along w i t h  the Tv:SHK es t imate  f o r  opcraiion an.d ma.i.ntenance 

cos ts ,  and t h e  fuel,--cycle c o s t s  :From TabLe 4.1.2 glvc; t h e  power-generation 

usj.ny; a, c o s t  ee t lmate  of $112/kw( e )  for a. p r i . m t e l y  



129 

c o s t s  summarized in 'Table 4.3.3. 

t hose  foi- t h e  MSBR-type pl-anbs ( see  Table 4 . 8 )  and thus  i n d i c a t e  t l le 

d.esira,bil.ity of a mcdu3_ar-'cype p l an t  i f  the p l a n t  a v a i l a b i l i t y  fac tor  i s  

improved by i t s  use. 

Tnese costs  are v i r tu s l . l y  t h e  sarfie 5s 

Table 4.13. Power-Production Costs for ModiLi-?r-Ty-pe 
Mol t, en - S a1.t B r  e e d e r K eac t o 'r" s 

Investor-owned plant: 0.8 @ant factor 

C os t [ mt 11 s / h h r  ( e ) ] 

rlTi'm3R ( ~3 ) PDE BR 
I_ 

Fixed charges 1.93 1.93 
Oper-ation arid maintenance costs 0.34 0.34 
Fuel-cyc3.e costs"  0.38 0.48 

P - 
Total power- p r o d u c t i o n  cos t s  2.65 2.75 

J a p i  Lul charges of  process ing  p l a n t  are incl.u.ded 3y- . . . 

in fuel-cycle c o s t s  
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coniij-tions Since such bel!_ows ma.y be i .npra.ci;icai to use under r e a c t o r  

opera t ing  condi Lions, 3, new dcsign was developed - tha t  elirnin3,ted them. 

Figure 4.5 shows t h e  revised hea t  exchmger d e s i g n .  ' l h e  expansion 

bellows were eJ.iil;inated, and changes i n  t h c  tube lengths dve -bo thcrmad 

ccnd i t ions  are accommodated by t h e  use o f  sine-wave -Lyy:e of' construct i.on, 

.which permits  each tube  t o  adjus-'i t o  thermal.. changes, I n  addi t i -on ,  t h e  

c o o l a n t  s a l t  nmw c n t e r s  t h e  h e a t  exchanger thi?ouZh an aniiular volu ke a t  

t h z  t o p  and passes downward through a 'mf f l ed  ou te r  annular  reg?.on. 

coolknt  t hen  passes upward through a, baffled i n n e r  a,nnu.lar region and 

e x i t s  through a. cen-tl-a.1 p j p e .  

The 

In Fig .  4.5, f.low of fuel sa1.t through t h e  p i ~ q  i s  reversed. from 

t h a , t  shown in Fig- 3.20 in order  to reduce the pressure i n  t h e  grclphitc 

f u e l  tubes. Fuel. sa l t  enLers t h e  h2at cxchangei- in t h e  inner arnulxr 

region, gasses downward t!irough t h e  tubes ,  and then  i'lows upward through 

t h e  '~u'nes i~n -bne o u t e r  annular  region before  entei.ir??g Lhc? rcsctor. 

The blanket-ss l - t  hes t  excha,nge:: Tm,s also r ev i sed  -Lo g i ~ i e  a des ign  

simi-lhr to -tiiat of  Fig. 4.5. Th? g e n z r a l  Leutures  o f  these  exchangers 

and Llieir p lxc rnen t  i n  t h e  r e e c t o r  c e l l  are shown in F i g .  4.6 (for coz- 

::?,?ison w i t h  t h e  initi~al I G B R  design see Pig. 3.8). 
punp w m  also a l - tc red  so  that blanket  s d t  l ezv i rq  the : [ - e x t o r  now e n t e r s  

t h c  sucLion s i d e  of  the pump. 

The b l a n k e t - s a l t  

Froni tile viewgoint of r eac to r  safety, i t  i s  important  that t h e  b l a n k e t  

s3Lt '0.. a.t a h ighe -  pr2ssure thein t h c  f u e l  s d k .  29 

s'mncesj rui i ture  0' a f u e l  tube would result, i n  Le,akege of' f'ei-ti?.e sa1.t 

i~nto Lhe f u e l  and 2 reduct ion  i n  r c a c t i v i t y .  I n  order to achi.eve -tiiis 

cond5-Lion wi~'L1i 3 mini.rnulii operati-ng pressure  i n  t h e  r enc to r  v e s s e l ,  the 

f l u i d  flow was revcysed fron that. I n  t h c  i . n i t i . s l  ESHR design, wi-Lh f lui-d 

I-aving t h e  r e a c t o r  entei-ing the sue-Lion s i d e  of t h e  purilus. The r e s u l t -  

ing flow dia,gi-a,rfi is slio~wn in Fig. &.'-? (for comp,i'iSOil w i t h  f -ni t j -a l  des ign  

TJnder sirch c i rcun-  

s e e  Fig. 3 . 7 ) .  

I n  addi t i -on,  it i s  d e s i r a b l e  tha,t  a n y  1 eaka~3.2 be-t-ijeen t h c  reac ' ior  

f'Lut.3 a x d  c o o l a n t - s a l t  systerrls be Trom t h e  cool.a,nt system i n t c  t h e  fuel  

o r  bl3i iket  sysliein. i n  order  t o  achieve iiiese condi t ions ,  the PSBR 0%- 

e r a . t i n g  presstires were revised t o  those shown i.n Table 4.14. 
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Fig.  4 . 5 .  Revised Fuel  Heat Exchanger fo:r IJJSBB." 
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REACTOR VESSEL 

w 
w w 

3F BOOSTER PUMPS 9.2 M W  
STATION AbXlL lARlES 25.? Mwa 
REACTOR HEAT INPUT 2,225 M i t  
NET HEAT RATE ?,GO1 B t u l k w h  
NET EFFICIENCY 44 9 % 

Fig .  4.7. Revised Jm32 Flow Diagran. 



Table (1.14. Pressures  i n  Vari-ous P a r t s  
of Revised MSBK Salt C i r c u i t s  

F1 ow diagram given i n  F'i-g. 4.7 

Lo c a i; i on 
Nominal. 
Pres s u r  e 

(ps i.g ) 

Fuel -salt sys Lem 

Core entrance 
Core e x i t  
PUyp s uc i; t C? 11 
Pu111p ou-tle t 
IEeat exchanger ointleZ, 

Rlanke t - sa l t  system 

Blanket, enti-aiice 
RJ.anket e x i t  
mUnp s u c t i o n  
Yump o u t l e t  
Heat exchanger outI .e t  

Cool-ant-salt system 

hmp suctiop. be fo re   oiler-su~er'nea-ters 
Funp ointlet  be fo re  bo i l e r - supe rhea te r s  
I n l e t  t o  fuel iiea'i, exchangei-s 
O i ~ t l e  t from fue 1 h e a t  exchangers 
O u t l e t - i n l e t  to b lanke t  hea t  exchangers 
Pump suc t ion  be fo re  r e h e a t e r s  
Fump out]-et be fo re  r ehea te r s  
Keheater o u t l e t  

5c 
25 
1- 3 
150 
60 

66 
65 
64 
1.55 
67 

13 0 
280 
220 
16 0 
142 
3.3 0 
24c 
220 

A s  given i n  Table 4a147 t h e  minirnmi p re s su re  dif'fel-:nee between the 

core  and blanket regions I s  3.bout 1.5 gsi. p lus  t h e  s t a t i c  head di~ffcreiitio1. 

or  a mini-mum t o t d  d i f f e rence  of abou'i, 30 p s i .  IT it i s  d e s i r a b l e  to 

incyease t h i s  p re s su re  d i f f e r z n t i s l ,  t he  bl-:mket-sa.lt pump could be 

chamged so t h a t  it discharges into the r e a c t o r  bl-anket region,  g iv ing  a. 

r;.,inirnuni d i r f e r e n t i a l  p re s su re  betwren 'ihc core  and b?.r,nkz'i f l u i d s  of about 

120 p s i .  Whether thri.s change i s  necessary  o r  whether j . t  would inc rease  

t h e  reac-Lor v e s s e l  design p res su re  i s  dependent upon t h e  safei;y- crLteri .a 

tha'c need t o  be s a - t i s f i e d .  A design pressure  of 150 psla was used i n  

determining the  th ickness  of -the € G S R  r e a c t o r  v e s s e l .  
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A nmber r ~ f  p o s s i b l e  mol.teii-sa,l.t r eac to r  designs w e ~ e  considered, 

GeneralPJ, t h e  s l . ternat ive cl.e- arid sorne of t hese  a re  tiiscussed 1:)elow. 

signs were studied. onl.y in concept, amtl not i n  detail, so  the resul-ts a r e  
more qua l i ta t i .ve  than those given prevtou-sly. A l s o ,  the tecl inol .ob~ re- 

qui red  f o r  t h e s e  a l t e r n a t i v e  designs i s  -relatj.-J-ely inrideveloped, a l t h o x h  

there are experimen.ta1 d a t a  wliich su.ppor.t the feasj .bi l i ty  of each con- 

c e p t .  

MSCR), which was studied in detail by Alexander e t  a1." and -&lose appli- 

ca.tion esrenti.al3.y requires only sca1.eup of MCRE and associ.a.ted fuel-  

process ing  technology. I-Io.rrl~ver, the I4SCR is not  a breeder ,  al-tb-ough it 
alqroaches a break-even breeder  systenl. It i s  5.ncI.uded t o  place molten- 

s s l t  breeders  and converters i n  pe r spec t ive  rei-ative to nuclear pe~for- 

rmnce, f-uel-cyc3.e cost ,  and power-product,ioii cost. 

A.n exception Ts t h e  molten-sa.l t  coi?_verter r e a c t o r  (designated 

The terminology emgloyed f o r  each design concept, will be discussed 

first, a long  w i t h  a. surmriaxy o f  the assoc ia t ed  design coiiditiolss and fue l -  

cyc1.e performzince. 

i r ! d i v i r ~ u a ~ .  sectioris  low. 

considered.  

A.dditiona1 information f o r  each concept 5.s givien i r i  

a l l  canes, a aOOO-mfl( e )  power pI.a,rtt i s  

The des igna t ions  MSBK( Pa) and M W R  haw t h e  saiiie ineanj.:ngs its before  

arr.d r ep resen t  the  refererice breeder r e a c t o r  desi.gn with and. without c l i -  

rect pro tac t in ium removal from t h e  b l anke t  stream, r-espectiveI.y-. Uie 

MNEB€?(Pa) designation also has t h e  same m.eaning as befo re  and. r ep resen t s  

the  mod.ulaY ve r s ion  of  the IJERR( Pa.) . 
and are 'includ.ed here  for completeness. 

These concepts were precy ,c;nterl -> above 

The bL9BR( Pa-%) designation r e f e r s  to the MSBR( Pa) modified by use 

Lead of d i r e c t - c o n t a c t  cool3_ng O S  t h e  inol.ten-salt fuel. by molten Lead. 

is irm1iGeibI.e with rnolterl s a l t  and can be used a:; a heat exchange med im 

w i t h i n  t'ne r.cac.i;or vessel .to s i g n i f i c s n t l x  I.ower t h e  fissile inventory  

ex-1;eriiia.l t o  the reactor .  The lead also serves as a heat transport medium 

between t h e  reactor and the steam generators 
The SSCU( Pa,) designation refers  *Lo a ~i.ngl.e-ij-t;re,2lr,-C,ore @ceder with 

dj.rect  prr.o.t;actin:iwri removal f r o m  t h e  fuel. stream. This is essenti.al1y a 

single-region r e a c t o r  havirig f i s s i l e  a n d  P'er2;il.e m.at,erial 5.n the f u e l  
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stream, wi th  protac-tiilium removal from tiiis s 'iream; i n  additi-on, t h e  

core  reg.ion i s  enclosed wi th in  a t h i n  rrieta.1 membrane and i s  surrounded 

by a b lanke t  of thorium-containing sali;. 

place i n  t h e  l - a r g e  core,  and t h e  b lanket  "catches"  only t h e  re l . . a t ive ly  

small f r a c t i o n  of ncu'irons t'flat "I~eak" from t h e  coye ( th i . s  concept is 

also r e f e r r e d  t o  as t h e  one-slid-one-half region r e a c t o r ) .  

The YOSEL( Pa-€%) des igna t ion  r e f e r s  t o  a I MOl~ii;en-Sal'i I - EpitheriiaL - 

1iearJ.y all t h e  breeding t akes  

breeder  having an  I n t e i ~ r n e d i a t e - t o - f a s t - e n e r ~ ~ / -  spectrum, w i t h  d5.rect pro- 

tac t ln iv ln  removal from t h e  fuel. s-Lreax and d i r e c t - c o n t a c t  cool ing of the 

f u e l  reg ion  by molten l e a d .  No g.raphiS,e i s  p re sen t  i n  t h e  core  o f  t h i s  

r e a c t o r .  

The MSCK r e f e r s  t o  a .-. Mol."iEii-Salt - - Converter I Reac-tor which has t h e  

f e r t i l e  and fissri . le m a t e r i a l  i n  a s i n g l e  s t ream. 

ernpl-oyed, a l though a graph t t e  r e f l e c t o r  surrounds t h e  l a r g e  core.  

No bI.anket reg ion  i s  

The design. condi t ions  and fue l - cyc le  performance f o r  t h e  above- 

mentioned r e a c t o r  concepts are summarized i n  Table 5.1; i n  a l l  cases  t h e  

methods, a n a l y s i s  procedures,  and. economic condi t ions  employed were 

anal-ogous to t hose  used i n  obtajming t h e  re ference  MSRR design condi t ions  

I n  general ,  fuel. r ecyc l ing  w a s  based on f l u o r i d e  volatility and vacuiim 

d i s t l l l a t i o n  processj .ng; d i r e c t  protactini.um removal from t h e  reac-Lor 

system w a s  also considered i n  s p e c i f i e d  cases .  

The MSBK(Pa-Pb) concept, i s  e s s e i i t i a l l y  i d e n t i c a l  t o  the  bEBR( Pa )  

concept, except 'i2ia.t hea t  ri.s removed. from t h e  f u e l  sa l t  by d i r e c t  contac-t  

wi th  c i r c u l a t i n g  mol.ten 3.ea.d. 'The I.ead i s  p~mpcd i n  a c i r c u i t  ex-Lemal 

t o  t h e  r e a c t o r  and t r a n s p o r t s  .the r e a c t o r  eilergy t o  t h e  s t e m - g e n e r a t i n g  

equipment; t h e  c i r cu la t jng - i ead  c i r c u i t  t akes  -the p l a c e  o f  the coolant-  

s a l t  c l r c u i t  used i.n the bG8R design.  

A conceptual  arrangement f o r  t h i s  reacbor  i s  shown i n  Fig. 5.1 .  

The lead i s  discharged through many j e t  pumps located under t h e  r e a c t o r  

core;  t h e  a,spiratri.ng action of  t h e  j e t  pumps causes c i r c u l a t i o n  of f u e l  

salt, thi'ough t h e  fuel. tubes  of  t h e  r e a c t o r .  'To e f f e c t  fAis arkion, each 

inne r  f u e l  tube  te rmina tes  below t h e  core i n  a v e n t u r i  head; lead,  f lowing 



Table 5.1. Svixmary 02 3 e s l g n  Cocditions and Fuel-Cycle Perforxance 
fo r  Reactor Designs Studied 

Reactor Desigcatior? 
Design Condition:: 

MSBR ( Pa j VSBR !Q/lSBR( Pa) I G B K (  Pa-Pb ) SSCE; ( ?a) MOOSEL( Fa-W ) CR 

Dirnensions, f t  

Core 
Height 
Diameter 

!&dial 
Jzial 

B1anke.t thickness 

\'olm~e f rac t iocs ,  core 

?\ie:t 
F e r t i l e  
Ko d e r at or 

ifol=ries, f t 3  

Fae 1 
Core 
External 

T O - t b l  

Fe r t i l e ,  total 

12.5 12.5 7.9.. 12.5 
I C .  0 10.0 6.30 10.0  

1.5 1.5 2.c 1 .5  
2.G 2.0 2.c 2.0 

0. i69 0.169 
c:. c73 C.R4 
0.756 C.'757 

166 166 
551 547 

71: / 15 

1317 3383 

- - 
n- - 

0.17 0.169 
0.05 0.076 
0 .?8 0.755 

166 166 
574 llG - - 
740 27 6 

1570 1324 

a See t e x t  f o r  explanation of reac tor  designations.  

'The csre dimensior;s for t h i s  case r e f e r  t o  one module of  a I'ow-rlodxle s t a t i o n .  
c .n 
10: t h i s  case, the  care i ' i i~C  annular g e m e t r g ;  t he  f k e l  annalus inside d iese te l ,  was 

3 3, ar,3 the oxtside d i m e t e r  was 6.5 ft. 

16.0 
9.8 

1.2 
0.0 

0.193 
0.0 
0.307 

230 
600 

830 

983 

3 . F  
6.5" 

3.0 

0.5 
0.0 
0.0 

63.5 
0.7 

64.2 
- 

751 

20. fi 
16.6 

P 
0.0 l A  

0.895 

0.105 L; 

476 
654 

113 C 
- 

0.@ 
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The separated f u e l  s a l t  f l o a t s  on t h e  lead  and^ forms a It-?.n.-dccp 

l a y e r .  The core f u e l  tubes are  submerged i n  this sa1.t l aye r ,  and opeil- 

ings i n t o  t h e i r  annular  reg ions  provide flow passages through which fu,e1 

flows i n t o  t h e  core  volume. 

There are no mechanica.1. puiips i.n t h e  r e a c t o r  c e l l .  The only h e a t  

exchange wi th in  -the r e a c t o r  c e l l  i s  t h a t  provided by -the direct-contacl;  

lead-and-fuel  j e t  pimps. The only  l i q u i d  l i n e s  I.ea,vi.:ng the r e a c t o r  c e l l  

a r e  t h e  l ead  l i n e s  anf. t h e  fi ie. l-processing l i n e ,  which communicates w i t h  

t h e  f u e l  l a y e r  a t  t,he bottom of t h e  r e a c t o r .  'I'he b l anke t  pYobahly would 

be cooled wi th  1ea.d a h o ;  however, s i n c e  t h e  b lanket  volume i s  not c r i t i -  

c a l ,  '&lie bl-anket salt could b e  cooled by pumping it through a tube-and- 

s h e l l  exchanger as i n  tile MSBR. 

Use of k a d  cooling r equ i r e s  niobium. cladding of me'ial p a r t s  o f  the 

syskeem. FIowever, t h i s  r equ i r e rxn t  does not  appear to in t roduce  a s igni . f i -  

can t  economic pena l ty .  121; t h e  same time t h e  primary hea t  exchangers are 

eli.mi.nated, ~ i s i th  Lheir at-tenrl.ant, c o s t s  and 0peratin.g r e q u i r e m n t s  . 
The s igni-f j -cant  advan'iage produced by cl i r e c t - c o n t a c t  cool ing i s  t h e  

reduct ion  i n  f i ss i le - fue l . .  holdup e x t e r n a l  t o  -tilt: core proper .  A-s shown 

i n  Tablc 5.1, the X5BK(Pe-Pb) conce-ot h a s  a, very  l i izh fuel..-y'eld r a t e  cf 

about 17$/yr, corrsspondjng t o  a. fu-el. doubiiLig Lime of 5 .  y e w s .  

5 . 2  SSCB(Pa) Reactor Concelpt 

5.2.1 SSCR( Pa) Rescior Concept with Tntermediate Coolant 
I-. 

Tn t h e  s ingle-s t ream-core breeder  r eac to r ,  oi- one-ac.d-one-halP r e -  

gion r eac to r ,  t h e  f u e l  s a l t  conkairis fer t iJ . .e  as wel l  as f i s s i l e  m a t e r i a l .  

Within t h e  core pisoper t h e r e  i s  no sepa ra t ion  of f l u i d s ,  s o  g raph i t e  -tubes 

of t h e  type ilcedzd i n  t h e  MSHR a r e  not  requi red .  A t h i n  metal.1.i.c. inern- 

brane of I Ias te l loy Ti, nj.obium, or  similar structu.ra.1 mateyta l  abou'i 0.12 

i n .  t h i c k  surrounds t h e  core  and separates t h e  core region from t h e  

b 1 anke t regj-on . 
'The reactor core i s  c y l i n d r i c a l  and i.s about lI+ ft high  and about 

10 f t  in di.ameter. 'The core  s t r u c t u r e  i s  an  assembly of graph<-te blocks 

w i t 1 1  passages f o r  flow of fuel sa.l.1;. An anmilkr, c y l i n d r i c a l  gra.phi.te 

b a n t e r  d iv ides  h e  core i n t o  two reg ions  s o  that the f-1ui.d makes twc: 



passes  through the core.  Leakage between. t h e  reg ions  i s  permlssi'ole, 
and @herefore  t h e  b a r r i e r  can be  cons t ruc ted  by- simply inter l .ocking t h e  

graphite s e c t i o m .  

The core  s t r u c t u r e  i s  b u i l t  on a tube - shee t - l i ke  support  p l a t e ,  

wh.ich also serv-es as a f l o w  d is t :e ibutor  f o r  t h e  incorning f u e l  sa l t  and 

a c o l l e c t o r  f o r  th .e  d i scharge  s t r e a x .  Bel.ow this p l a t e  a r e  t h e  plenum 

chmbers f o r  f u e l  d i s t r i b u t i o n .  These plenums c o n s i s t  o:& a c e n t r a l  c i r -  

c u l a r  reg ion  arid an allnular ri.giori, which are separa ted  by- a e u r t a i n -  

l i k e  b a r r i e r .  Tke cen te r  plenum d i r e c t s  t h e  f u e l  t o  t h e  cenkra l  reg ion  

of the  r eac to r ,  while  t h e  annular  plenum rece ives  fuel salt as  it leaves 

t h e  annular  reg ion  o f  t h e  r e a c t o r  core .  Sorile bypass of fuel. salt be- 

tween t h e  r e a c t o r  i n l e t  and out;let plenum ckiambers i s  pe rmis s ib l e .  

The energy generated i n  ,the file1 salt  i s  t r a n s f e r r e d  t o  an i n t e r -  

mediate coolant  as in t h e  MSBH concept.  The steam-power cyc le  i s  also 

the  same as f o r  -the MSRLI. 

The blanket reg ion  con ta ins  ThF4 i n  a c a r r i e r  salt. Neutrons d i f -  

fusing from t h e  core  reg ion  a r e  absorbed by thorium i n  t h e  b l anke t  t o  

produce about 5% of  t h e  bred  2331J. Cooling of .the b l anke t  sbreani i s  

done i n  a manner si-snihr t o  t h a t  used i n  t h e  MYBR concept;. 

D i rec t  p ro t ac t in ium removal from t h e  f u e l  s t ream i s  a.:n important 

f e a t u r e  o f  t h i s  concept.  

ence of  r e l a t i v e l y  high uranium concent ra t ions  has no t  been demonstrated 

conclus ive ly ;  however, t h e  ox ide -p rec ip i t a t ion  process  shows prolilise of 

be ing  a p p l i c a b l e  t o  p ro tac t in ium removal. from molten salts  conta in ing  

bo th  thorium an.d uraiiium. 

The a b i l . i t y  t o  do t h i s  p rac t i ca l . l y  i n  t h e  p re s -  

5 - 2.2 SSCB( Pa) with Direct-Contact  C o o l i x  

'lke perforrmnce of t h e  SSCB(Pa) c a n  be improved i f  molten I.ead 5,s 

found t o  be prac t ica l .  as a d i r e c t - c o n t a c t  coolan t  f o r  inol%ea salts con- 

t a i l l i ng  thorium and i~raniuni.  

is shown i n  F ig .  5.2, which a l s o  i l l u s t r a t e s  f e a t u r e s  of the SSCR(Pa) 

concept .  A s  i n  the MSRR(Pa-RJ) concept, t h e  lead coo1an.t not only ab- 

sorbs  t h e r i m l  energy from Y0.e f u e l  salt ,  bui; a l s o  supp l i e s  t h e  motive 

power for c i rcu la 'c ing  the f u e l  salt .through t h e  core .  

This concept, which i s  termed XSCB( Pa-€%), 



Fiz. 5.2. One-and-One-Half Eegion Circulating-Lead Reactor - Xle- 
v a t i o n .  

11s i l l u s t r a t e d  i n  F ig .  5.2, t h e  reacbor core  i s  mounted above 3. 

poo l  of l ead .  

t h e  suctj .on pipes i n t o  t h e  i n l e t  plenuj-fl below t h e  ce:ntra.l regi.on of  the 

core and the11 thmugh -Uie core i n  a two-pass arrangement. 

Fuel  sa l t ,  which i s  f l o a t i n g  on the  lead!, flows through 

From the o u t l e t  plenum t h e  fiiel- i s  channeled r a d i a l l y  out  and down- 

w a r d  to p e r i p h e r a l  lead-ac- t ivated e j e c t o r s .  

the mixture of 1.ead and f u e l  sal.t i n t o  the lead pool.. 

tact t h e  cool.er l ead  e x t r a c t s  heat, f r o m  t h e  fuel.. sa l t .  

less dense fuel sa l t  rises t o  t h e  t o p  and i s  re turned  t o  the core.  The 

heated l ead  i s  piped away from t h e  pool t o  a pmlp a n d  is passed through. 

These e jec'cors dischar-ge 

During thTs con- 

I n  t h e  pool j  t h e  
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the s t r ? a m  superheaters arid r ebea te r s .  Cool lead. is returned .to t h e  

e j e c t o r s .  

The blamket salt may be cooled i n  a similar fasliton, as indicatc:.d 

i n  Fig.  5.2, or the blanket  sa1.t iriay be passed  through a shel l -and-tube 
hea t  exchanger cooled by l e a d  r e t u r n i n g  t o  t h e  fuel  loop ,  

Di rec t -contac t  l e a d  cool ing  reduces t h e  e x t e r n a l  fuel inved,tory by 

p e r m i t t i n g  e f f i c i e n t  h e a t  exchange i n  a system requii-ing s h o r t  runs of 

fuel_ p ip ing .  

rmter.i.al i n  systems conta in ing  lead,  fewer hea t  exch.ange?s may be  r e -  
qu i red .  

gave a fuel-cyc1.e c o s t  of 0.32 ~nilI-/kwhr(e) and a s p e c i f i c  f i s s i l e  in- 

vento:ry of  0.4.1 kg/%(e).  

Although niobium i s  needed as a s t r u c t u r a l  and/or c ladding  

A s  i nd ica t ed  in footnote  d of Table 5.1., the SSCR(Pa-Pb) concept 

T'he MOSEIJ r e a c t o r  concept has  no moderator ( i n  t h e  sense t h a t  no 
miterial  i s  introduced f o r  moderating purposes)  and operates i n  t h e  

i r ! termedlate- to-fast  energy range ( m e m  f issr ion energy of 10 .to 20 kev). 

The c m e  conta5ns only mol ten-sa l t  fuel and t h e  l ead  introduced. f o r  cool- 

ing,  wh i l e  t'ne bla-nket  conta ins  ThFA i n  a c a r r i e r  sa1.t. Niobtwn is used 

as t h e  s t r u c t u r a l  or c ladding zn:ateriaJ where t h e r e  i s  t h e  p o s s i b i l i t y  of' 
con tac t  w i t h  lea,d. 

Fi.gui-e 5.3 i l . l u s t r a t e s  the r e a c t o r  concept;  t h e  core  is t o r o i d a l  in 

shape, having a crcjss s e c t i o n  about 3 fl; wide by 4 T'G high. The i n t e r n a l  

diameter  of  t h e  torus i s  (+ f t .  

and except  f o r  the I.ead o u t l e t  pool a t  t h e  bottom, i s  n e a r l y  surrounded 

by b l anke t  s a l t .  

'The core i s  i n  a tank of b l anke t  salt ,  

Lea& is puxiped in through a per fora ted  header a t  the t o p  of the 

toroidal core.  The lead falls through t h e  fuel. sa l t  and ex t raac ts  energy 

frmi the core. I n  khe process, the  f a l l i n g  lead causes  c i rc ixlat ion of 

fuel. s a l t  w i t h i n  t h e  core r eg ion  i n  a r o t a t i o r m l  pattern, w i t h  salt flow- 
ing  upwar.d on each s i d e  of t h e  central reg ion .  2'he central reg ion  con- 

t a i n s  about  50 m i l  $ les,d, and t h e  l e a d  SepiLrates from the salt by 

gravi.ty, w i t h  the file1 salt fl-oa.tirig on t h e  l ead .  Al t l i l ough  a protac- 

t-iniwn removal scheme was assumed zin t h e  iiucl.ear des ign  cal..culations, 
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Fig. 5.3. TKx3RL( Pa-&) Lead-Cool-ed Reactor - Elevation. 

the reactor performance given in Table 5.1 would change only slightly 

i f  fuel. recycling was accomplished with oii1.y fluoride volatility and 

vacuum distillation processing. 

'Yhe design shown i n  Fig. 5.3 i s  conceptual in nature ,  and the actual 

requirements for separation of' the salt and lead phases may involve more 



145 

tha:n SirflPPjr separa.tion by graviLy forces  alone. 

methods of separa t ion  a r e  permissible, and preliminaxy work ind ica tes  
t'ilat they  a r e  f e a s i b l e .  Although preliminary, the r e s u l t s  obtained f o r  

t h e  NOSEL(€%) concept i nd ica t e  .%he p o t e n t i a l  performance of an inter- 

mediate-to-fast energy molten-salt  r eac to r  and the v e r s a t i l i t y  o f  rnol.ten 

sal ts  as r eac to r  f u e l s .  

However, mecha.nica1 

These studies a.lso i.llus.Lrste t h a t  NOSEL-type reac tors  need e f f i c i e n t  

methods f o r  removing energy from t h e  r eac to r  core without requi r ing  a 

l a r g e  f u e l  inventory externa.1 t o  the core, s ince  the fissile concentra- 

tion i n  t h e  c a r r i e r  salt  i s  high (about 20 times higher than i n  a thermal 

r e a c t o r )  e Direct-contact coo1.ing with lead appears t o  lower the external 

inventory reqxirements t o  a l e v e l  sufficient f o r  attaining low file1 dou- 

b l i n g  tiiiies and low fuel-cycle cos t s .  

5.4- MXCR Concept 

The molten-salt  converter r eac to r  i s  a. s ingle-region s ing le - f lu id  

reactor moderated by gcxphite, with t h e  f e l - t i l e  mater ia l  phys ical.ly mi.xed 

wi th  the  f i s s i l e  f u e l  s a l t .  

bars, writh fuel. passagex permitt ing single-pass flow through t h e  core.  

'The r eac to r  con.cept is described i n  detail i n  t h e  r epor t  by Al.exa,nder 

el; a1.30 

he.re and Lhat descr:i.bed by Alexander e t  a]-. concern the stcam-power cycle 

and t h e  processing scheme. 

was used i n  conjimction with a subcritica7. steam cycle, while here a, 
super c r i t i c a l  s t eain-power sys tern. and once- through bo i l e r -  superheaters 

a r e  considered t h a t  are i d e n t i c a l  t o  those given f o r  the MSBR, Yl'hese 

changes substarit-ia1.l.y increase  the therm.1 e f f i c i ency  am1 Lower the imit 
capital- cost of t h e  previous €GCE plant. Also, the previous system did 

not, use vacuum d i s t i l l a t i o n  processing, s ince  the discovery of i t s  app2.i- 

ca t ion  c a m  ai; a later date.  Incorporation of the  vacu.u.m c'lis.til.l.ation 

prvcess f o r  c a r r i e r - s a l t  ~ecovery, as considered here, leads .Lo substan- 

tial iniprovements i n  f'uel-cycle performance. The fiiel-cgclt? c o s t  of t h e  

MSCR concept i s  given i n  Table 5.1. The c a p i h l  cos ts  were not studied 

s p e c i f i c a l l y  but  should be compar$ble with those f o r  t he  MSBR, t1la.L is, 

:!!he graphi te  is an arrangement of v e r t i c a l  

The e s s e n t i a l  d i f fe rences  between the MSCR concept re fer red  t o  

Tn t h e  previous report, a Loeffler b o i l e r  



about $1 l l+/kw( e) I 

0.34 mil l /kwhy(  e), as for the MSBK, gives po'liser-production costs under 

2.9 mills/kwhr(e) based on an jnvestor-owned dlan'c and a 0.8 load f a c t o r .  

Assuming the operati ag and maintenance c o s i s  t o  be 
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6. EVALUATION 

O f  t h e  r e a c t o r  designs and concepts considered i n  t h i s  study, t h e  
MSSR( Pa) p l a n t  appears  t o  have s u p e r i o r  power-production c o s t  and nuc lear  

c h a r a c t e r i s t i c s ,  as w e l l  as technology requ.irenients t h a t  demand only  a 

reasonable  amoimt of developmental e f f o r t .  The est imated power-production 

c o s t  o f  2.64 mills /kwhr(e)  f o r  investor-owned MSBDR(Pa) pl-ants w i t h  a load 

f a c t o r  of 0.8 i n d i c a t e s  t h a t  t h e i r  developinent can l e a d  t o  large economic 

sav ings .  

of  fi.ssile m a t e r i a l  p e r  megawa.tt of  e l e c t r i c i t y  produced) axid t h e  low 

fue l  doubling time of about 12.6 years ,  which corresponds to a. c a p a b i l i t y  

f o r  doubl ing t h e  i n s t a l l e d  power capac i ty  every 8.7 years ,  I-eads t o  ex- 

c e I l e  n t fuel - cons erva  t ion  chara c t e r i s ti c s . 

A l s o ,  t h e  ].ow s p e c i f i c  inventory  requirements ( less  than  1 kg 

The r e s u l t s  obta , ined f o r  t h e  MSBR des ign  i n d i c a t e  t h a t  t h i s  p l a n t  

also has good p e r f  oxmmce c h a r a c t e r i s t i c s ,  ailthough not  so  good. as those 

f o r  the MSBR( la). A t  t h e  same time, t h e  PGBR p l a n t  appears  less demand- 

ing of i t s  fue l - r ecyc le  technology. 

Molten-sal t  r e a c t o r s  appear wel l - su i t ed  f o r  modular-type p l a n t  ccn- 

s t r u c t i o n .  Such cons t ruck ion  causes no s i g n i f i c a n t  penal-ty t o  e i t h e r  

the power-production cos t  or t h e  nuc lea r  performance, and 5. t  'may pennit  

PEBH's to have very  h i g h  p l a n t - a . v a i l ~ ~ i l i t y  f a c t o r s .  

Use of d i r e c t - c o n t a c t  cool-ing of molten salts  w i t h  l ead  s i g n i f i -  

c a n t l y  improves t h e  po-Lential  pe:rfo.mance of mol ten-saI t  r e a c t o r s  and 

i n d i c a t e s  t h e  v e r s a t i l i t y  of molten salts as r e a c t o r  fuels However, 

i n  o rde r  t o  a t t a i n  t h e  technology status requi red  f o r  such coiicepts, a 

s ign i f i can t ;  development program appears  necessary. 

The molten-sa1.t r e a c t o r  concept t h a t  r equ i r e s  the least, amount of 

development effo:ct; i s  t h e  MSCR, but it, i s  no t  a breeder  system. The 
equilibrii-mi breedi.ng r a t i o  and t h e  power-production Cost of $he MSCK 

p l a n t  were estirfiated t o  be about 0.96 and 2.9 xnills/kwhr(e), yespec- 

t ively,  i n  mi investor-owned plant  w i t h  a load  factor  of 0.8. Although 

t h i s  r ep resen t s  esce l l . en t  performance as a.n advariced cointrerter, the de- 
velopment of MSSR( Pa) o r  MSBR pl.ari2;s xppears p r e f e r a b l e  because of t h e  

lower poTwer-production costs and supe r io r  nixcl.eai* and fue l -conserva t ion  

c h a r a c t e r i s t i c s  a s s o c i a t e d  w i t h  t h e  breeder  r e a c t o r s .  
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