
OAK RIDGE NATIONAL LABORATORY 
operated by 

UNION CARBIDE CORPORATION 
NUCLEAR DIVISION 

for the 
U.S. ATOMIC ENERGY COMMISSION 

ORNL- TM- 18% 
"3 ,&a, 

COPY NO. - 

DATE - June 9, 1967 - -s 
SAFETY PROCRAM FOR MOLTEN-.SALT BI3EZEa3F;R REACTORS 

Paul R. Kasten 

~ ~ e s i C i g a t i ~ n s  required in  detemining the safe%y c.baracteristice 
of power phants axe outlined, and associated safety progsam met  
estinates are given. The safety features of the major plant systems 
in the WBR are described; the favorable characteristics ar ise  fmm tihe I -- 
p r 0 ~ ~ t  m&t%ve temperature coefficient of reactivity, the law 6ystea I 
pressures, the mability of f lu id  fuel,  md  the low excess reautiv3Q 
available Lo the reac-tor at  any t h e ,  Reac-t;ivity addi$ians which neea 
detailed st* Znalude those associated w l t h  net fue l  addition t o  the 
core region'l, those due t o  graphite behavior, those caused by chaages 
tin fluid flow condit%orzs, and those due t o  control rod movement, Be- 
actSvity codf ic ients  which require e"(~&luation include those sssocla%ed 
with tentips%i,ture, voids, pressure, fuel concentration, and g~aph i t e  con- 
ceatt;ral;to@, The fr;rt@ri%y o f  p l w t  ccfflCafnment under ~ e a c t f v i t r  incident 

i 
conditions and also  under c l r c m ~ c e s  where reactivity I t se l f  is not I 
&-vol.ved need to  be ev&Zu&ted; inaluded here are  events such as  mixilng 
of water and steam with c001ant sa l t ,  criticaXity in regions outatde the 
corn, and. Slow bloc&ege w5thin the f i e 1  or coolant streams. Stabil i ty 
analysis of the reactor plant is required t o  deternine tb@ gterrattng, I 

control, and/or design requireaents fo r  obtaining satisfactory p h t  
characteristics. Physics1 behavior of materials and'of equipment under 
MS3R ~ o n d t t i o n s ~  as they relate t o  reactor safety, seed t o  be determiaed 
expeshrmtallyA. Tn o&er t o  delineate and r e s ~ l v e  the basic safety prob- 
lems assocj.ated wi%b EaSBR systems, it 5s estimaLe8 that  about $1.3 million 
Is sequix@d w e s  a period of about eight years, with most of the effort  
($0, g milaion) occurring during the first four years. 

W0TlCE~hie  dostmemt eontoins ififartnation of a preliminary nature 
$ 

aqd was prepared primarily for internal use at  the Ook Ridge )Yational 
1 

L a b e w r y .  It i s  sublact to mvivian w cormcYien tad ~)wlrfwe dues 
I 

not represen* a final report. MIS DOCUMENT HAS WEN REVIEWED. 1 
i 

HY, 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



Tk- N-W WUE pw m UB ULUF& uf Bwwqlraywd = I~U~WULE~~ * ~ l  k b  N~lllnrt 11.- Wani t *J  G1il1-r,  

nor Mrrr Cmm8ssTm, nor: owy pwran adti64 en khlf ef Ikc Cornmi~sien? 
A. Mskr. a w  w a m f y  or rcpmentgtlisnr e x p ~ r w l  or impfled, with re- to th o~emolp, 

roqphtonmre, at ~ ~ e f u l w s t  Bf th In+ormatlon eOAtQEned th &is sr tk9t tkm u r r  sf 
any -inForm&m, apprams, mdwd* or prqmas dlsctorert in tkk repoft may no* Ilafringo 
privotmly ownod rtqhtr; or 

B.. ASSUNS any Ilabilitiw with r+.pra *o fh* @re of, or for damag~u raruhtnq from th, us* of 
ony isfarmation, o p p e r a ~ ,  nuthod. or pcocus disoloswl in %his report. 

As used in 7%' dew, -p.w%n a & i q  on brhall of the Csmnr~oston~~ incltidrr atry ~arpl*y#r ar 

emrclcfar 04 )ha ComjWE~n. or bmplo~w of such c m m w o h  tB tha m n n t  thef such Bnrpbye* 
w contrwstw af *he Coaunirsion, w anrploy&a d such mntwcfor prepar~~~, dis*tnfnv*t, or 
f#suld.r apomss tm, ony i n b o r d a n  pursmnr Ye his mp ioymnt  w OQnfie? svkh the tomisr ian,  
or kir & n r p I ~ y m ~  with ruah CW~*~PCTE~?. 





2 

TABLE OF CONTENTS 

Page - 
ABSTRACT. 1 . . . . . . . . . . . . . . . . . . . . . . . . . . .  
1. INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . .  3 

. . . . . .  2 .  MAJOR PLANT S Y S ~  INFLIJENCING RERCTOR SAFETY 6 

. . . . . . . . . . . . . . . . . . .  2.1  Reactorsystem 7 

. . . . . . . . . . . . . . . . . . . .  2.2 Steamsystem 10  

. . . . . . . . . . .  2.3  Fuel Recycle Processing System 13 

2 .4  Off -Gas System . . . . . . . . . . . . . . . . . . .  15 

. . . . . . . . . . . . . . . . . .  3. REACTORSAFETYASPECTS 18 

3.1 React iv i ty  Coeff ic ients  and Kinetics Parameters . . .  ' 18 

. . . . . . . . . . . . . . . .  3.2 Control-Rod Function 20 

. . . . . . . . . . . . . . . . . .  3.3 Rea.ctor Incidents 2 1  

3.3.2 Mechanical and Physical  I n t e g r i t y  - . . . . . . . . . . . . . . . .  Containment 29 

. . . . . . . . . . .  3.3.3 Miscellaneous Incidents  31 

3.4  R e a c t o r S t a b i l i t y . . . . . . . . . . . . . . . . . .  32 

. . . . . . . . . . . . . . . . . . . . .  4. MSBR SAFETY PROGRAM 33 

. . . . . . . . . . . . . . . . . . . . . .  4 . 1  Summary. 33 

. . . . . . . . . . . . . . . . . . .  4.2 Cos-t Estimates 36 

ACKNOWLEDGMENTS . . . . . . . . . . . . . . . . . . . . . . . .  38 

, L E G A L  N O T I C E  
8 Thls report was prepared ae an acrnt*nt of Gavcrnment awuaured wnrk. Nelthcr (he u!,ikrl 

GIntes, uur the Comrmsslon, nor any person actlng on behalf of the Commlsslon: 
A. Makes any warranty o r  representntlon, expressed or Implled, ulth respect to the nccu- 

privately owned r l ~ h t e :  o r  

racy, completeness, o r  usefulness at the (nformation contnlned In thls report, o r  that the use ' 
of any ~nformatlon, apparatus., method, or process d lsc los~d In thla report may not infringe 

[ 
1 B. As.9umes any llabllltles wlth respect to the uae of, o r  for damages resulting from the 

use of any Informallon, apparatus, method, o r  process dlsclased In thla report, 
I A R  11enI1 In tho above. "wrsun sctlng oa behalf of the Commlsslon" lnclttder sny em- 

ployee o r  oontmcbr U[ Ule Commtaslon, o r  employee of such contrnctor, to the extent h t  
I such employee o r  contracfor of the Commlsslon, o r  employee of such contractor prepares, 

I disseminates, o r  provldes access to, any lnformaUon pursuant to hls employment or contract 
I wlth the Commlsslon. o r  hla employment wlth such contractor. 
I 



SAFETY PROGRAM FOR MOLTEN-SALT BREEDER REACTORS 

Paul R .  Kasten 

I . INTRODUCTION 

The purpose of t h i s  repor t  i s  t o  d iscuss  important aspects  of 

molten-sal t  breeder reactor  p lan t s  which a r e  re la ted  t o  the  opera- 

t i o n a l  and ul t imate  sa fe ty  of such systems, and t o  present  a program 

f o r  inves t iga t ing  reac to r  cha r ac t e r i s t i c s  and associa ted cos t  require-  

ments. I n  order  t o  be r e l a t i ve ly  spec i f i c ,  the  Molten S a l t  Breeder 

Reactor p lan t  (MSBR) described i n  Ref. 1 forms the  ba s i s  f o r  t h i s  d i s -  

cussion. However, general  s tud ies  which a l s o  consider o ther  design 

concepts w i l l  need t o  be performed; the  general  s tud ies  required w i l l  

come i n t o  b e t t e r  focus a s  MSBR sa fe ty  and design information i s  

developed. 
. . 
Brief ly ,  the  MSBR design concept concerns a two-region, two-fluid 

system with f u e l  s a l t  separated from the blanket  s a l t  by graphi te  tubes .  

Circula t ing-fuel  temperatures ark high (-1300"F), and reac to r  pressures  

a r e  low (-100 ps i ) .  The energy produced i n  the  reactor  f l u i d  i s  t r an s -  

f e r r ed  t o  a secondary coolant-sa l t  c i r c u i t ,  which couples the  reac to r  

t o  a supe rc r i t i c a l  steam cycle.  The f u e l  salt  cons i s t s  of uranium 

f luor ide  dissolved i n  a c a r r i e r  s a l t  containing a mixture of l i th ium 

and beryllium f luor ides ,  while the  blanket  s a l t  contains thorium f luo-  

r ide  dissolved i n  a s imi la r  c a r r i e r  salt .  The blanket s a l t  a l s o  c i r -  

cu la tes  through passages i n  the  graphi te  moderator region of t he  core .  

The coolant s a l t  i s  a mixture of sodium f l uo r ide  and sodium fluoroborate.  

Fuel processing i s  performed on-s i te ,  i n  a processing p l an t  i n t e g r a l  

with the  reac to r  p l a n t .  Figure 1 gives a flowsheet of the  1000-~w(e) 

MSBR power p l an t ,  ,while Figure 2 gives the  associa ted processing flow- 

sheet .  Deta i ls  of these  flowsheets a r e  discussed i n  References 1 and 2 .  

The s a f e ty  of MSBR's has not  a s  ye t  been invest igated i n  d e t a i l ;  . 

however, it can be discussed i n  a qua l i t a t i ve  manner, point ing out  areas  

and items which need t o  be invest igated.  The operating philosophy aria 
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t h e  organization f o r  s a f e ty  i n  MSBR power p lan t s  w i l l  have t o  s a t i s f y  

t he  l i cens ing  and regulatory requirements which ex i s t ;  a l so ,  MSBR p lan t s  

must s a t i s f a c t o r i l y  pass s a f e ty  reviews, inspections,  and t e s t i ng .  

P l an t  operations w i l l  have t o  be safe  and e f f i c i e n t  so t h a t  the  heal th  

and s a f e t y  of p l an t  personnel and t h a t  of the  general  publ ic  w i l l  not  

be endangered, and so t h a t  t he  p lan t  can operate economically on a long- 

term bas i s .  While it appears t h a t  the  sa fe ty  of MSBR systems can be 

assured a t  costs  as low o r  lower than the  safety-requirement costs  of 

o the r  reac tor  power p l an t s ,  a de f in i t i ve  evaluation cannot be made u n t i l  

d e t a i l e d  sa fe ty  s tud ies  have been performed. 

I n  discussing MSBK sa fe ty ,  credible  incidents  which would normally 

never occur must be considered. Plant  systems involved a r e  primarily 

t h e  reac tor  system, the  supercr i t ica l -s team system, the  f u e l  processing 

system, and the off-gas  system. These a r e  discussed below r e l a t i ve  t o  

t h e i r  influence and function on reactor  sa fe ty .  Also, a discussion i s  

included of poss ible  events which can be described qua l i t a t ive ly ,  but  

which need de t a i l ed  invest igat ion t o  be evaluated adequately. These 

involve r e a c t i v i t y  coef f ic ien t s ,  control  rod function, poss ible  i nc i -  

dents ,  and reactor  s t a b i l i t y .  Final ly ,  a summary is  given of the  MSBR 

s a f e t y  program, along with est imates of the costs  associated with re-  

solving s a f e ty  design questions.  

2 .  MAJOR PLANT SYSTEMS INFLUENCING REACTOR SAFETY 

The reactor  system i s  the  primary one of i n t e r e s t ,  bu t  o ther  systems 

can a l s o  influence r eac to r  behavior. For example, rupture of the  super- 

c r i t i c a l  'boiler-superheaters could lead t o  high pressures i n  the  secondary 

coolant  system, which i n  t u rn  could lead t o  rupture of the  primary heat  

exchanger i f  proper safeguards a r e  no t  employed. Such a t r a i n  of events 

would influence the  r e a c t i v i t y  of the  reactor  core, and need t o  be con- 

s idered r e l a t i v e  t o  the  adequacy of reactor  p l an t  containment. 

Another plant  system of importance i s  the  f u e l  recycle system, s ince  

it i s  in tegrated wi th  the  reactor  p l an t  and operates "on-line. I '  This 

operation could introduce r eac t i v i t y  changes i n t o  t he  reactor  system. 



Also, the  off-gas system i s  an important p rd tec t ive  system r e l a t i v e  t o  

the  reference of radioact ive  gases from the  p l an t  s i t e .  

2 .1 .  Reactor System 

As considered here, the  reac to r  system contains the  reac to r  core, 

the  primary and secondary c i r cu l a t i ng - sa l t  loops, and associa ted pumps 

the  heat  t r an s f e r  equipment. Important items i n  t h i s  system a r e  i nd i -  

cated i n  Figure 3. 
The reac to r  vesse l  i s  housed i n  a c i r c u l a r  c e l l  of  reinforced con- 

c re te ,  about 36-ft-diam by 42-f t  -high. This volume a l so '  contains the  four  

f ue l -  and b lanke t - sa l t  primary heat  exchangers and t h e i r  respective c i r -  

cula t ing pumps.' The wal l  separat ing t h i s  c e l l  from the' adjoining c e l l s  

i s  4-f t - th ick,  and the  removable bolt-down roof plugs t o t a l  8 f t  i n  

thickness.  The pump dr ive  sha f t s  pass through stepped openings i n  the  

spec ia l  concrete roof p l i igs ' to  the dr ive  motors which a r e  located i n  

sealed tanks pressurized above the  reac to r  c e l l  pressure .  The control  

rod d r ive  mechanisms pass through the  top shTelding i n  a s imi la r  manner. 

The cooiant-sa l t  pipes passing through the  c e l l  wa l l  have bellows s ea l s  a t  

the  penetra t ions .  

The c e l l  i s  l i ned  with 1/4 t o  1/2-in. - thick s t e e l  p l a t e  having 

welded j o in t s ,  which, together  with the  s e a l  pan t h a t  forms a p a r t  of 

the  roof s t ruc tu re ,  provides a c e l l  leak r a t e  l e s s  than 1% (volume) 

pe r  24 h r .  The c e l l  i s  heated t o  above 10?O0F by rad ian t  heating sur -  

faces  located a t  the  bottom of t he  c e l l .  The l i n e r  p l a t e  and the con- 

c r e t e  s t r uc tu r e  a r e  protected from high temperatures by 6 i n .  o r  more 

of thermal insu la t ion  and by a heat  removal system. The reac to r  and 

heat exchanger support s t ruc tu res  a r e  cooled as rcquired. 

Thus, the re  a r e  several  barriers t o  p ro t ec t  aga ins t  the  escape of 

rad ioac t iv i ty .  The f i r s t  i s  the  primary reac to r  piping and equipment, 

.1,11e 8 ~ : O n d  i s  the  seal-welded containment v e ~ ~ e l ,  and a t h i r d  i s  the  

reactor  building proper which i s  maintained a t  a negative pressure by 

ven t i l a t i ng  fans which discharge through a s t a c k - f i l t e r  arrangement. 

A l l  penetra t ions  i n t o  the  reac to r  c e l l ,  such a s  those associa ted with 

instrument, e l e c t r i c a l ,  and service  l i ne s ,  a r e  equipped with sea l ing  

devices. 



Fig. 3. General Arrangement of Equipment i n  t he  Reactor C e l l  and Coolmt  Ce l l s .  



The four  cool ing-sal t -c i rcula t ing c i r c u i t s  a r e  housed i n  individual  

compartments having 4 - f t - th ick  reinforced concrete w a l l s  and bolted-down, 

removable roof plugs. Each compartment contains four  boiler-superheaters,  

two reheaters ,  one coolant-sa l t  pump serving the  boiler-superheaters,  and 

one coolant-sa l t  pump supplying the  reheaters .  A l l  piping passing i n t o  

these  c e l l s  from the  turbine  p l an t  has sealed penetra t ions  and valving 

located outs ide  the  wal l s .  The coo lan t - sa l t  pump dr ive  sha f t s  extend 

through t he  roof plugs and the  c e l l s  a r e  sealed and heated i n  the  same 

manner a s  i n  the  reac to r  c e l l .  Normally the  temperature need no t  be 

maintained above 750°F, however. 

The secondary coolant l i n e s  a r e  maintained a t  a higher pressure  than 

the  reac to r  system (about 200 p s i ,  compared with -100 p s i  i n  the  reac to r ) ,  

so  t h a t  i n  the  event of a primary heat  exchanger tube f a i l u r e ,  leakage of 

radioact ive  f u e l  s a l t  i n t o  the  secondary c i r c u i t  w i l l  be minimized. Ordi- 

na r i l y ,  the  a c t i v i t y  of the  coolant salt  w i l l  be t h a t  due t o  (formed 

from the  N , a  reaction on f luor ine  and having a ha l f  l i f e  of 7 .4  sec)  and 

(formed by an n,y reaction and having a hal f  l i f e  of about 15 h r ) .  

I n  each case the  neutron source f o r  ac t iva t ion  i s  the  delayed neutron 

emission i n  t he  primary heat  exchanger. 

The design pressure f o r  the  reac to r  c e l l  and the  four  adjoining 

compartments i s  expected t o  be about 45 ps ig .  Pressure-suppression 

systems a r e  provided, t he  reac to r  c e l l  system being separate from the  

system used f o r  the  o ther  compartments. These suppression systems would 

contain water storage tanks so t h a t  vapors released i n t o  a c e l l  would 

pass through these  tanks and be condensed,maintaining the  c e l l  pressure 

below the  design value. Noncondensable gases would be contained u n t i l  

they could be disposed of by passage through the  off-gas system. When the 

coolant s a l t  i s  discharged i n t o  the  water  i n  the  pressure suppression 

system some HF w i l l  be produced. The quant i ty  and the  e f f e c t s  need t o  

be evaluated. Studies made f o r  the  MSRE suggest t h a t  corrosion of the  

s t e e l  l i n e r s  and tanks by the  HF w i l l  not  be a ser ious  problem. 

The f u e l  dra in  tanks maintain s u b c r i t i c a l  s torage of the  f u e l  and 

a l s o  remove decay heat  f o r  maintaining proper f u e l  temperatures. Evapora- 

t i v e  cooling i s  provided. The coolant  dra in  tank i s  s imi la r  t o  t he  f u e l  

dra in  tank except no cooling i s  required.  An i n e r t  cover gas system i s  



provided t o  p ro t ec t  the  molten s a l t  from oxygen and moisture a t  a l l  

times. In  order t o  keep s t r e s se s  within equipment low, normal heating 

and cooling of t he  reac tor  w i l l  be done slowly a t  ra tes  of 10o°F/hr o r  

l e s s ,  applying temperature differences l e s s  than about 100°F., However, 

t he  reac tor  system should withstand several  severe thermal shocks (such 

a s  a rapid f u e l - s a l t  temperature r i s e  of about 4 0 0 ' ~ )  without breaching. 

The homogeneous and f l u i d  nature of molten-salt f ue l s  permits ready 

t ranspor t  of mater ia l  from one system t o  another. From the viewpoint of 

sa fe ty ,  it i s  important t h a t  the  f i s s i l e  f u e l  remain homogeneously d i s t r i -  

buted i n  the  c a r r i e r  s a l t .  This has been demonstrated repeatedly under 

both nonirradiat ion and i r r ad i a t i on  conditions; i n  addit ion,  chemical 

s t a b i l i t y  of the f u e l  salts improves with increasing temperature, a 

favorable r e l a t i on .  Also, t he  fue l  s a l t  expands with increasing tempera- 

t u r e ,  e f f ec t i ve ly  leading t o  expulsion of f u e l  from the core region and 

leading t o  a negative temperature coef f ic ien t  of reac t iv i ty .  Because of 

t he  ease of fue l  addi t ion and removal, very l i t t l e  excess r eac t i v i t y  i s  

provided within the  reactor  during normal operating conditions. 

Fiss ion gases a r e  continuously removed from the reactor  core on a 

very shor t  cycle time ( l e s s  than one minute) by sparging the s a l t  with 

i n e r t  gas. Fuel processing takes place on about a 30-day cycle ( f o r  the  

f u e l  s a l t ) ,  so t h a t  the  f i s s i o n  product content of the  reactor  system 

i s  always r e l a t i ve ly  low. 

Since the  f u e l  s a l t  does not wet the  container mater ia l  o r  the  moder- 

a t o r ,  drainage of the f u e l  s a l t  plus f lushing the  system with c a r r i e r  

s a l t  should remove a l a rge  f rac t ion  of the f i s s ion  products from the 

c i rcu la t ing- fue l  system. The ac tua l  behavior w i l l  need t o  be studied 

experimentally. 

2.2. Steam System 

The steam system i s  indicated i n  Figure 4 and consis ts  of the  

coolan t - sa l t  heat exchangers, bo i l e r  feed pumps, feedwater heaters,  the 

turbine-generator, and associated equipment. 'l'he steam-power system 

uses steam conditions of 3500 ps ia  -- 1 0 0 0 ~ ~ / 1 0 0 0 ~ ~ ,  which a r e  repre- 

sen ta t ive  of modern steam power p lan t  p rac t ice .  The feedwater enters  





the boi ler  at  700°F so that  l i t t l e  or  no freezing of the secondary 

coolant salt t e e s  place. 

The 16 boiler-superheaters consist of U-tube-U-shell heat exchangers, 

which transfer heat from the 1125OF coolant s a l t  t o  the 7W°F feedwater 

and generate steam a t  1000°F and 3600 psia. Variable-speed, coolant- 

salt pumps are used t o  permit control of the outlet steam temperature. 

There are  eight shell-and-tube heat exchangers which function as  re- 

heaters and transfer heat from the coolant s a l t  t o  570 psia steam from 

the high-pressure turbines exhaust, raising i t s  temperature t~ 1000°F. 

Reheat steam preheaters are used t o  heat th i s  exhaust steam to  about 

6 0 0 ' ~  before it enters the reheaters. 

The heat-exchange equipment is  located within containment cel ls  

whlcki communicate with the reactor c e l l  by means of coolant-salt lines, 

and with the turbine room by means of steam and water lines. I n  addi- 

tion, these cel ls  communicate with the f ' w L  processing area by means of 

small coolant-salt l ines and with the control and service areas through 

penetrations fo r  gas, cooling water, instrumentation lines, etc. These 

ce l l s  also communicate with a vapor suppression volume through a large 

conduit equipped with a rupture disc. The vapor-condensing system pro- 

vides pressure control. of the coolant-salt c e l l  in  the event of a rqpture 

of the steam or water c i rcui ts .  Biological shielding i s  provided for  the 

cel ls ,  and a controlled iner t  g&s atmosphere is maintained. 

Molten s a l t s  do not undergo a significant chemical reaction with 

water; however, high-temperature steam is produced when water contacts 

molten salt. In order to  provide for  accidents producing steam, or  fo r  

leakage of high-pressure steam into *he coolant-salt cella, a vapor- 

suppression system is used t o  provide pressure relief, and maintain 

pressures below the containment design value of about 45 psig. Auto- 

matic block valve8 are provided in the steam lines t o  reduce the l ike l i -  

hood of' draining the water in the steam system into these cel ls  i n  the 

event of a rupture. 

To protect against high pressures in case of fai lure of a super- 

heater tube in  the heat exchanger, rupture discs are provided on the  

she l l  side of the superheaters and reheaters fo r  venting the coolant 



system i n t o  the  vapor condensing system. These rupture d i scs  p ro tec t  

agains t  overpressure i n  the  coolant-sa l t  c i r c u i t  and thus p ro tec t  the  

reactor  system, which is  separated from the  coolant salt  by the  tube 

walls  of the  primary heat .  exchanger. 

2.3. Fuel Recycle Processing System 

, The fl.owsheet f o r  the  MSBR processing system has been given pre-  

viously i n  Figure 2 .  The core f u e l  i s  processed by the  f luor ide  vol-  

a t i l i t y  process t o  separate the  uranium from the  c a r r i e r  salt  and f i s s i on  

products. The valuable c a r r i e r  salt  i s  separated from the  rare-ear th  

f i s s i on  products by the  vacuum-distillation process. The f u e l  s a l t  i s  

reconst i tu ted by absorbing UFs i n  uranium-containing c a r r i e r  s a l t ,  

followed by reduction i n  the  l i qu id  phase by bubbling hydrogen through 

the  melt.  Excess uranium from the  reac tor  i s  sold  a s  an equilibrium 

mixture of the  f u e l  isotopes.  Fuel s a l t  i s  returned t o  the  reac tor  a s  

needed. 

The blanket  s a l t  is  processed by the f luor ide  v o l a t i l i t y  process 

along with a Pa-removal process i n  which Pa i s  extracted by l i qu id  bismuth 

containing dissolved thorium. The same process a l s o  removes uranium. 

Small s i de  streams of f u e l  s a l t  and blanket s a l t  a r e  continuously 

withdrawn from the  reactor  c i rcu la t ing  systems and routed t o  the  process- 

ing plan: located within the  same building.  A t  the  same time, makeup 

streams a r e  returned t o  the  f u e l  and blanket systems a t  the  same r a t e  

they a r e  removed. These r a t e s  a r e  low enough t h a t  no s i gn i f i c an t  reac- 

t i v i t y  addi t ions  t o  the  reactor  should normally be poss ible .  

The fuel-recycle processing p l an t  i s  located i n  two c e l l s  adjacent . 
t o  the  reactor  shie ld;  one contains t h e  high-radiation-level  operations, 

and the  other  contains the  lower-radiation-level  operations. Each c e l l  

i s  designed f o r  top access through a removable b io log ica l  sh ie ld  having 

a thickness equivalent t o  6 f t  of high-density concrete. A general  plan 

of t he  processing p l an t  and a p a r t i a l  view of the  reactor  c e l l  i s  shown 

i n  Figure 5 .  The highly radioactive operations i n  the  fuel-stream proc- 

essing a r e  ca r r ied  out i n  the  smaller c e l l  (upper l e f t ) .  The other  c e l l  

houses equipment f o r  the  f e r t i l e  stream and t he  fuel-makeup-stream 

operations. 
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Fig.  5.  General Location of Processing Plant Equipment. 



The highly radioactive cell contains only fuel-stream processing 

equipment consisting primarily of the fluorinator, still, waste receiver, 

NaF and MgFz sorbers, and associated vessels., The other cell houses the 

blanket processing equipment and fuel- and fertile-stream makeup vessels. 

The processing plant will use hydrogen and fluorine gases in the 

treatment of the salts. Care must be taken.in utilizing these gases 

because of the hazards associated with obtaining explosive mixtures of 

hydrogen and oqgen, or fluorine. Thus, hydrogen must be isolated from 

the fluorine and from the reactor cell. Also, fluorine must be isolated 

from the reactor system, and ;organic, lubricants must not enter the fluorine 

sys tem . 
The processing plant will.utilize the same off-gas disposal system . 

as the reactor plant. This combined use should not introduce operating 

hazards. The integrity of the cooling systems needed for cooli.ng of 

processing equipment must be assured, both during continuous processing 

and during storage of waste. 

Criticality considerations must be considered, such that recovery 

of fissionable material constitutes no criticality hazard; however, due 

to the relatively small quantities of fissile fuel held up in the proc- 

essing plant and the character of the materials handled, no difficulty 

is anticipated. 

Reactor fuel additions will be done primarily through the return 

line from the processing.plant. The associated components would be of 

all-welded construction and would be maintained by remote maintenance 

procedures. 

2.4. Off-Gas System 

Xenon and krypton as well as tritium are stripped from the fuel 

salt. in the rcac tor circulating system by spa.rgj.ng with an inert gas, 

such as helii.im. This gas along with the gases generatzd are treated 

in the off-gas system. 

The flowsheet for the off-gas system .In shown in Figure 6. .A.fter 
passing through a decay tank, the fission product gases are passed 

through water-cooled charcoal beds where xenon is retained f0.r 48 hr. 



Fig. 6 .  Flavsheet fo r  the O f f - G a s  System. 



I n  addi t ion t o  removing the  1 3 6 ~ e ,  t h i s  system of c i rcu la t ion  e f f ec t i ve ly  

t r an s f e r s  a l a rge  f r ac t i on  of the  o ther  gaseous f i s s i o n  products t o  areas  

where the  decay heat  can be removed more read i ly .  

About 0 . 1  scfm of the  gas stream leaving the  i n i t i a l  charcoal beds 

( o r  0 .4  scfm t o t a l  f o r  the  four  f u e l - s a l t  c i r cu l a t i ng  loops) i s  passed 

through add i t iona l  charcoal beds and then through a molecular s ieve  

(operated a t  l i q u i d  nitrogen temperature) t o  remove 99% o r  more of the  

8 6 ~ r  and o ther  gaseous products. The e f f l uen t  helium can be recycled 

i n t o  the  reac to r  system o r  passed through f i l t e r s ,  d i lu ted ,  and d i s -  

charged i n t o  an off-gas stack.  The molecular s ieves  can be regenerated, 

and the  radioact ive  gases t h a t  a r e  driven o f f  can be sen t  t o  s torage 

tanks.  

Concentration and storage of the  tritium w i l l  probably require  

add i t iona l  equipment; t h i s  operation needs add i t iona l  study. 

A helium system provides cover gas f o r  the  blanket  pump bowls, 

t he  dra in  tanks,  fuel-handling and processing systems, e t c .  Essen t ia l ly  

a l l  helium w i l l  be recycled t o  the  cover-gas system. Any discharged 

cover gas passes through charcoal adsorbers and absolute f i l t e r s ,  i s  

d i l u t ed  wi th  a i r ,  and discharged through the  off-gas s tack.  

Relat ive t o  the  off-gas processing of the  f u e l  recycle system, most 

of the  f a c i l i t i e s  a r e  located i n  the  processing p l an t  proper. I n  the  

processing p lan t ,  off-gas comes pr imar i ly  from the  continuous f luor ina to rs ,  

while smaller  amounts a r e  formed i n  various o ther  processing vessels .  The 

gases a r e  processed t o  prevent the  re lease  of any contained f i s s i o n  prod- 

uc t s  t o  the  atmosphere. Excess f luor ine  used i n  the  f l uo r ina to r s  i s  re-  

cycled through a surge chamber by a pos i t i ve  displacement pump, and a 

small s ide  stream of the  recycling f luor ine  i s  sen t  through a caus t i c  

scrubber t o  prevent gross buildi-ip o f  f i s s i o n  products.  Each of the  

processing vessels  and holdup tanks has off-gas l i n e s  which lead t o  the  

scrubber f o r  t r e a t i n g  HF, f luor ine ,  and v o l a t i l e  f i s s i o n  products.  

The scrubber operates a.s a, continuous, c ~ u n t e r c u r r e n t ,  packed bed 

with rec i rcu la t ing  aqueous KOH. A small s i de  stream of KOH solut ion i s  

sen t  t o  waste, and the  scrubber off-gas i s  contacted with steam t o  hydro- 

lyze  f i s s i o n  products such a s  tel lurium. A f i l t e r  removes the  hydrolyzed 

products. The noncondensable f i s s i o n  products a r e  sen t  t o  the  reac to r  

off-gas f a c i l i t y .  



The off-gas system must be designed t o  handle t he ' ve ry  radioactive 

gases and t o  provide cooling of these gases. Also, while the  vapor 

pressure  ,o f  molten s a l t s  i s  very low, MSRE experience indicates  t h a t  

s o m e , ~ a r t i c u l a t e  matter  can be ca r r ied  i n to  the  off-gas stream. Cold 

t rapping o r  f i l t e r ing  must be provided i n  t he  off-gas l i n e s  f o r  removing 

Lhese mis t - l ike  p a r t i c l e s .  Any o i l  leakage and associa ted decompo~i-tion 

products enter ing t he  off-gas  system must be removed by a f i l t e r  system. 

The off-gas system.primarily removes f i s s i on  products, r ec i rcu la tes  

sparge gases back t o  the  reac tor  system, and holds up f i s s i on  products 

u n t i l  they have decayed s u f f i c i e n t l y  f o r  disposal .  If f i s s i o n  products 

a r e  no t  held  up suff  iciept.1 y,  radioactive gasec arc discharged pr:-:rnii.t,ilr~l y, 

leading t o  high a c t i v i t y  l eve l s .  

3. Rl3A.CTOR SAFETY ASPECTS 

I n  operating a reac tor  power p lan t  there  always e x i s t s  the  poss i -  

b i l i t y  t h a t  r e a c t i v i t y  can be inadvertently added t o  the  system, lead- 

ing  t o  a system disturbance.  If t h i s  disturbance i s  very small, no ill 

e f f e c t s  r e s u l t .  Increasing the  degree of disturbance can lead t o  con- 

d i t i o n s  which a f f e c t  reac tor  operation ( operating sa fe ty )  and eventually 

t o  condit ions which a f f e c t  the  sa fe ty  of t he  general gub l ic  (~1t~irna.t .e 

s a f e ty ) .  I n  t h i s  sect ion the  MSBR operations a r e  discussed from the  

viewpoint of items which need t o  be evaliiated from a sa fe ty  standpoint 

such a s  r e a c t i v i t y  coef f ic ien t s ,  control  rod fundtion, poss ible  r eac t i v i t y  

events t h a t  could cause r e a c t i v i t y  addi t ions  .to the  reactor ,  and the 

s t a ' b i l i t y  requirements of t h e  reactor  power p l an t .  I n  general,  the . 

spec i f i c  s i t ua t i ons  which need t o  be evFj. l i~~.t .~d ere dependent upon thc  

design and operat ional  fea tu res  of the  system. 

Rcact ivi ty  Coefficlen-ts and Kinetics Parameters 

A number of r e a c t i v i t y  coef f ic ien t s  a r e  associated with an MSBR 

system. These include those associa ted with temperature, voids, pressure, 

f u e l  concentration, graphi te  concentration, xenon concentration, f u e i  



burnup, f u e l  flow r a t e ,  and involve the f u e l  and blanket f l u id s  separate ly  

and together.  From the  viewpoint of reactor  safe ty ,  the  most important 

coef f ic ien t s  appear t o  be the  temperature coef f ic ien t s  of r eac t i v i t y  f o r  

the  f u e l  s a l t ,  the  blanket  s a l t ,  and the  graphi te  moderator, and the  fue l  

concentration coef f ic ien t  of r eac t i v i t y .  There a r e  spec ia l  circumstances 

where others a r e  a l s o  of importance. A l l  of these need t o  be determined 

spec i f i c a l l y  . 
Molten-salt reactors  have, i n  general,  a r e l a t i ve ly  large  negative 

f u e l  temperature coef f ic ien t  of r eac t i v i t y ,  due t o  the  expulsion of f u e l  

from the  core region with increasing temperature. The value f o r  MSBR 

systems w i l l  be i n  the  range of -1 x 10" Ak / O F  t o  -5 x A ~ ~ / " F ,  the  
e 

value being a function of design and operating conditions. This coef- 

f i c i e n t  gives inherent  control  and sa fe ty  t o  molten-salt  systems, since 

any increase i n  power l eve l  tends t o  decrease the  r eac t i v i t y  and thus 

decrease the  power l eve l .  Since MSBR's w i l l  normally operate with only 

low values of excess r eac t i v i t y  avai lable ,  the  temperature coef f ic ien t  

appears s u f f i c i e n t  f o r  control l ing the  reactor  without excessive tempera- 

t u r e  var ia t ions .  This inherent  control  fea tu re  permits use of control  

rod mechanisms which have r e l a t i ve ly  slow ac t ion .  -. 

Increasing the  prompt temperature coef f ic ien t  of r eac t i v i t y  generally 

improves the  sa fe ty  and s t a b i l i t y  margins of reactor  operations, provided 

t h a t  the  r e a c t i v i t y  i s  added by means other  than the  temperature coef f i -  

c i en t .  However, the  temperature coef f ic ien t  i t s e l f  can add r e a c t i v i t y .  

by means of "cold slug" type occurrences. Such an occurrence i n  an MSBR 

would be normally associated with an increase of f l u i d  flow ra te ;  however, 

increasing the  flow r a t e  tends t o  decrease r eac t i v i t y  due t o  t he  associated 

increased l o s s  i n  delayed neutrons. The e f f ec t i ve  value f o r  the  delayed 

neutron f rac t ion  i n  2 3 3 ~ - f u e l e d  reactors  i s  about 0.003 i n  f ixed f u e l  

systems; i n  MSBR systems, the  e f f ec t i ve  value f o r  be ta  during f u e l  c i r -  

cula  Lioii would be about 0.001. 

React ivi ty  coef f ic ien t s  need t o  be determined i n  order t o  properly 

evaluate the  sa fe ty  of MSBR systems. Primary values appear t o  be the  

temperature coef f ic ien t s  associated with the  f u e l  aid blanket f l u id s  and 

with the  graphite;  the  void coef f ic ien t s  associa ted with both the  f u e l  



and blanket  f l u id s ;  concentration coef f ic ien t s  associa ted with the  f i s s i l e  

a r~d  f e r t i l e  s a l t s  i n  the  core; r e ac t i v i t y  coef f ic ien t s  associa ted with 

l o s s  of f u e l  flow; e f f ec t i ve  delayed neutron f r ac t i on  a s  a  function of 

flow and power condit ions;  and the  r eac t i v i t y  e f f ec t s  associated with 

g raph i te  shrinkage, graphi te  breakup, and f u e l  soakup by graphi te .  

The r e a c t i v i t y  coe f f i c i en t s  need t o  be cvrlsistent with the  k ine t i c s  

model used i n  t he  s a f e ty  evaluations,  and time- and space-dependent c r i t i -  

c a l i t y  e f f e c t s  need t o  be included i n  such s tud ies .  These time- and 

space-dependent e f f e c t s  should include consideration of t he  d i f f e r en t  

heating and flow, r a t e s  wi thin  the  reactor,  a f t e rhea t  generation, and t he  

change i n  the  e f f ec t i ve  delayed neutron f r a c t i ~ g  during a power pi11-re. 

Other parameters needed i n  t h e  k ine t i c s  analysis  include the  prompt 

neutron l i f e t ime  and xenon poisoning e f f e c t s  . 

3 . 2 .  Control-Rod Function 

One o r  more con t ro l  rods a r e  provided i n  the  MSBR i n  order t o  provide 

f l e x i b i l i t y  i n  reac tor  operations,  and t o  control  r e ac t i v i t y  addi t ions  

such t h a t  f u e l  temperatures and associated  temperature^ do not  become 

excessive.  As mentioned i n  Section 3.1, inherent  control  i s  provided 

through t he  negative temperature coef f ic ien t  of r eac t i v i t y ,  which pro- 

v ides  prompt protect ion aga ins t  r e ac t i v i t y  addi t ions .  A t  the  same time, 

i f  r e a c t i v i t y  addi t ions  take place over a  long-time in t e rva l ,  t he  t o t a l  

r e a c t i v i t y  added may lead  t o  undesirably high f u e l  temperatures i f  only 

t he  temperature coef f ic ien t  i s  u t i l i z e d  (however, sl.zch temperatures may 

be permissible f o r  r e l a t i v e l y  short. times -- order of hours). I n s t a l l a -  

t i o n  of control  rods which a r e  slow act ing (response time ~f about one 

s'econd) appears s u f f i c i e n t  f o r  control l ing maximum f u e l  temperatures, and 

wuuld permit r eac t i v i t y  con t ro l  independent of f u e l  temperature. Control 

rods provide an easy means of controll ing reactor  power a t  low power 

l eve l s  where the temperature coef f ic ien t  i s  a  poor operational  control;  

during power operation, con t ro l  rods would normally be f u l l y  withdrawn 

fro111 Llle c u r e .  



The required r e a c t i v i t y  worth of control  rods i s  a function of.shim 

and shutdown margin requirements, and needs t o  be invest igated i n  d e t a i l .  

Control-rod worth as a function of f u e l  concentration, power conditions, 

and reac to r  design should be studied.  In  pa r t i cu l a r ,  use of "control  

rods" which use f e r t i l e  blanket  s a l t  a s  absorber mater ia l  need t o  be 

evaluated. 

The ac t ion  and pos i t ion  o f  control  rods during reactor  s t a r t up  need 

t o  be exa.m.ined. It appears reasonable t h a t  the  rods be . f u l l y  inse r ted  

p r i o r  t o  s t a r t  of f ue l  c i rcu la t ion ,  with c r i t i c a l i t y  achieved by with- 

drawal of the  rods. 

I n  general ,  the  control  rods of the  MSBR need not  be used f o r  shim 

requirements ( e .  g . ,  change i n  s teady-s ta te  X e  l eve l ,  o r  f u e l  temperature); 

r a the r ,  associa ted r e a c t i v i t y  changes can be made by ad jus t ing  the  f u e l  

concentration. Reactor shutdown can be obtained by i n se r t i on  of a con- 

t r o l  rod, o r  by stopping a f u e l  pump which leads  t o  f u e l  drainage from 

the core region. 

It does no t  appear t h a t  control  rods need t o  con t ro l  l a rge  amounts 

of r e a c t i v i t y  (probably l e s s  than .l/2% i n  r eac t i v i t y )  o r  t o  have f a s t  

response times (response times of about a second a r e  prdbably s u f f i c i e n t ) .  

However, de t a i l ed  s tud ies  need t o  be performed r e l a t i v e  t o  spec i f i c  re -  

quirements a s  a function of core design. The r e s u l t s  obtained w i l l  be 

used t o  determine general  considerat ions concerning control  rods and MSBR 

sa fe ty .  

3.3. Reactor Incidents  , 

Items t o  be considered here concern physical  events which influence 

system reac t iv i ty , ,  a s  wel l  as some which do no t  influence r e a c t i v i t y  

pe r  se .  Operational safe ty ,  o r  t he  . a b i l i t y  t o  continue reac to r  operation 

a f t e r  abnormal events, i s  involved, a s  well: a s  u l t imate  s a f e ty  where con- 

tainment of gross rad ioac t iv i ty  and publ ic  - s a f e ty  a r e  the important con- 

terns. These de f i n i t i ons  a r e  i l l u s t r a t e d  below. 



A s  normally considered, a reactor  incident  involves a core r eac t i v i t y  

add i t ion .  I f  t he  r e a c t i v i t y  addit ion i s  small enough, there  i s  primarily 

a small disturbance i n  reac tor  power, with no dele ter ious  e f f ec t s  t o  t he  

reac tor  p l a n t .  Under these  circumstances, operational  sa fe ty  i s  main- 

t a ined .  I f  the r e a c t i v i t y  addi t ion i s  l a rge  enough, a graphi te  tube 

separat ing the  f i e 1  and blanket  f l u id s  may break because of the pressure 

r i s e ,  with no o the r  untoward e f f ec t s .  Under these circumstances the 

r eac to r  p l a n t  has produced no public hazard, but  must be shut down f o r  

repa i r s .  Under these  circumstances operational  sa fe ty  has not  been 

maintained, but u l t imate  s a f e ty  has not  been involved. I f  the  reac- 

t i v i t y  addi t ion i s  so  l a rge  t h a t  the  reaclor- vesse l  ruptures and gen- 

e r a t e s  a d i s rup t ive  force  which r e su l t s  i n  penetrat ion of the reactor  

containment, both operat ional  and ult imate sa fe ty  may be violated.  

Reactor p l an t  incidents  can a l s o  occur without the  reactor  i t s e l f  

being involved. For example, i f  mechanical f a i l u r e s  occur which permit 

water o r  s u p e r c r i t i c a l  steam t o  contact  secondary coolant s a l t  within 

t he  c e l l  containing the  steam generators, high pressures could occur i n  

the  c e l l  and lead t o  rupture of t h i s  containment. Release of steam con- 

t a in ing  p a r t i c l e s  of radioact ive  coolant s a l t  could involve personnel 

hazard and ul t imate  sa fe ty .  

The design of an MSBR p l an t  must consid-er both operational  and 

ul t imate  sa fe ty  aspects ;  the  resu l t ing  reactor  p l an t  must have opera- 

t i o n a l  s a f e ty  assured under near ly  a l l  credible  circumstances, and 

u l t imate  sa fe ty  assured under a11 credible  circumstances. Items which 

need t o  be considered i n  such sa fe ty  design s tudies  a r e  discussed below 

and a r e  separated i n t o  those which ?nvolve r eac t i v i t y  addi t ions  t o  the  

reac tor  proper, those associa ted with mechanical and physi re], i n t eg r i t y ,  

and items no t  covered i n  e i t h e r  of the  above categories.  In  near ly  a l l  

cases, these  events require  malfunction of equipment o r  reac tor  operation 

as indicated below. 



3.3.1 Reactivity Additions 

Reactivity can be added t o  the  MSBR by mechanisms and events s imilar  

t o  those considered f o r  the M S R E ; ~  i n  addit ion,  the  use of two f l u i d  

streams separated by graphite tube walls  and the  supe rc r i t i c a l  steam- 

power cycle requires t h a t  several  o ther  events be considered. Possible 

r eac t i v i t y  addi t ions  need t o  be invest igated i n  d e t a i l .  

The pro tec t ive  devices ava i lab le  t o  the  MSBR a r e  s imi la r  t o  those 

i n  the  MSRE. "Prompt" protect ion is  afforded by the  negative temperature 

coef f ic ien t  of r eac t i v i t y  and "delayed" protect ion i s  provided by the 

control  rods and a l s o  by drainage of f u e l  s a l t  from the  core region. 

Since a l l  r e ac t i v i t y  changes involve r a t e s  of. addi t ion ra ther  than re -  

a c t i v i t y  s teps ,  an important f ac to r  i n  protect ion i s  the  minimum neutron 

source s t rength which can e x i s t  i n  the  core. The MSBR f u e l  contains an 

inherent  neutron source of near ly  lo7 n/sec due t o  the  a , n  reactions re-  

su l t i ng  from the  alpha decay of 2 3 3 ~  and 2 3 4 ~  i n  the  f u e l  s a l t .  An addi- 

t i o n a l  neutron source e x i s t s  from the  y,n reaction resu l t ing  from the 

decay of f i s s i on  products within the  f u e l  s a l t ;  the  photoneutron source 

i s  grea te r  than lo7 ?/set f o r  about four months a f t e r  reactor  shutdown 

following a month's operation a t  power. Thus a strong i n t e rna l  neutron 

source i s  always present;  i f  r e ac t i v i t y  i s  added a t  low ra tes ,  mul t ip l i -  

cation of t h i s  sou rce . r e su l t s  i n  a s ign i f i c an t  increase i n  reactor  power 

before l a rge  amounts of r eac t i v i t y  can be added t o  the  system, which i n  

turn  permits the  temperature coeffic5ent t o  become e f f ec t i ve  a f t e r  r e l a -  

t i v e l y  small gross r eac t i v i t y  addi t ions .  

Net Fuel Addition t o  Core. . P-robably the  l a r g e s t  r e ac t i v i t y  addi t ion -. -. ." ., .-,,,,, ~ ~ , , .  .,... . -. 

t h a t  can take place i n  an MSBR i s  t h a t  associa ted with breakage of one o r  

more graphite tubes with ne t  addit ion,  of f u e l  s a l t  t o  the  core region. 

However, spec ia l  circumstances have t o  e x i s t  f o r  t h i s  t o  take place s ince  

the  blanket  region operates a t  pressures higher than the f u e l  region, and 

tube breakage under normal conditions would add f e r t i l e  salt  t o  the  f u e l  

region'and reduce reactd.vity. Thus, t o  add r eac t i v i t y ,  the  f u e l  pressure 

would have t o  r i s e  higher than the  blanket  pressure a t  the  time of ,  o r  

shor t ly  a f t e r ,  breakage of a graphi te  tu'be. This i s  p o s ~ i b l e  i f  the 

high pressure of the supe rc r i t i c a l  steam system i s  a t  l e a s t  p a r t i a l l y  



t r ansmi t ted  t o  t he  f u e l - s a l t  system, o r  i f  there  is  a decrease i n  the 

blanket  pressure without a concurrent decrease i n  the  core-fuel  pressure.  

Fa i l u r e  of t he  tubing i n  the boiler-superheater  could al,low the  

high-pressure steam t o  e n t e r  the  coolant-sa l t  system. To pro tec t  agains t  

a buildup of pressurc i n  t he  coolai.1; system, rupture d i scs  a r e  provided 

i n  the  steam generator and reheaters ,  and a l s o  could be provid.ed on the  

s h e l l  s i de s  of t h e  f u e l  and blanket heat  exchangers. If these  rupture 

d i s c s  f a i l  t o  operate, o r  f a i l  t o  operate quickly enough, it i s  con- 

ceivable  t h a t  a buildup of pressure i n  the  coolant system could cause 

f a i l u r e  of  the  primary f u e l  heat  exchanger. The l i k e l y  means of f a i l u r e  

would be rupture of t he  s h e l l  o r  col..l.aps~ of Lhe tubeg, nc i t hc r  eveilt 

t r ansmi t t ing  the  pressure  increase t o  the  f u e l  f l u id .  However, i f  there  

were localizeci weakness i n  a fuel-heat-exchanger tube, due t o  a defect  

i n  manufacture, f r e t t i n g  corrosion, e t c . ,  f a i l u r e  of a tube could occur 

leading t o  a bu.il.dup of pressure  i n  the  f u e l  system. Alte-matively, l o s s  

of overpressure i n  the  blanket  region could permit operation with f u e l  

pressures  higher than blanket  pressure.  I f  a graphi te  tube f a i l e d  under 

such operating condit ions,  the re  would be a n e t  f ue l  addi t ion t o  the  

core region. The r eac t i v i t y  addi t ion would depend upon t he  pressures 

and flow passages involved and t h e i r  va r ia t ion  with time. 

I f  steam does contact  coolant s a l t ,  no exothermal reaction6 of any 

consequerlce a r e  involved. Mixing of steam with coolant s a l t  would oxidize 

t he  coolant  s a l t ,  bu t  no s a f e ty  hazard would be introdilced because of t h i s  

a c t i on .  However, the  corrosiveness of the  mixture t o  t h e  container ma- 

t e r i a l  needs determination. There a r e  no f i s s i on  products i n  the coolant 

s a l t , ,  and t he  induced a c t i v i t y  present wo11.l.d decay ( t h e  primary a c t i v i t y  

i s  assoc ia ted  with and N ' ~ ,  having half   live^ o f  ~hnilt. 1.5 br arid 7 
sec ,  respect ively) .  Cleanup of the  system and repa i r  o r  replacement of 

damaged equipment appears poss ible .  

The coolant salt  i s  compatible with the  f u e l  s a l t ,  so leakage of 

coolant  s a l t  i n to  the  reac tor  system does not  involve safe ty;  any such 

leakage would reduce r e a c t i v i t y .  The BF3 added t o  the  reactor  f u e l  could 

be read i ly  removed by heating the  s a l t ,  with the  BF3 removed a s  a gas.  



Contacting f u e l  s a l t  with steam would oxidize the  uraniuin, but  

probably would no t  cause.any problems other  than those associated with 

subsequent cleanup. of the  fue l .  However, possible r eac t i v i t y  e f f e c t s  ,. 

due t o  f u e l  p rec ip i ta t ion  need t o  be studied spec i f i c a l l y .  

A t  t h i s  time it appears reasonable t h a t  engineered safeguards, such 

a s  i n s t a l l i n g  rupture d i scs  wi6hin the  heat  exchangers of the  coolant 

system, and providing strengthened primary system heat  exchanger tubes 

can e i t h e r  p ro tec t  agains t  such an accident,  o r  keep.the amount of f u e l  

s a l t  added t o  t he  core region small enough t h a t  ul t imate sa fe ty  i s  not  

involved. However, de ta i l ed  s tudies  a r e  needed t o  examine t h i s  s i tua t ion .  

Reactivity Changes Due t o  Graphite Behavior. In  addi t ion t o  the 

case discussed above i n  which breakage of graphi te  tubes was assumed 

t o  take place,  o ther  graphite behavior can e f f e c t  r e ac t i v i t y  changes. 

For example, shrinkage of graphite during radia t ion exposure can e f fec -  

t i v e l y  influence fue l  concentrations; however., the associated r eac t i v i t y  

changes should take place a t  r a t e s  such t h a t  they can be readi ly  com- 

pensated by adding o r  removing.fue1 through normal operations.  

React ivi ty  can be added i f  p a r t  of the  graphite ins ide  a f u e l  tube 

were t o  break away from the  tube proper and be swept out of the  core  

region. Only small amounts of r eac t i v i t y , cou ld  be involved so long a s  

t h i s  act ion took place i n  s ing le  tubes; and no d i f f i c u l t y  f o r  t h i s  s i t u a -  

t i on  would be ant ic ipated.  Al ternat ively ,  i f  graphite were removed from 

the  blanket  port ion of the  core region, i-t;  w'uuld be displaced by f e r t i l e  

s a l t ,  leading t o  a decrease i n  r eac t i v i t y  such t h a t  sa fe ty  i s  not  involved. 

Graphite i s  compatible with molten s a l t ,  but  f u e l  penetra t ion i n to  

the  graphi te  could take place with time. Here again, the  time element 

involved would make such events i n s ign i f i c an t  from a sa f e ty  viewpoint. 

I f ,  on the  other  hand, a pressure r i s e  took place i n  the core which caused 

the Ale1  t o  penetra te  and f i l l  voids i n  the  graphi te ,  perhaps a s i g n i f i -  

cant  r eac t i v i t y  addi t ion could be obtained. The ac tua l  addi t ion i s  de- 

pendent upon the physical  proper t ies  of the  graphi te  employed. I f  the  

pressure r i s e  occurs because of a previous r eac t i v i t y , add i t i on ,  the  

pressure buildup i t s e l f  would expel f u e l  s a l t  from the  core and tend 

t o  decrease r eac t i v i t y .  



Fue l - s a l t  pene t ra t ion  i n  graphi te  appears t o  present l i t t l e  problem 

during normal operation,  bu t  may present d i f f i c u l t i e s  during emergency 

shutdowns which require  f u e l - s a l t  drainage. Fuel remaining ;in the  graphi te  

would generate decay heat  which could lead t o  undesirably high temperatures 

(temperature d i s t r i bu t i ons  and levels  influence thermal s t r e s se s  and creep 

r a t e s ,  which can a f f e c t  the  mechanical i n t e g r i t y  of the  g raph i te ) .  The 

a b i l i t y  of blanket  s a l t  t o  remove t h i s  decay heat needs invest igat ion.  

React ivi ty  Changes Associated With Changes i n  Flow Conditions. I n  a 

c i rcu la t ing- fue l  reactor ,  an appreciable f rac t ion  of the  delayed neutrons 

can be emitted ex te rna l  t o  the  core under normal flow conditions. In -  

creasing flow thus tends t o  lower the  contribution of delayed neutrons 

t o  t he  f i s s i o n  chain and a l s o  decreases the  average neutron l i fe t ime  of 

the  reac tor .  While lowering the  delayed neutron f rac t ion  (be ta )  i s  nor- 

mally considered detr imental  t o  safe ty ,  t h i s  i s  i n  the  context of systems 

having instrument control .  Lowering the  value of be ta  i n  a system having 

inherent  control  under t he  condition t h a t  r e ac t i v i t y  addi t ions  take place 

a t  r e l a t i v e l y  low r a t e s  does not  s i gn i f i c an t l y  decrease the  ul t imate  sa fe ty  

of t he  system. Also, the  e f f ec t i ve  value of beta  increases during a r i s e  

i n  puwer, a favorable condit ion.  

Since delayed neutrons a r e  " l o s t "  because of f u e l  c i rcula t ion,  stop- 

page of flow due t o  pump power f a i l u r e  would tend t o  add r eac t i v i t y  t o  

the  system. However, i n  t h e  MSBR t he  react,j.vi.ty a.d.d.j.ti..on woi.11d mljr be 

about 0.002. In addi t ion,  stoppage of f l m  leads t o  drainage of the  core, 

which would make t he  reac tor  subc r i t i c a l .  The fue l  temperature r i s e  due 

t o  a f t e rhea t  during drainage of the core may be the most s i gn i f i c an t  va r i -  

able ,  and needs de t a i l ed  stuiiy. Also, time delays i n  f u e l  dra.i,n.a&e from 

the  core following pwrlg stoppage needs tan h~ inyest.ip;at.ed e-xperimentably, 

and the  r e s u l t s  in te rpre ted  r e l a t i ve  t o  reactor  sa fe ty .  

Another r eac t i v i t y  incident  poss ible  with systems having a negative 

temperature coef f ic ien t  of r e a c t i v i t y  i s  t h a t  of the  "cold slug" accident.  

Such an accident could occur by s t a r t i n g  the  fuel-circ.izl,ating pump a t  a 

time when the  f u e l  ex te rna l  t o  the core has been cooled wel l  below t h a t  

of t he  Sue1 i n  t he  core.  The cooler f u e l  would add r eac t i v j t y  when it 

entered the  core; t h i s  addi t ion could exceed the  r eac t i v i t y  decrease due 



t o  the  "loss" of delayed neutrons associated with f l u i d  t ranspor t . '  By 

going c r i t i c a l  only with the  pump on, making use of the  control  rod f o r  

t h i s  purpose, would avoid the  "cold slug" incident .  The seriousness of 

the  cold slug incident and the  control  mechanisms needed under various 

circumstances needs invest igat ion.  

Drainage of the  reactor  f u e l  system begins automatically due t o  

g rav i ty  forces  when the  f u e l  pump s tops .  Fuel from the  core drains  by 

grav i ty  i n to  the  sump tank of t he  f u e l  pump where a f t e rhea t  i s  removed 

by cooling co i l s .  Convective c i rcu la t ion  may be a s s i s t ed  by flow of gas 

used t o  sparge xenon from the  f u e l  s a l t .  However, a s  pointed out above, 

f u e l  and graphite temperatures a l s o  need t o  be studied during f u e l  dra in-  

age from the  core. I n  general,  the  a b i l i t y  and need f o r  a f t e rhea t  r e -  

moval requires de ta i l ed  s tud ies .  

Changes i n  Fuel Concentration. React ivi ty  can be added by increasing 

the  concentration of f i s s i l e  mater ia l  within the  f u e l  f l u id ;  examples of 

possible events a r e  f i l l i n g  the  fue l  tubes with s a l t  containing abnormally 

high f i s s i l e  concentrations, and returning s a l t  having abnormally high 

f u e l  concentrations from the  processing system t o  the  reactor  system. 

The reactor  would i n i t i a l l y  be " f i l l e d "  by adding f i s s i l e  mater ia l  

t o  the  c a r r i e r  s a l t  while t he  l a t t e r  was c i rcu la t ing .  If, however, follow- 

ing c r i t i c a l i t y  and drainage of f u e l  s a l t  from the  reactor  core, the 

f i s s i l e  concentration i n  t he  drained f u e l  s a l t  were increased inadvertently,  

r e f i l l i n g  the  core could r e s u l t  i n  a supe rc r i t i c a l  reactor .  Such an event 

i s  highly unlikely,  s ince  f u e l  would no t  be added i n  large  amounts t o  the  

drained system; a l so ,  p a r t i a l  f reezing of the  f u e l  s a l t  does not  appear 

t o  lead t o  s i gn i f i c an t  increases of f i s s i l e  concentration i n  the  f l u i d  

port ion of the  fue l .  Specif ic  cases need t o  be evaluated, however. 

The r a t e  of return of f u e l  from the  processing p l an t  i s  low, and it 

w i l l  be d i f f i c u l t  t o  add r eac t i v i t y  a t  a high r a t e  through the  processing 

l i n e s  because or  Lhe l imi led r a t e  a t  wklich f u e l  can be added. A more 

l i k e l y  way t o  increase f u e l  concentration above the normal value would 

be t o  f i l l  the  core with f u e l  having a temperature lower than the  c r i t i c a l  

temperature. A r eac t i v i t y  added by t h i s  means would correspond t o  a low- 

r a t e  addi t ion and should cause no d i f f i c u l t y .  



I f  f u e l  were t o  accumulate outside the  core . region,  and inadvertently 

re tu rn  t o  t h e  core, r e a c t i v i t y  could be added rapidly  t o  the  reactor .  

Since t he  f u e l  i s  homogeneous and chemically s tab le ,  t h i s  event does not 

appear t o  be l i ke ly ;  a l so ,  any such poss ibi l . i ty  would be indicated by a  

previous r e a c t i v i t y  l o s s .  Nonetheless, the  consequences of uranium 

p rec ip i t a t i on  o r  accumulation outside the  core and i t s  subsequent addi t ion 

t o  t h e  core region requires  general  evaluation.  Such s tudies  w i l l  help 

determine ope-rating procedures consis tent  with reac tor  sa fe ty .  

While none of the  above events appears t o  cons t i tu te  an operational  

o r  u l t imate  sa fe ty  hazard, a l l  should be considered i n  d e t a i l .  

Reactivity Addition by Control-Roil. Mc,vemeri.l:. Tl IR 11 I PWUI-Y 1.d' a I:I-ILL- 

t r o l  rod permits r e a c t i v i t y  addi t ion t o  the  reactor  by rod movement. 

Normally the  reac tor  would be c r i t i c a l  with the  control  rod completely 

removed, bu t  there  could be conditions where c r i t i c a l i t y  i s  achieved 

with  the  rod p a r t i a l l y  o r  completely inser ted.  The amount and r a t e  of 

r e a c t i v i t y  addi t ion associa ted with control  rod movement under these  con- 

d i t i o n s  would be l imi ted  by the  control  rod worth (which w i l l  probably 

be under 0.005 Ake) and the  r a t e  of withdrawal (which w i l l  be l imi ted t o  

a low va lue) .  A s  with the  MSIIE, no d i f f i c u l t y  i s .  foreseen, pa r t i cu l a r l y  

it' rod withdrawal does no t  continue a f t e r  the  power i eve l  reaches an 

i n i t i a l  peak value a s  a r e s u l t  of rod movement. 

React ivi ty  Addition Due t o  Posi t ive  Pressure Coefficient .  The hEBR 

design spec i f ies  use of helium a s  a sparge gas t o  remove xenon from the  

c i r cu l a t i ng  fue l .  As a  r e s u l t  of t h i s  opera.tion, some gas w i l l  undoubtedly 

c i r c u l a t e  through the  MSBR core, resu l t ing  i n  'a pos i t ive  pressure coef - 
f i c i e n t  of r eac t i v i t y .  The importance of t h i s  coef f ic ien t  on s a . f ~ t . y  i s  a. 

function of the gas content of the  core,  which i n  turn  i s  re la ted  t o  the  

ease of s t r ipp ing  xenon from the  fue l  s a l t  and the  eff ic iency of the  gas 

separa tor  used t o  remove sparge gas before it en te rs  t he  core region. An 

increase  i n  pressure would decrease the  f rac t ion  gas i n  the  core and i n -  

crease  r eac t i v i t y .  Experience with the  MSRE indicates  t h a t  the  above i s  

no t  a ser ious  problem, bu t  it needs t o  be evaluated spec i f i c a l l y  f o r  the  

MSBR . 



3 . 3 . 2  Mechanical and Physical I n t eg r i t y  - Containment 

This subject  i s  re la ted  t o  the  r e a c t i v i t y  addi t ions  discussed above. 

Here, the discussion i s  concerned with containment r e l a t i ve  t o  events 

which do not  necessar i ly  require o r  r e s u l t  i n  r e a c t i v i t y  addi t ions  t o  

the reac to r  system. Some of the questions which a r i s e  are :  What a r e  

the  consequences of having water and s a l t  i n  a c e l l  i f  these mater ia ls  

acc iden ta l ly  make contact?  What a r e  the  cooling conditions required i f  

there  i s  mixing of salt and water? What a r e  the  consequences of f u e l -  

s a l t  leakage o r  d i f fus ion  i n t o  the  coo lan t - sa l t  system? How prac t i cab le  

i s  it t o  maintain low leakage from a containment c e l l  a t  the  temperatures 

involved (leakage of no more than 1% of the  containment volume per  day)? 

What a r e  the  consequences of a major s p i l l  of f u e l  s a l t  within the  reac to r  

c e l l ?  

The containment of the  reactor  p l an t  has t o  be assured even though 

there  i s  rupture o f ,  o r  leakage from, the  primary and secondary s a l t  

sys tems . Rupture and/or leakage may r e s u l t  from overheating, overs t ress  - 
ing, corrosion, o r  o ther  unexpected mater ia l  f a i l u r e s .  The sever i ty  of 

the  containment problem w i l l  depend on the  amount of s a l t  sp i l l age ,  the  

r a t e  a t  which water mixes with hot  s a l t ,  and the  amount of water added 

t o  the  c e l l .  Consequences of a s p i l l  accident  a r e  heat  generation, 

pressure buildup, and re lease  of f i s s i o n  products i n t o  the  c e l l ,  and 

these w i l l  need t o  be evaluated f o r  spec i f i c  cases.  Problems associa ted 

with a major s p i l l  of f u e l  s a l t  within the reactor  c e l l  must be considered 

i n  the  de t a i l ed  design of MSBR systems and must a l s o  be s tudied experi-  

mentally. I f  water i s  present ,  corrosion of s t e e l  by HF must be considered. 

The e f f e c t s  of l o c a l  thermal expansion o r  energy deposit ion due t o  hot 

s a l t  sp i l l age  needs evaluation.  Provision should a l s o  be made t h a t  o i l  

from the  pump lubr ica t ion  system does not  contact  hot  components, a l -  

though i f  t h i s  does occur, normally would not  be s u f f i c i e n t  oxygen 

t o  support combustion i n  the  c e l l  atmosphere of i n e r t  gas (n i t rogen) .  

Tn order t o  assure  containment, knowledge of the  very long-term creep 

behavior of mater ia ls  under p l an t  operating conditions i s  needed. In for -  

mation i s  a l s o  needed on the conditions required t o  produce "steam ex- 

plosions" upon mixing of s a l t  and water; s im i l a r  information i s  needed 

f o r  the mixing of o i l  and s a l t .  



The containment of f i s s i o n  products should be assured, and re lease  

of these  through the  off-gas system must not  cons t i tu te  a sa fe ty  hazard. 

This involves t he  amount of v o l a t i l e  materia.1, which i s  t o  be released 

and the  amount of f i s s i o n  products ca r r ied  i n  very small, mis t - l ike  s a l t  

p a r t i c l e c .  I n  any case, t he  re lease  of materia.1. through the  off-gas 

system should be control led so  t h a t  exposure of individuals i s  not  ex- 

cessive..  This can be accomplished by f i l t r a t i o n  and re tent ion systems 

as required.  Beryllium and f luor ine  hazards, a s  wel l  a s  radioactive 

iodine,  must be considered r e l a t i v e  t o  permissible re lease  r a t e s  during 

normal operation a s  wel l  a s  following a severe incident .  The re lease  of 

f i s s i o n  products upon mixing of f u e l  salt  and. w a t e r ,  o r  of sal t  and o i l  

a l s o  needs determination. A f i s s i on  product flow and inventory sheet  

w i l l  be made a s  MSBR design s tudies .  a r e  made i n  more d e t a i l .  Also, i n -  

ves t iga t ion  of t he  p l a t i ng  out  of f i s s i on  products throughout the  reactor  

system i s  an important p a r t  of the chemical development program. The 

implication t h a t  f i s s i o n  product p l a t i n g  have upon reactor  sa fe ty  needs 

t o  be considered. 

In  designing the  reac tor  system containment, consideration must be 

given t o  t he  p o s s i b i l i t y  of earthquakes. The e f f e c t  of such an event on 

reac tor  containment is, of course, dependent upon i t s  severi ty, ,  which i n  

tu rn  i s  a function of l o c a l  condit ions.  The pos s ib i l i t y  of fl-oodine, and 

assoc ia ted  conseq.uences i s  a l s o  dependent upon l o c a l  conditions. 

Yhe ~.nos.t l i k e l y  me i;hud of i w p t U Y i i i g  the  secondary containment i.s 

through sabotage, miss i l e  damage, a c t s  of nature,  o r  excessive pressure.  

The .generation of miss i l es  i n  the reactor  c e l l  i s  no t  l i ke ly ,  since the  

reac tor  pressure i s  low. Missi le damage and. h i g h  pressures a re  more 

l i k e l y  i n  the  coolant c e l l  and, steam p l an t ,  and, a l t h ~ u g h  maesivc c n n c r ~ t . ~  

shie lding i s  provided, such events need fu r the r  invest igat ion.  The con- 

tainment c e l l s  w i l l  be protected by vapor-suppression systems, which 

should prevent t he  pressure from exceeding the containment design f igure  

( 4 5  ps ig  f o r  present MSBR design) i n  case of buildup of steam pressure.  

I n  designing the vapor-suppression systems, it i s  necessary t o  consider 

t he  amount of s a l t  and water t h a t  can come together and/or the  leakage 

of high-pressure steam i n t o  the  containment volume. Valves a r e  located 



i n  the  steam l i n e s  which can be closed t o  prevent draining a l l  the  steam 

system i n t o  t he  coolant c e l l .  The rese rvo i r  of condensing water should 

beadequa te  t o  keep the  c e l l  pressure below the  design containment pressure .  

Also, the s u p e r c r i t i c a l  steam systems contain r e l a t i v e l y  s m a l l  amounts of 

water i n  comparison with s u b c r i t i c a l  systems. 

3 . 3 . 3  Miscellaneous Incidents 

Included here a r e  poss ible  incidents  which a r e  no t  covered i n  the  

above sec t ions . '  These involve vesse l  c r i t i c a l i t y ,  heat  removal, and heat 

addi t ion condit ions.  

Studies a r e  needed r e l a t i ve  t o  t he  p o s s i b i l i t y  of a t t a i n i n g  super- 

c r i t i c a l  conditions i n  f u e l  dra in  tanks and i n  vesse l s  of the  processing 

p lan t ,  a long.wi th  consequences of such occurrences. Also, c r i t i c a l i t y  

conditions might occur a s  a r e s u l t  of f u e l  s p i l l s .  I n  general ,  tanks 

which hold f u e l  should s t o r e  it inde f in i t e l y  i n  a s u b c r i t i c a l  condit ion.  

Accumulation of s p i l l e d  f u e l  s a l t  should be i n  regions which cannot a t t a i n  

c r i t i c a l i t y .  

The a f t e rhea t  conditions which can e x i s t  within the  reac to r  p l an t  

p a r t i c u l a r l y  need t o  be studied i n  d e t a i l ,  and cooling and heating pro- 

vided and assured a s  needed. The temperatures occurring i n  the  core 

following f u e l  drainage need t o  be evaluated a s  a function of f u e l  r e -  

t en t ion  by the graphi te .  The influence of a i r  contact  on f i e 1  s a l t  needs 

study f o r  conditions associa ted with core maintenance operations.  The 

e f f e c t s  of s a l t  f reezing and melting i n  various p a r t s  of t he  primary and 

secondary s a l t  c i r c u i t s  require evaluation,  with equipment designed t o  

minimize undesirable e f f e c t s  1 e . g . )  rupture of equipment). 

The consequences of flow blockage with the  reac to r  system require  

inves t iga t ion .  A p a r t i a l l y  plugged f u e l  tube would normally not  be 

detected and could lead t o  s a l t  bo i l ing  and temperature gradients  which 

may a f f e c t  the  mechanical i n t e g r i t y  of the  f u e l  tube.  Flow blockage'may . 

a l s o  bead t o  i n a b i l i t y  t o  remove a l l  the  f u e l  s a l t  from the  core, which 

may lead t o  a f t e rhea t  problems and/or maintenance d i f f i c u l t i e s .  



3 .4 .  Reactor S t a b i l i t y  

Although usua l ly  t r e a t e d  separate ly ,  reactor  sa fe ty  and s t a b i l i t y  

a r e  in t imately  r e l a t ed .  Reactor sa fe ty  normally cons ide r s ' r e l a t i ve ly  

l a rge  r e a c t i v i t y  add i t ions  and t h e i r  influence on system behavior f o r  

small  time i n t e rva l s ,  whiie reac tor  s t a b i l i t y  s tudies  normally consider 

small r e a c t i v i t y  addi t ions  and determine whether they r e s u l t  i n  a buildup 

of o s c i l l a t i o n s  t o  the  point  where reactor  sa fe ty  i s  involved. 

For t h e  MSBR, inves t iga t ions  of s t a b i l i t y  a r e  required t o  study 

t he  influence.  .of inherent  cha rac t e r i s t i c s  on instrumentation and control  

system requirements. Although the  MSBR has a negat,ivi tern-perature coef - 
f i c i e n t  of r eac t i v i t y ,  t h i s  i n  i t s e l f  i s  not  su f f i c i en t  t o  insure s t a b i l i t y ,  

p a r t i c u l a r l y  i f  t h e  system has time delays. The MSBR has a number of 

b u i l t i n  time delays which can e i t h e r  help o r  hinder rea.c.tor s t a b i l i t y ,  

such a s  t he  time lags  associa ted with heat  t ranspor t  from the  graphite t o  

t h e  fue l ,  with f u e l  and f e r t i l e  s a l t  t ranspor t ,  and with delayed neutron 

production. Because of t he  corqplexity of t he  three-loop system from a 

dynamics ana lys i s  po in t  of view, a preliminary l inear ized  analysis  should 

f i r s t  be made t o  evaluate the  current  design and a i d  i n  es tab l i sh ing  ap- 

p ropr ia te  means of system control .  
+ - 

It i s  estimated t h a t  an adequate preliminary ana.l.ysis f o r  the  com- 

p l e t e  system ( r eac to r  core t o  turbogenerator) would involve about 60 f i r s t -  

order  equations (about 14 f o r  the  f u e l  stream, 1 4  f o r  the  f e r t i l e  stream, 

7 f o r  nuclear  k ine t i c s ,  15 f o r  coolant streams, and 10 f o r  t he  steam 

system). These equations would consider f u e l  and blanket nodes, t ranspor t  

delays,  hea t  exchanger nodes, and f u e l  leakage e f f ec t s .  Work i s  required 

i n  formulating t he  spec i f i c  equations and i n  compiling and evaluating the  

pLysical parameters. Present computer codes could be u t i l i z e d  i n  the  

i n i t i a l  analys is .  I n  pa r t i cu l a r ,  codes a r e  avai lable  f o r  performing a 

dynamic analysis  u t i l i z i n g  a general  l i n e a r  model. These can be used t o  

give system eigenvalues, sys tem frequency response, and/or system t rans  - 
i e n t  response. 

Some of the important items t o  be invest igated i n  s t a b i l i t y  analysis  

would be t he  s ignif icance of heat  t r a n s f e r  lags  between various p a r t s  of 



t h e  reactor  system, the  r e l a t i v e  importance of the  f u e l  temperature and 

graphi te  temperature coef f i c ien t s  of r e ac t i v i t y ,  and the  influence of 

delayed neutron f rac t ion  arid flow e f f e c t s  on reac to r  system behavior. 

The e f f e c t  of f u e l  flow on the  e f f ec t i ve  delayed neutron f r ac t i on  may 

reduce t h i s  value from 0.003 t o  l e s s  than 0.001. This reduction i s  not  

necessar i ly  bad from e i t h e r  the  viewpoint of inherent  sa fe ty  o r  inherent  

s t a b i l i t y .  I n  f a c t ,  lowering the  delayed neutron f r ac t i on  can increase 

the  degree of s t a b i l i t y ,  a s  was t he  case f o r  the  Homogeneous Reactor Test 

(HRT).  Also, the  tendency ( i n  c i rcu la t ing- fue l  systems) of the  e f f ec t i ve  

delayed neutron f r ac t i on  t o  increase during the  power r i s e  por t ion of a 

power pulse tends t o  a i d  s t a b i l i t y .  Plans f o r  the MSRE c a l l  f o r  operating 

t h a t  r eac to r  with 2 3 3 ~  f u e l  beginning i n  the  four th  quar te r  of FY 1968. 
Studies w i l l  be made of the  s t a b i l i t y  of the  MSRE with the  2 3 3 ~  f u e l  and 

the  r e s u l t s  w i l l  be used where appl icable  i n  the  ana lys i s  of the  s t a b i l i t y  

of the  MSBR. 

More de ta i l ed  s t a b i l i t y  ana lys i s  s tud ies  would be dependent upon 

the  r e s u l t s  obtained from the  i n i t i a l  evaluation but  presumably would 

include invest igat ion of nonlinear e f f e c t s  and t h e i r  r e l a t i v e  influence 

on r e su l t s .  

4.  MSBR SAFETY PROGRAM 

4.1.  Summary 

The s tud ies  and invest igat ions  associa ted with MSBR s a f e ty  a r e  

summarized here i n  terms of general  and de t a i l ed . s t ud i e s  which need 

t o  be done i n  order . t o  evaluate MSBR safe ty;  these  cons t i t u t e  i nves t i -  

gations which w i l l  be ca r r i ed  out  i n  the  MSBR Safety Program. 

The favorable sa fe ty  cha r ac t e r i s t i c s  of MSBR systems a r i s e  from the  

low excess r e a c t i v i t y  ava i l ab le  t o  the  reactor ,  the  prompt negative tem- 

pera ture  coef f i c ien t  .of r e ac t i v i t y ,  .the low system pressures,  the  low 

l e v e l  of f i s s i o n  gases and f i s s i o n  products re ta ined within the  reactor;  

the mobil i ty of f l u i d  fue l ,  and . the  ease of f u e l  drainage from the  re -  

a c to r .  A t  the  same time, the re  a r e . a  number of poss ible  incidents  and 



s a f e t y  aspects  which need de t a i l ed  invest igat ion;  these aspects a r e  re-  

l a t e d  t o  t h e  spec i f i c  p l an t  design and involve both mechanical and nuclear 

design fea tures .  P lan t  systems which have a major influence on MSBR ' 

r eac to r  s a f e ty  a r e  the  reac tor  system proper, the  steam system, the  fue l -  

recycle-processing system, t h e  coolant systems, and the  off-gas system. 

These a r e  described above ( sec t ion  2) )  along with sa fe ty  features  t h a t  

were incorporated i n  t he  p l an t  design. 

Safe ty  ana lys i s  requires  a study of poss ible  incidents,  t h e i r  conse- 

quences, and t h e i r  avoidance. Types of accidents which can take place 

include those due t o  r e a c t i v i t y  addi t ions .  Reactor behavior under such 

circumstances i s  influenced by r eac t i v i t y  coef f ic ien t s  and. ki net.i  cs pe.rfim- 

e t e r  values.  React ivi ty  coef f ic ien t s  which w i l l  be considered include 

those associa ted with temperature, voids, pressure,  f u e l  concentration, 

and graphi te  concentration, and involve the  f u e l  and blanket f1ui .d~ 

separa te ly  and together .  The function and design of control  rods w i l l  

be f u l l y  invest igated;  these  s tud ies  w i l l  determine the  number, r e ac t i v i t y  

worth, placement, and response requirements of control  r ods , . a s  wel l  a s  

t he  a b i l i t y  t o  u t i l i z e  blanket  s a l t  a s  a control  rod. Possible reactor  

inc iden ts  w i l l  be evaluated a s  t o  t h e i r  p robab i l i ty  and t h e i r  consequences; 

a l so ,  the  influence of' design changes ( including a l t e r n a t e  core designs) 

on s a f e ty  aspects  w i l l  be obtained. 

Under normal operating conditions, the  MSBR should, he 1.oa.d-following 

and s e l f - con t ro l l i ng  because of the prompt, negative temperature coef f i -  

c i e n t  of r e a c t i v i t y  associa ted with the  f u e l  s a l t .  The temperature coef- 

f i c i e n t  a l s o  p ro t ec t s  aga ins t  excessively high reac tor  temperatures and 

pressures  i n  case of r e a c t i k i t y  incidents .  This s i t ua t i on  i s  p a r t i a l l y  

due t o  t he  large  inherent  neutron source s t reng th  present i n  t he  f u e l  

sal t  (near ly  lo7 n/sec due t o  the a , n  react ion) ,  which permits t he  tem- 

perature  coe f f i c i en t  t o  become e f f ec t i ve  a s  a r eac t i v i t y  control  agent 

soon a f t e r  i n i t i a t i o n  of r a t e  addi t ions  of r eac t i v i t y .  

React ivi ty  addi t ions  and t h e i r  sa fe ty  implications which w i l l  be 

considered i n  d e t a i l  involve: breakage of graphi te  f u e l  tubes and t he  

poss ible  n e t  f u e l  addi t ion t o  the  core region; o ther  types of graphi te  

behavior.; changes i n  f luid-flow conditions; changes i n  f i s s i l e  con- 

cen t ra t ion  within the  f u e l  f l u i d ;  abrupt changes i n  f i s s i o n  product 



concentrat ions;  change i n  control  rod' posi t ion;  and the effec ' t  of pressure 

increases on r eac t i v i t y .  Rela t ive  t o  graphi te  tubes, a study of the cred- 

i b i l i t y  and the  consequences of s ing le  and mult iple f a i l u r e s  of graphi te  

tubes i n  the  reac to r  w i l l  be made. 

The i n t e g r i t y  of p l an t  containment under both r e a c t i v i t y  incident  

conditions and under circumstances where r e a c t i v i t y  i t s e l f  i s  not  involved 

w i l l  be evaluated f o r  a number of physical  p o s s i b i l i t i e s ;  these  include 

events such a s  mixing of c o o l a n t . s a l t  with water o r  steam; s p i l l s  of 

f u e l  o r  coolant s a l t  and associa ted thermal, chemical, corrosion, and 

c r i t i c a l i t y  a f f ec t s ;  temperature changes due t o  a f t e r h e a t  generation; 

container damage due t o  high temperature and/or corrosion; c r i t i c a l i t y  

i n  regions outside the  core; flow blockage within the f u e l  o r  coolant 

streams; and blockage of flow i n  the  off-gas system. The consequences. 

of credible  accidents  w i l l  be determined i n  a l l  cases .  

The appl ica t ion of pressure-suppression systems t o  molten-sal t  

r eac to r  p l an t s  w i l l  be invest igated,  and problems associa ted with t h e i r  

use w i l l  be analyzed. Additional design s tud ies  w i l l  be performed t o  

b e t t e r  def ine  such systems and t h e i r  operation i n  d e t a i l .  

There are '  a number of areas  which w i l l  be invest igated experimentally 

i n  order t o  determine the  general  sa fe ty  problems of molten-sal t  reactors .  

Some of these  a r e  c losely  r e l a t ed  t o  areas  studied a s  p a r t  o f . t h e  

engineering-development and research programs of the  MSBR Program. These 

include determination of the e f f e c t s  of reac to r  operating condit ions on 

the  physical  behavior and p roper t i es  of graphi te ,  of graphite-to-metal  

j o in t s ,  and-of Hastelloy N .  The long-term creep p roper t i es  of Hastelloy N 

and graphi te  need t o  be known and understood; a l so ,  the  physical  and 

chemical p roper t i es  oS s a l t s  and oS sa l t -water  mixtures need t o  be known. 

I n  addi t ion,  the  a b i l i t y  t o  dra in  the  f u e l  from the  core under credible  

condit ions needs study; a l s o  the d e s i r a b i l i t y  of a l t e r n a t i v e  core designs 

r e l a t i v e  t o  a f t e r h e s t  removal w i l l  bc evaluated. 

Experimental information w i l l  be obtained on s a l t  permeation of 

graphite,  f ission-product  deposit ion i n  reac to r  systems, the  a b i l i t y  t o  

remove f i s s i o n  products from surfaces ,  and the  a b i l i t y  t o  remove a f t e r -  

heat  generated i n  the  f u e l  s a l t .  Experiments w i l l  be performed concerning 



t h e  re lease  of f i s s i o n  gases from s o l i d  a s  wel l  a s  molten f u e l  s a l t s ,  

and concerning t he  f iss ion-product  flow and inventory throughout the  . 

r eac to r  system. Retention of f i s s i on  products a s  wel l  a s  t r i t i um i n  

o f f  -gas systems w i l l  be demonstrated. 

 measurement^ w i l l  be made concerning thc  conditions require'd t o  

produce "steam explosions" when molten . . s a l t  and water a r e  mixed. The 

re lease  of f i s s i o n  products from f u e l  s a l t  upon mixing it with water, 

o r  wi th  o i l ,  a l s o  w i l l  be measured. 

Invest igat ions  w i l l  a l s o  be performed concerning the  r eac t i v i t y  

e f f e c t s  associa ted with p r ec ip i t a t i on  of uranium, rapid movements o'f 

f i s s i o n  products, "cold s lug"  accidents,  f u e l  leakage i n t o  the  blanket  

region v i a  a plenum chamber, bo i l ing  of blanket  s a l t  within the  core 

region, and buckling of a fuel-plenum wal l  with associa ted change i n  

g raph i te  d i s t r i bu t i on .  

A s t a b i l i t y  ana lys i s  of the  reactor  p l an t  systems w i l l  be made t o  

determine the  operating,  control ,  and/or design requirements f o r  obtain- 

ing  s a t i s f a c t o r y  p l an t  cha rac t e r i s t i c s .  Items t o  be considered a r e  time- 

l a g  events,  spa t i a l -d i s t r i bu t i on  e f f ec t s ,  the  e f f e c t  of f u e l  tube 

o s c i l l a t i o n s  upon r eac to r  behavior, and the  r e l a t i v e  importance of 

various parameter values upon system behavior. 

4.2. Cost Estimates 

The planned s a f e ty  s tud ies  a r e  t o  resolve the  'basic sa fe ty  problems 

assoc ia ted  with MSBR p l an t s .  This means t h a t  enough infomattion, w i l l  be 

obtained t o  know which problems a r e  the  most important ones and how they 

can be overcome o r  el iminated ( e .g. , by changing e i t h e r  the  reac tor  de- 

s ign o r  methods of operat ion) .  These s tud ies  w i l l  a l s o  provide experi- 

mental information which i s  necessary i n  order t o  resolve s a f e ty  problems. 

On t h i s  bas i s ,  t he  cos t  est imates required t o  ca r ry  out  the  invest igat ions  

indicated above a r e  those given i n  Table 1. These est imates take i n t o  

consideration the  e f f o r t s  planned i n  o ther  p a r t s  of the  MSBR Program 

which a r e  r e l a t ed  t o  reac tor  safety,,  bu t  do not  include costs  of such 

s tud i e s .  However, the  MSBR safe ty  program depends on these  other  i n -  

ves t iga t ions  f o r  major contributions.  Information which w i l l  be obtained 



* 
Table 1. Cost Estimates fo r  the MSBR Safety Program 

Cost, in  millions of dol lars  
I n v e ~  tigatLons 

FY 1968 1959 1970 1971 1972 1973 1974 1975 Total 

Reactivity-related 
events 

Physical and chemical 0.10 0 .1  0 0.05 0.05 0.05 0.05 0.05 0.50 
behavior of materials 

Equipment -fai lure  
events 

Total 0.25 0.30 0.20 0.05 0.10 '  0.10 0.10 0.10 1.30 
- - -- -- * 

Does not include costs of safety studies carried out as  par t  of other programs. 



from o ther  p a r t s  of the  Program include the  physical  and chemical prop- 

e r t i e s  of s a l t s  and s t r u c t u r a l  materials ,  the  cha rac t e r i s t i c s  of pressure- 

suppression systems and contaj,nment st.ructures, and the  behavior f o r  

r e l i a b i l i t y  of reac tor  components. 

The s a f e ty  program out l ined above includes the  spec i f ic  mathematical 

and phys1,cal formulation of t he  various problems, the  compilation and 

evaluation of parameter values,  and-determination of reac tor  p lan t  be- 

havior under the  postula ted condit ions.  Experimental s tud ies  w i l l  be 

performed i n  conjunction with other  MSBR investigations',  which w i l l  i n -  

volve modifying o r  i n i t i a t i n g  new experiments so a s  t o  give per t inen t  

s a f e t y  information. The object ive  i s  determine design and operating 

condit ions which a r e  compatible with reac tor  sa fe ty  and economic power 

production. The present  MSBR design would serve a s  a s t a r t i n g  point  i n  

these  s tudies ;  however, general  safet,y information re la ted  t o  molten- 

s a l t  r eac tors  w i l l  be obtained a s  problems become more .c lear ly  defined. 

The ass i s tance  of E.  S.  Be t t i s ,  T. W .  Kerlin, W .  B. Co t t r e l l ,  

S .  J. Di t to ,  and J. 0. Kolb i n  providing information f o r  t h i s  report 

i s  g r a t e f u l l y  acknowledged. Thanks are a l s o  eiven t o  R .  B. Briggs 

and K .  C .  Kobertson f o r  t h e i r  review of t h i s  repor t .  
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