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The C l i n c h  R ive r  Breeder Reactor P lan t  (CRBRP) i s  being designed as a f a s t  bre-  x *Z 

eder demonstrat ion p r o j e c t  i n  the  U.S. L i q u i d  Metal Fast Breeder Reactor (LMFBR) 

program. Radiatn'0.n s h i e l d i n g  design o f : t h e  f a c i l i t y ,  evo l v ing  from the design 

experience gained i n  the  USA Fast  F lux Test F a c i l i t y  (FFTF) P ro jec t ,  cons i s t s  o f  

a comprehensive design approach t o  assure comp.liance w i t h  design and government 

regu l  a t o r y  . requirements. Studies conducted du r ing  the  CRBRP design process i n-'' 
volved the  aspects of r a d i a t i o n  s h i e l d i n g  deal i n g  w i t h  p r o t e c t i o n  o f  components, 

systems, and personnel f rom r a d i a t i o n  exposure. Achievement o f  f e a s i b l e  designs, 

w h i l e  cons ider ing  the  mechanical , s t r u c t u r a l  , muclear,  and thermal performance 

o f  the component.or system, has requ i red  j u d i c i o u s  t rade -o f f s  i n  r a d i a t i o n  

s h i e l d i n g  performance. S p e c i f i c  design problems which have been addressed a r e  

i n-vessel r a d i a l  s h i e l d i n g  t o  p r o t e c t  permanent core support s t ruc tu res ,  f l u x  
I 

mon i to r  system s h i e l d i n g  t o  i s01 a t e  f l u x  mon i to r ing  systems f o r  extraneous 
I 
I 

I 
background sources, r e a c t o r  vessel support s h i e l d i n g  t o  a1 low-personnel  access I 
t o  the c losu re  head du r ing  f u l l  power operat ion,  and pr imary heat  t r a n s p o r t  ~ 
system p ipe  chaseway s h i e l d i n g  t o  1 i m i  t in te rmed ia te  heat t r a n s p o r t  system I 
sodium system coo lan t .  a c t i v a t i o n .  The s h i e l d i n g  design s o l u t i o n s  t o  these pro-  
,;'- - .- 
blems def ined a need f o r  p r o t o t y p i c  o r  benchmark experiments t o  p rov ide  assurance -<<+->. *< 

o f  the p red i c ted  s h i e l d i n g  performance of, .selected design so lu t i ons  and the I 
v e r i f i c a t i o n  o f  design methodology. An experimental  program u t i l i z i n g  f a c i l i t i e s  

a t  the  Oak Ridge Nat ional  Laboratory (ORNL) Tower Sh ie ld ing  F a c i l i t y  was conducted 

i n  p a r a l l e l  w i t h  the  design phase o f  XRBRP. Design a c t i v i t i e s  o f  CRBRP p l a n t  

components and systems, which have the p o t e n t i a l  f o r  r a d i a t i o n  exposure o f  p l a n t  

personnel dur ing  opera t ion  o r  maintenance, a r e  c o n t r o l l e d  by a design rev iew 

process r e l a t e d  t o  r a d i a t i o n  sh ie ld ing .  The program imp1 ements design ob jec t i ves  , 
design requirements, and c o s t l b e n e f i  t guide1 ines  t o  assure t h a t  r a d i a t i o n  ex- . 

posures w i l l  be "as low as reasonably achievable' '  (ALARA) . 



1 . INTRODUCTION - .  

The C l  i nch  R ive r  Breeder ~ e a c t o r  C ~ ~ ~ ~ G ( C R ~ R P ~ '  be i  nd;.dei saa U.S:S. f 
C / 

demonstrat ion o f  a 1 i q u i d  metal f a s t  breeder p l a n t  f o r  e l e c t r i c a l  power pro-  

duc t ion .  A major o b j e c t i v e  i s  t o  o b t a i n  data on the design, component f a b r i -  

ca t i on ,  :andcconitruct ion o f  a l i censed  LMFBR on a u t i l i t y  g r i d .  The CRBRP p l a n t  

i s  a l oop  type sodium cooled system w i t h  a design thermal power o f  975 M w t .  The 
p l a n t  cons is ts  o f  a r e a c t o r  system w i t h  th ree  independent pr imary and in te rmed ia te  

heat  t ranspor t  systems p rov id ing  superheated steam t o  the turb ine-generator  

sys tem . 

A major design o b j e c t i v e  f o r  the  reac to r  core i s  t o  p rov ide  f l e x i b i l i t y  i n  ac- 

comrnodati ng a1 t e r n a t i v e  f u e l  and b lanke t  assembly con f i gu ra t i ons  and f u e l  man- 

agement schemes f o r  o p t i m i z a t i o n  o f  p l a n t  performance parameters. The r e a c t o r .  

core i s . a n  a r r a y  o f  hexagonal f u e l  assemblies surrounded by r a d i a l  b lanke t  as- 

semblies o f  s i m i l a r  dimensions. The r e a c t o r  core  f i s s i l e  zone i s  approximately 

0.91 meters (3 f e e t )  h igh  and i s  bounded by an2upper=%dd:l owerr0136meter  -(I 4 j nch) 
. - .  

a x i a l  b lanke t  region.  The r e a c t o r  core ( f u e l  and b lanke t )  assemblies are  sur -  , 
rounded by removable and f i x e d  r a d i a l  sh ie ld ing .  Removable r a d i a l  s h i e l  d i  n g a  

--.. - ._ 
-. -.- , . - --.-.. _ - - - .  --- .--- - ,. - -  y - - 

'i < ( ~ ~ ~ ) i i ~ k m b h  - .- &.2have?thk~sarne-iou tef.~.di~ens1i6'na,~~';~enve1~0~e aidf i rel i iand b1anketi.o.;. : 

-- - - .- ... . . .. --.-- - - -- 7 < '., 
,?cs5embl - - i e ~ : v t ~ ~ . ~ . e b j ~ ~ ~ ~ . o v ~ , i d : ~ i ~ ~ ~ ~ t h ~ t d a ~ . a b t l ~  -. t rq tbrke@ove a n d  . - rre:plaie~~n)iiassembly-' __...7 - 

. - ----. a*,.---.&- 
( G i j i t h t h e ~ i  nzves-sel-;:and ; ex$vesselr~rGfGelTi.ng~;mdchi n e s i u . r i n g ~ - t b e ~ . j O ~  year8.l jf e>jL;* 2- 
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..-ithenreactor p l a n t .  
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A p lan  view and an e l e v a t i o n .  view o f t  the r e a c t o r + c o r e  ,a re  shown i n - F i g u r e s  1 and 
- - .A ..-' . . . - ,  - -  

2,. r e j b & t i ~ $ l - ~ .  :;-:~he.-ref&?en?e C.R.BRP.:!relktor - .- .. *,~ol'eG?ies . . i:gn .-&i 1 i i&.<t~deni-.- i  chrient ' , . --.- . - 9 % '  , . _ _ ..--. 
zones o f  f u e l  aisembl i e s  (1  98 assembGes) s.urround6d by 150 r a d i a l  b lanke t  as- -- -.-----.. - 
sembl i e s .  A t o t a l  of 324 removable r a d i a l  s h i e l d  G ( ~ ~ ~ ~ 2 ~ $ s e m b l ' i i s ~ i i n ~ u r ~ r ~ ~ s : -  -- .- a r e  - T 

requi red,  as shown i n  F igure  1. The ,removable . r a d i a l  s h i e l d  assembl ies,. - .- .. which 
a? ' 

p r o t e c t  ' the core r e s t r a i n t  system from neutron r a d i a t i o n  damage,iiare~.supplemented .,.. - -- " 

by a f i xed  r a d i a l  s  h ie1  d t ( ~ ~ ~ ) ~ t o w c p r ' o t ~ t ~ h ~ ~ ~ e i ; s u p p o ~ ~ ~ ~ - ; >  - 

The r e a c t o r  core, RRS, and FRS are  supported by the  core support  s t r u c t u r e  which 

i s  supported w i t h i n  the  r e a c t o r  vessel,  as shown i n  F igure  3. The r e a c t o r  vessel 

i s  a c y l i n d r i c a l  vessel approximately 6.2 meters (20 f e e t )  i n  diameter and 17.3 

meters (57 f e e t )  h igh.  The vessel c losure  head i s  an a l l - s t e e l  assembly 

u t i l  i z i n g  a t r i p l e  r o t a t i n g  p lug  c o n f i g u r a t i o n  t o  p rov ide  in-vessel  core  assembly 

handl ing w i t h  a through-the-head non -a r t i cu la ted  r e f u e l  i n g  machine. The e n t i r e  

r e a c t o r  system i s  top-supported from the  support  ledge through the vessel f lange 

and a vessel support  system as dep ic ted  i n  F igure 4. 



The CRBRP r e a c t o r  system i s  near t he  center  o f  t he  r e a c t o r  containment b u i l d i n g .  

Access t o  the c losu re  head assembly and support ledge i s  prov ided through the 

head access area (HAA), which i s  open t o  the  r e a c t o r  containment b u i l d i n g .  P r i -  

mary b i o l o g i c a l  s h i e l d i n g  ex terna l  t o  the  reac to r  vessel i s  prov ided by an o r -  

d i n a r y  concrete r e a c t o r  c a v i t y  w a l l  , as shown i n  F igure 4:. 

Key areas r e q u i r i n g  extensive s h i e l d i n g  design ana lys i s  and so lu t i ons  a re  il- 

l u s t r a t e d  i n  F igure 4 .  As shown, the  p r i n c i p a l  areas are: 1 )  in -vesse l  r a d i a l  

sh ie ld ing ,  2) c losu re  head assembly and i t s  penetrat ions;  3 )  r e a c t o r  vessel sup- 

p o r t  area and support  ledge; and 4 )  pr imary heat  t ranspor t  system p ipe  chaseways. 

I n  add i t i on ,  areas o f  t he  o v e r a l l  p l a n t  which requ i red  s h i e l d i n g  design so lu t i ons  

inc lude:  1 )  a u x i l i a r y  p i p i n g  penetrat ions,.  2) heat ing  and v e n t i l a t i n g  system 

penetrat ions;  3) r a d i o a c t i v e  cover gas processing and p u r i f i c a t i o n  sys tems ,- and 

4 )  f u e l  handl i n g  system equipment sh ie ld ing .  

I Radia t ion  s h i e l d i n g  design ,of  the CRBRP u t i l i z e d  the  design experience gained 

i n  the  FFTF program.' This  design approach was poss ib le  due t o  the s i m i l a r i t y  

i n  phys ica l  s i z e  and design concept o f  the r e a c t o r  system and the  vessel support  

concept. 

Design expe r ience . i n  the key s h i e l d i n g  areas i s  discussed i n  the f o l l o w i n g  

sect ions.  

2. REACTOR SYSTEM SHIELDING 

The major o b j e c t i v e  o f  the in -vesse l  s h i e l d i n g  o f . t h e  CRBRP reac to r  system i s  

t o  minimize the neutron f luence l e v e l s  a t  permanent reac to r  s t ruc tu res .  The 
- - -- -- 

a -- - - 

deiicj%%ust asFuce . t ha t  m a t e r i a l s l o f  ~ c o n s t r u c t i o b  f o r  .permanen~.cotnponents " A 

have an end-of-1 i f e  d u c t i  1  i ty cons i s ten t  w i t h  a  th resho ld  f o r  b r i t t l e  f r a c t u r e  

c r i t e r i a .  The pr imary design c o n s t r a i n t  p laced on the  system, which requ i red  

an o p t i m i z a t i o n  o f  the  r a d i a l  sh ie ld ing ,  was t h a t  ,the corezbavlrel. diameter be 

minimized t o  p rov ide  an in-vessel  t r a n s f e r  p o s i t i o n  f o r  core assembly handl i n g  

w i  t h  a  through-the-head r e f u e l i n g  concept. This c o n s t r a i n t  was d i c t a t e d  by 

the  c o n s t r a i n t  t o  use a  reac to r  vessel diameter s i m i l a r  t o  the FFTF r e a c t o r  

vessel.  Add i t i ona l  design c o n s t r a i n t s  were: 1 )  a u s t e n t i c  s t a i n l e s s  s t e e l  o r  

Inconel  m a t e r i a l s  were requ i red  due t o  t h e i r  c o m p a t i b i l i t y  w i t h  the sodium 

coolant ;  2) replaceable s h i e l d  assembl i e s  must have the same dimensional envelope 

as core assemblies t o  f a c i l i t a t e  handl i n g  i n  the r e f u e l i n g  machines, 3)  neutron 

a t tenua t i on  prov ided by r a d i a l  s h i e l d i n g  must be mi.nimized i n  order  t o  maximize 

the neutron foreground o f  the  r e a c t o r  core a t  the ex-vessel f l u x  mon i to r ing  



system du r ing  r e a c t o r  shutdown and r e f u e l i n g  operat ions,  and 4 )  the mass of - 

replaceable s h i e l d i n g  assemblies must be minimized t o  l i m i t  seismic loads 

( l a t e r a l )  on the  core assemblies. Due t o  the  severe cons t ra in t s  'imposed on the 

s h i e l d  design, an ex tens ive  program t o  de f i ne  i r r a d i a t e d  ma te r ia l  .neui ron f l  uence/ 

d u c t i  1  i ty in fo rma t ion  was conducted i n  para1 l e l  w i t h  the CRBRP s h i e l d  design phase. 

M a t e r i a l s  o f  c o n s t r u c t i o n  f o r  the CRBRP r e a c t o r  system permanent s t r u c t u r e s  were 
- .  . - -  -- - 

sel'ecteif;oh$the;basi . .- s?of ~ p r e i i o ~ s f p e ~ . f o r m a ~ c e f ~ . n t f a : s t r ~ e a ~ t o ~  - . ..._.... - - .  - .., - . ~ l i t l ; t 1 i ~ o . i $  . - .... --.-- . ---- sddium 

environments. The design c r i t e r i a  f o r  ma te r i a l s  se lec ted  i s  an e n d - o f - l i f e  
d u c t i  1  i ty requirement based on a  th resho ld  f o r  b r i t t l e  f rac tu re  c r i t e r i a  . The 

th resho ld  o f  d u c t i l i t y  *chosen,-1 0% t o t a l  e longat ion,  i s  a  l e v e l  t h a t  assures 
d u c t i l e  mode o f  f a i l u r e  and permi ts  convent ional  s t r u c t u r a l  ana lys i s  methods 

and c r i t e r i a  t o  be used i n  design. Design o f  the  CRBRP in-vessel  s h i e l d i n g  i s  
based on cons idera t ion  o f  component neutron fluence,residual d u c t i l i t y  r e l a t i o n -  

ships, p red i c ted  two dimensional neutron f l u x  d i s t r i b u t i o n s ,  and p red i c ted  com- 
ponent temperature condi t i o n s  t o  p rov ide  component performance (end-of-1 i f e  

.. 7 . 
d u c t i  1  i ty and/or 1  i f e t i m e )  co>sis tent .wi  . - th,:design, requirements. . Pre l  - -  im inary- -  - - -  

in-vessel  s h i e l d  design was based on an i n t e r p r e t a t i o n  o f  neutron r a d i a t i o n  

damage from f a s t - r e a c t o r  i r r a d i a t i o n - i n d u c e d  d u c t i l i t y  changes based on a- 1  i m i  t ed  

amount o f  . t e s t  data obta ined a t  USA f a s t  r e a c t o r  t e s t  f a c i l i t i e s  ( i  .e., Experi-  

mental :Breedert.Reactor 11). Non-energy dependent neutron r a d i a t i o n  damage anal - 
-- a = .  -. - - --- 

yses, used i n  p r e l  im inary  design e f f o r t s  ,- resu l  t ed  in .  conservat ive 7Phie ld-designs - - " .  L. - 

t h a t  increased p l a n t  c o s t  and requ i red  design. so lu t i ons  which d i d  n o t  s a t i s f y  -- -- - - .  - -------- --*-- - -- 
a l l  cons t ra in t s .  I n  o rde r  t o  r e l a x  s h i e l d  requirements, se r i es  o f  i r r a d i a t i o n  

experiments: were planned and c-onducted -. . - -  by .  anf ford- - ~ n ~ i n e e r i  - .----. - ,-. ng. - .-----,-A ~ e v e l  -,-------- opment0 - 
Laboratory (HEDL). This  program has increased the qua1 i t y  o f  t e s t  data and - .  
reduced data u n c e r t a i n t i e s  . Measured ma te r ia l  t e n s i l e  p rope r t i es  prov ided ne- 

eded i r r a d i a t i o n  e f f e c t s  da ta  f o r  t he  CRBRP out -o f -core  s t r u c t u r a l  m a t e r i a l s  and 

provided damage data more a p p l i c a b l e  t o  the  CRBRP nuclear  and phys ica l  envi ron-  

ment. I r r a d i a t i o n s  have been completed f o r  316SS, 304SS, 308L, and A l l o y  718 
2  ma te r ia l s .  Test  data i n  the  t o t a l  f luence range o f  1  x l o z 1  - 1  x  l o z 3  n/cm , 

as a  f u n c t i o n  , o f  f a s t  f l u x  f r a c t i o n  (E > 0.1 MeV) ranging from 0.4 t o  0.9 MeV, 

have been obtained. Subsequent 'ac t iv i t ies  a r e  t o  be d i r e c t e d  toward the  de- 

velopment o f  ma te r i a l  p rope r t y  neutron energy dependent damage func t i ons  i n  

order  t o  f u r t h e r  reduce the  conservat ism i.n the  design c r i t e r i a  f o r  LMFBR i n -  

vessel sh ie ld ing .  

- - . -  

, The pr imary mechanical c o n s t r a i n t  imposed o n  the  in -vesse l  s h i e l d i n g  design was 

due t o  the s e l e c t i o n  o f  , t h e  t r i p l e  r o t a t i n g  p lug  c losu re  head assembly (CHA) 

concept t o  p rov ide  f o r  in-vessel  co re  assembly hand1 i n g  w i t h  a  through-the- 



I c l osu re  head, non -a r t i cu l  a ted  ref.ue1 i n g  machine. This design concept requ i res  

I r a d i a l  p o s i t i o n i n g  o f  the  in-vessel  handl ing machine t o  a t r a n s f e r  p o s i t i o n  ex- 

I t e r n a l  t o  the core support  s t r u c t u r e  , ( i  .e., the  core  b a r r e l  ) .  I n  o rder  t o  minimize 

I the  reac to r  vessel and c losu re  head diameters, t he  r a d i a l  p o s i t i o n  o f ,  the t r a n s f e r  

p o s i t i o n  was minimized. The CRBRP vessel diameter wa,s se lec ted  t o  be e s s e n t i a l l y  

ttib sameas the  FFTF vessel i n  o rder  t o  use vessel f a b r i c a t i o n  c a p a b i l i t i e s  

s i m i l a r  t o  t he  FFTF design experience. This design c o n s t r a i n t  on vessel diameter 

placed a severe requirement on the  in-vessel, s h i e l d  design f o r , t h e  l a r g e r  CRBRP 

reac to r  core  ( i  .e., the  i n n e r  diameter o f  the core  b a r r e l  was minimized, m i n i -  

miz ing  the  space a v a i l a b l e  f o r  r a d i a l  s h i e l d i n g  between the  r e a c t o r  core and 

core  b a r r e l  ) .  

The design c o n f i g u r a t i o n  f o r  the r a d i a l  s h i e l d  system i s  depicted i n  F igure 5. 
-- 

A t o t a l  of 324 rep laceab le  s h i e l d  assemblies a r e  inc luded i n  the  design w i t h  a 

316SS f i x e d  r a d i a l  s h i e l d  .of 14.6 cm (5!.'75 inches) i n t e r n a l  t o  the core support  

s t r u c t u r e  (core barre l . ) .  To accommodate a1 t e r n a t i v e  f u e l  management schemes 
and core assembly designs, a packed-rod,,,hexagonal duc t  replaceable s h i e l d  as- 

sembly design was se lec ted  t o  p rov ide  the  a b i l i t y  t o  vary the neutron a t tenua t i on  

c h a r a c t e r i s t i c s  o f  the  rep1 aceable sh ie ld .  The replaceable s h i e l d  assembly 

c o n f i g u r a t i o n  i s  a hexagonal duc t  f i l l e d  w i t h  neutron s h i e l d  rods. Sh ie ld  
rods extend v e r t i c a l l y  f rom the  bottom o f  the  lower a x i a l  b lanke t  t o  the ap- 

proxi'mate top o f  the  upper a x i a l  b lanket .  An except ion t o  t h i s  arrangement i s  

a t  14 replaceable s h i e i d  l oca t i ons  i n  the  o u t e r r o w  -- seven a t  each o f  

two l o c a t i o n s  -- where a d d i t i o n a l  s h i e l d  rods a re  used above the  a x i a l  b lanket ,  

i n  the v i c i n i t y  o f  the core  former s t r u c t u r e  support  r i n g  welds. Se lec t i on  o f  

the  s h i e l d  rod  ma te r ia l  has been 1 i m i  t ed  t o  316SS o r  Inconel 600. 

The a x i a l  s h i e l d  system design prov ides a 51 cm (20 i n c h )  long f u e l ,  b lanket ,  and 

c o n t r o l  assembly lower a x i a l  s h i e l d  b lock  *(316SS) t o  assure. t h a t  the  design r e -  
quirements o f  the  core support  s t r u c t u r e  lower i n l e t  modules a r e  met; No upper 

a x i a l  s h i e l d  ma te r i a l  i s  requ i red  s ince  the  .upper i n t e r n a l  s t r u c t u r e  f l  uence 

l e v e l  i s  below 1.0 x 10" n/cmZ, a f luence l e v e l  a t  which no measurable change 

i n  ma te r i a l  p rope r t i es  w i  11 occur from. t h a t  o f  the  u n i r r a d i a t e d  cond i t i on .  

I Sh ie ld ing  design problems encountered i n  de f i n ing  the in-vessel  s h i e l d i n g  con- 

I f i g u r a t i o n  performance were: 1 )  p r e d i c t i o n  o f  neutron streaming i n  the  clearance 

I gaps requ i red  i n  the design o f  the f i x e d  r a d i a l  sh ie ld ,  2 )  p r e d i c t i o n  o f  neutron 

streaming i n  the  coo lan t  channels o f  the a x i a l  s h i e l d i n g  prov ided i n  each core  

a s s t ~ ~ b l y ,  3) p r e d i c t i o t i  o f  neutron streaming i n  the  f i s s i o n  gas plenum of each 

I core assembly, 4 )  d e f  i n i  t i o n  o f  mechanical i n t e r f a c e s  i n  i n-vessel components 



t o  minimize neutron streaming , and 5 )  arrangement of i n te r face  gaps . i n  components 

t o  p r o t e c t  l o n g i t u d i n a l  and c i r cumfe ren t i a l  we1 dments i n  permanent s t ruc tu res .  

Trade-of f  s tud ies  conducted i n  the e a r l y  design phases o f  the in-vessel  

s h i e l d i n g  inc luded the  d e f i n i t i o n  o f  the  amount o f  rep1 aceable s h i e l d i n g  versus 

f i x e d  sh ie ld ing .  Design requirements p laced on f i x e d  s h i e l d i n g  a re  l ess  s t r i n -  

gent  than the  core  support  s t r u c t u r e  requirements due t o  the  use o f  a non-welded 

concept and the FRS n o t  being a load bear ing component. The need t o  minirrhze 

the  number o f  replaceable assemblies was f u r t h e r  constra ined by: 1 ) the  r a d i a l  

p o s i t i o n i n g  l i m i t s ,  which r e s t r i c t  the  in-vessel  handl ing machine c a p a b i l i t y  

t o  remove replaceable s h i e l d  assemblies, 2)  the a b i l i t y  o f  the coo lan t  f l ow  

d i s t r i b u t i o n  system i n  the core support  s t r u c t u r e  t o  p rov ide  s u f f i c i e n t  as- 
.. 

sembly cool  a n t  f low,  and 3) the capabi l  i ty t o  design an assembly holddown i n  

the upper i n t e r n a l  s s t r u c t u r e .  These design c o n s t r a i n t s  were considered i n  

t rade-o f f  s tud ies  and r e s u l  t ed  i n  a four-row replaceablAe s h i e l d  assembly con- 

f i g u r a t i o n .  This  arrangement prov ided s u f f i c i e n t  neutron a t tenua t i on  t o  meet 

FRS neutron fl uence design requirements . 

Neutron fl ux d i  s t r i  b u t i  ons, , used :.to .:defi.ae r3.1 u e n  a t  ,..i n-vessel components , 
were der ived from one and .two-dimensional d i f f u s i o n  theory  and d i s c r e t e  ord ina tes  

t r a n s p o r t  theory so lu t i ons .  The design methodology u t i l i z e d  mu1 t i g r o u p  (40-60 

neutron groups) methods and nuclear  data developed f o r  the U, S. LMFBR program. 

V e r i f i c a t i o n  o f  methods and nuclear  data has r e s u l t e d  from extensive ana lys i s  

o f  s h i e l d i n g  experiments conducted a t  f a c i l i t i e s  a t  ORNL. The relevance o f  

t he  CRBRP design e f f o r t  and the ORNL s h i e l d i n g  experiment program i s  discussed 

i n  l a t e r  sec t ions .  Companion papers a t  %h_i,s:seminar d iscuss the design methods 

and experiments i n  g rea te r  de ta i  1 . 

3. REACTOR ENCLOSURE SYSTEM SHIELDING 

The CRBRP . reac to r  enclosure s -h ie ld ing  cons i s t s  o f  the  c l  osure head assembly, 

r e a c t o r  vessel support  area (RVSA) and support  ledge, and the r e a c t o r  c a v i t y  

w a l l .  Key s h i e l d i n g  design problems i n  these areas were: 1 ) the  design o f  .com- 

ponent penetrat ions and component i n t e r f a c e s  i n  t he  c losu re  head assembly, 2 )  re -  

a c t o r  vessel support  area:<..and support ledge shiel-ding, and.-3.) ex-vess.el . . f l u x  

mon i to r  sh ie ld ing .  

The p r i n c i p a l  c h a r a c t e r i s t i c s  o f  the RVSA and support  ledge of the CRBRP a re  

shown schemat ica l ly  i n  F igure  6 .  The r e a c t o r  c a v i t y ,  c o n s i s t i n g  o f  a 3 meter 



(10 f o o t )  annular c a v i t y  ex te rna l  t o  the r e a c t o r  vessel , i s  requ i red  f o r  the  

i n s t a l l a t i o n  and r o u t i n g  of the  heat  t ranspor t  system p i p i n g  o f  the loop- type 

r e a c t o r  and the a n c i l l  i a r y  equipment ' i n  the c a v i t y  (e.g., remote i n -se rv i ce  

i nspec t i on  and ex-vessel s ta r t -up ,  wide, and power range f l  ux mon i to r ing  equip- 

ment). The r e a c t o r  c a v i t y  i s  bordered on the  top  by the  vessel support  ledge 

and the  r e a c t o r  vessel support  system. 

A r a d i a t i o n  zoning s p e c i f i c a t i o n  o f  <25.0 .mrem/hr. i n  the  head access area (HAA) 

i s  de f ined as the  design 1 i m i t  based on cons idera t ion  o f  personnel access r e -  

quirements and design ob jec t i ves  f o r  p l a n t  personnel r a d i a t i o n  exposure. From 

FFTF s h i e l d i n g  design experience, the RVSA streaming problem i n  the CRBRP was 

recognized a t  an e a r l i e r  stage, and the s h i e l d i n g  requirements were minimized 

by arrangement o f  the annular gaps and u t i l i z a t i o n  o f  the str .uctura1 mass, such 

as the vessel f lange.  Key s h i e l d i n g  elements i n  the  RVSA s h i e l d i n g  s o l u t i o n  

i nc lude  a canned B ~ C  r a d i o l o g i = a l  s h i e l d  a t  the l o w e r  e l e v a t i o n  o f  t he  support  

ledge, which i n t e r f a c e s  t o  a c lose  t o l e r a n c e - w i t h  the r e a c t o r  vessel ou ts ide  

diameter, a carbon s t e e l  s h i e l d . c o l l a r - i n  the thermal  insu1at i .on .module t o  

reduce the gap a t  the vessel f lange e leva t i on ,  and a concrete s h i e l d  r i n g  be- 

tween the support  ledge embedment p l a t e  a'nd the r e a c t o r  vessel f lange,  t o  minimize 

the e f f e c t s  o f  r a d i a t i o n  streaming i n t o  the HAA. The s e l e c t i o n  o f  a c o n f i g u r a t i o n  

and ma te r ia l s  o f  cons t ruc t i on  was ,constrained by the h igh  temperatures a t  t h e  

B4C and r e a c t o r  vessel i n t e r f a c e  and by the  requirement t o  p rov ide  i n t e r f a c e  

gaps which a l l o w  s u f f i c i e n t  support  ledge coo lan t  f low.  

Two dimensional d i s c r e t e  ord ina tes  t r a n s p o r t  techniques were used t o  de f i ne  the 

r a d i a t i o n  streaming i n  the  RVSA. Analyses have been performed by u t i l i z i n g  

mul t ig roup cross sec t i on  se ts  o f  40-60 neutron groups and 15-25 gamma groups. 

Forward biased quadrature s e t s . c o n t a i n i n g ~ 1 0 0 ~ 1 6 6  angles.were u t i l i z e d  i n  t he  

analyses t o  represent  neutron streaming through the  gads between the r e a c t o r  

vessel and support  ' ledge. 

'~1-osure-~ead-  A-SS~~BI~,(.CHA) Sh ie l  d i  ng 

As shown i n  F igure 7, the  c losu re  head assembly i s  a l a r g e  diameter (6.1 meters, 

20 f e e t )  carbon s t e e l  assembly w i t h  n iu* l t ip le  -,. penetrat ions8 f a r  head mounted 

components. The CHA i s  assembled from an eccen t r i c  t r i p l e  r o t a t i n g  p l u g  

c o n f i g u r a t i o n  w i t h  penet ra t ions  f o r  components. The p r i n c i p a l  types o f  pene- 

t r a t i o n s  are: 1 ) r e f u e l i n g  components, 2) c o n t r o l  r o d  d r i v e  mechanisms, and 

3) upper 1 n te rna l  s j ack ing  mechani sms. 



Radia t ion  source terms considered i n  t he  CHA . sh ie ld ing  design i n c l  uded: 1  ) the 

neutron and gamma streaming up the  stepped annu l i  o f  the  CHA penet ra t ions  o r  

component ' i n te r faces ,  2) the  presence o f  r a d i o a c t i v e  cover gas below and i n  

the CHA penet ra t ions ,  and 3) neutron and gamma pene t ra t i on  through the CHA 

bu lk  sh ie ld ing .  The sodium f i l l e d  d i p  seals,  which form the  s e a l i n g  b a r r i e r  

f o r  r e a c t o r  cover gas i n - t h e  CHA r o t a t i n g  p lug  annu l i ,  were recognized as the  

major s h i e l d  design problem. The design requirement on the  opera t ion  o f  CRBRP 

w i t h  f a i l e d  f u e l  i s  con t i nu ing  opera t ion  a t  a  f a i l u r e  l e v e l  o f  the  f u e l  rods 

producing 1% o f  the power. The r a d i o a c t i v e  f i s s i o n  product  gases r e s u l t  i n  a  

r a d i a t i o n  source r e q u i r i n g  $0.3 meters o f  s t e e l  s h i e l d i n g  t o  reduce r a d i a t i o n  

l e v e l s  t o  l e v e l s  cons i s ten t  w i t h  the r a d i a t i o n  zoning o f  the head access area 

(HAA). D ip  seal arrangement t rade-o fPrs tud ies  r e s u l t e d  i n  the o n l y  acceptable 

design s o l u t i o n ,  a  seal l oca ted  i n  the  c losure  head, as shown i n  F igure  8. 

This l o c a t i o n  o f  the d i p  seal r e s u l t s  i n  r a d i a t i o n  l e v e l s  i n  the  HAA, which 

a re  the  p r i n c i p a l  c o n t r i b u t o r  t o  HAA dose r a t e  l e v e l s .  

Component penet ra t ions  and component i n t e r f a c e  design s o l u t i o n s  i n  t he  CHA were 

achieved by us ing  s t r i c t  c o n t r o l  on i n t e r f a c e  gap s izes,  us ing o f f s e t  gaps, 

us ing  the mass o f  the  component as sh ie ld ing ,  and by c o n t r o l 1  i n g  cover gas 

pene t ra t i on  of.annu1-i w i t h  down purges o f  recyc led  cover gas. Cont ro l  o f  cover 

gas leakage through component. pene t ra t i on  seals was considered i n  d e t a i l ,  and 

the  c o n t r i b u t i o n  o f  leaked r a d i o a c t i v e  gases t o  the  r a d i a t i o n  l e v e l  i n  the  HAA 
and bp'erat i  ng ~l oG (OF-)- war i nc l  uded-. i n- rad ia  r .  t i o n  .exposure est imates.  - - - - --- ' ? /i 

Design o f  the CHA a l s o  considered the upper a x i a l  b i o l o g i c a l  s h i e l d  system o f  

the CRBRP. I n  o rder  t o  use-FFTF design experience, the  CHA dimensions were 

se lec ted  a t  an e a r l y  stage i n  the  design. Ea r l y  design concepts inc luded a  

s e r i e s  o f  s t a i n l e s s  s t e e l  thermal sh ie lds  and Inconel o r  s t a i n l e s s  s t e e l  r a d i o -  

l o g i c a l  ' s h i e l d  p la tes  at tached t o  the lower sur face o f  the c losu re  head. The 

c losu re  head i s  o f  s i m i l a r  dimensions as the  FFTF c losu re  head (0.56 meters, 

22 inches)  and i s  a  carbon s t e e l  ma te r i a l .  Design analyses o f  the  upper a x i a l  

s h i e l d  system f o r  CRBRP r e s u l t e d  i n  the  s u b s t i t u t i o n  o f  carbon s t e e l  rad io -  

l o g i c a l  s h i e l d  p la tes  f o r  t he  Inconel o r  s t a i n l e s s  s t e e l  r a d i o l o g i c a l  sh ie lds  . 
This design change r e s u l t e d  i n  a  cos t  reduc t i on  due t o  use o f  a  lower p r i c e d  

ma te r ia l  and reduced f a b r i c a t i o n  costs.  Due t o  the u n c e r t a i n t i e s  i n  the neutron 

t r a n s p o r t  through l a r g e  thicknesses o f  sodium and carbon s t e e l ,  an upper a x i a l  

s h i e l d  'experiment was designed and conducted a t  f a c i l i t i e s  o f  the  ORNL. This  

experiment prov ided design assurance o f  the performance o f  the  CRBRP- upper 

a x i a l  s h i e l d  sys tern. 



Ex-Vessel Fl ux Moni to r  Sys tem Shiel di ng 
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reactor cavity external to  the guard vessel . Design requirements imposed by 
the monitor system are: 1 )  the foreground neutron flux fo r  the reactor. core 

must be great enough to monitor changes in reactor,  core subcri t i ca l  i t y ,  2 )  neutron 
flux background due to  extraneous sources (e .g. , fuel assembl ies  in transfer 
within the reactor vessel) must .be less  than .ten- (10) percent of the foreground, 

and 3) gamma dose . ra tes  due to  primary sodium coolant and-structure activation - 
must be less  than 100 Rads/hour. .The .need for  a strong foreground neutron count 
ra te  with the reactor core in a fu l ly  shutdown s t a t e  required for  optimization 

* - 
of the radial shielding of the reactor core to' meet these-requirements while 

- meeting in-vessel shielding requirements. on neutron f l  uence.at components. 

The shielding design,-at the source r'ange flux monitor consists of a graphite 
moderator block of 51 cm (20 inches) by 63 cm (25 inches) surrounded by lead 
and B4C background shields.  The moderator block B4C shield arrangement for  
reduc.ing the neutron background due t o .  fuel -i  n-transfer or the storage of' fuel 

assemblies in the fuel t ransfer  and storage assembly, i s  supplemented by B4C 

reactor cavity shields.  The gamma background a t  the SRFM i s  reduced to ac- 

ceptable '1 eve1 s by surrounding the .moderator block wi t h  lead to  reduce reactor 
vessel, guard vessel, and vessel sodium coolant. gamma levels ,  and by the u t i - .  

,',l iiation?of:a. high;pGr.i ty a1 uminum a1 loy as the structural material for the . - 
SRFM to  minimize i t s  neutron activation gamma background. 

4. .BALANCE-OF-PLANT SHIELDING 

Design of radiation shielding for  the heat ' transport  systems and auxiliary 
sodium systems i s  primarily provided by the arrangement of the ordinary concrete 

n---=-- ' 

structural walls of the reactor containment sbuil ding and b-ul?ldesignloi'-~) - - \- .---- - -  -* 
:-cel.1 - t w a a e ? r a t i o n s  . -- - - L  > -/ 

Shielding design problems requiring considerable design e f f o r t  were: 1 ) heat ' 

transport system pipe chaseway shielding to  meet requirements on intermediate 
heat ' t ransport-  system sodium coolant act ivat ion,  and 2) auxi l iary,  system piping 

and ducting penetrations through plant cell  walls to  meet cell  radiation zoning 
requirements, C 



Heat Transport  System Sh ie ld ing  

One o f  the most d i f f i c u l t  problems i n  CRBRP s h i e l d i n g  design ana lys i s  i s  t h a t  

o f  determin ing r a d i a t i o n  streaming through heat  t ranspor t  system p ipe  chaseways. 

Design requirements imposed on the  CRBRP p i  p ing  arrangement and neutron s h i e l d i n g  

c o n f i g u r a t i o n  were t h a t  t he  neutron a t tenua t i on  a f fo rded by the  p i p e  r o u t i n g  

and neutron s h i e l d i n g  must main ta in  the  in te rmed ia te  sodium a c t i v a t i o n  below 
3 60 pCi/cm and reduce streaming neutron f l u x  to:a minimal l e v e l  be fore  reaching 

the delayed neutron moni tors (DNM's) i n  the  heat  t ranspor t  c e l l s .  The design 

s o l u t i o n  selected i s  i l l u s t r a t e d  i n  F igure 9. Neutron s h i e l d  w a l l s  were designed 
8  t o  assure the  des i red  a t tenua t i on  f a c t o r  of ~ 1 0  . 

The HTS p i p i n g  penet ra t ion  problem o f  neutron streaming has been analyzed w i t h  

a  se r ies  o f  mu1 t i g r o u p  two-dimensional d i s c r e t e  ord ina tes  t ranspor t  so lu t i ons  

w i t h  var ious  methods o f  coup l ing  a t  each 90" bend. Coupl ing techniques inc lude:  

1  ) i s o t r o p i c  leakage source f rom the sur face o f  one c y l i n d e r  t o  a  d i s k  source 

en te r i ng  the  second leg ,  o r  2) r a d i a l  boundary source from the  f i r s t  l e g  t rans-  

formed t o  an a x i a l  boundary source f o r  the second leg .  The development and use 

o f  a  Monte Car lo  t ranspor t  method us ing albedo s c a t t e r  data i s  planned t o  v e r i f y  

the  design con f i gu ra t i on .  Due t o  the  complexi ty  i n  the design s o l u t i o n ,  a  p ro to-  

t y p i c  experiment f o r  the  HTS p ipe  chaseway was conducted--in f a c i l  i t i e s  at, ORNL. - - * -  . " 

This experiment was a  f u l l  sca le  mock-up us ing p i p i n g  mock-ups i n  concrete 

penet ra t ions  and c e l l s .  Pipe s imu la t ions  used sodium carbonate as a  sodium 
coo lan t  s imu la t ion .  Resul ts  o f  t he  experiment conf irmed the  CRBRP design 

s o l u t i o n .  

An associated problem encountered i n  the  CRBRP HTS s h i e l d i n g  design i s  the- 

photoneutron product ion  i n  the concrete c e l l  w a l l .  Photoneutrons a re  generated 

due t o  the  ~a~~ gainma source I n  the  pr imary coo lan t  pipes i n t e r a c t i n g  w i t h  the  

deuter ium i n  hydrogenous ma te r ia l s .  More than 80% o f  the DNM neutron back- 

ground i s  a t t r i b u t e d  t o  the concrete wa l l  photoneutrons . Therefore, non- 
hydrogenous ma te r ia l s  were s p e c i f i e d  as the DNM neutron background s h i e l d i n g  

ma te r ia l  . 

. A u x i l i a r y  System Sh ie ld ing  

Design problems i n  ra 'd ia t i on  streaming were encountered i n  the heat ing  and 

v e n t i l a t i o n -  duc t ing  design f o r  system c e l l  s\-and i n  p i p i n g  penetrat ions '  in 
-- - - ----" 



I 
a u x i l i a r y  system c e l l s .  Acceptable design conf igura t ions  have been obta ined f o r  

- - p i p i n g  o r  duc t  pene t ra t i ons  up t o  76 cm (30 inches)  i n  diameter rou ted  through 

c e l l  wa l ls .  P r i n c i p a l  des ign  problems w i t h  p i p i n g  penet ra t ions  was the h igh  

temperature o f  the  sodium coo lan t  and the-need f o r  l a r g e  thicknesses o f  i g s u l -  

a t i o n  t o  p r o t e c t  t h e  concre te  wa l l s .  
- 

Analyses o f  a u x i l  i a r y  p i p i n g  and duc t i ng  .penetrat ions invo lved e i t h e r  Monte Car lo  

r a d i a t i o n  t r a n s p o r t  o r  s i n g l e  s c a t t e r  p o i n t  kernel  techniques. 

5. SHIELDING EXPERIMENT PROGRAM 
- 

During the design phase o f  CRBRP, s p e c i f i c  design s o l u t i o n s  were i d e n t i f i e d  which 

requ i red  experimental  v e r i f i c a t i o n  o f  the  design methodology, nuclear  data, o r  

se lec ted  s h i e l d i n g  design s o l u t i o n .  I n  these s p e c i f i c  cases, experiment designs 

and experiment p lans were def ined i n  a cooperat ive e f f o r t  w i t h  the r e a c t o r  designel 

and the ORNL. Experimentsrwere designed t o  be p r o t o t y p i c  o r  s imu la t ions  o f  CRBRP 

c o n f i g u r a t i o n  and r a d i a t i o n  environment. Experimental measurements and con- 

f i g u r a t i o n  parameters (e .g. , mate r ia l  se lec t i on ,  ma te r i a l  thicknesses) were scoped 

t o  assure s u f f i c i e n t  data f o r  v e r i f i c a t i o n  o f  the method, data, o r  c o n f i g u r a t i o n  

dimensions. I n  a d d i t i o n  t o  the p r o t o t y p i c  experiments f o r  CRBRP, a se r ies  o f  - - - -  - - -  
benchmark type experiments was d e f i  nedqWand - conducted a t  ORNL .to provide,da t a  

fo r  v e r i f i c a t i o n  o f  methods and/or nuclear  data. The re levance o f  the  p r o t o t y p i c  

and benchmark experiments t o  the CRBRP design i s  summarized i n  Tables 1 and 2 .  

A companion paper de f i n ing  the  LMFBR experimental  program i n  g rea te r  d e t a i l  i s  

inc luded i n  t h i s  seminar. 

6. SYSTEMS APPROACH TO STAFF RADIATION PROTECTION 

An increas ing  number o f  USA nuc lear  f a c i l i t i e s  .have developed systematic ap- 

proaches t o  1 i m i  t i n g  r a d i a t i o n  exposure ~f t h e i r  s t a f f  o f  profess ional  r a d i  - 
a t i o n  workers. The CRBRP r a d i a t i o n  p r o t e c t i o n  program was incorpora ted  i n t o  

the  o v e r a l l  p l a n t  design descr . ip t ion  i n  the e a r l y  design stages, The program- 

mat ic  goal f o r  CRBRP i s  t o  l i m i t  the r a d i a t i o n  exposure .of the opera t ing  s t a f f  

so t h a t  t he  s i z e  o f  the s t a f f  i s  es tab l ished by the work requirements and n o t  

r a d i a t i o n  exposure 1 i m i  t s  . The design requirements necessary t o  achieve t h i s  

goal a re  s u f f i c i e n t  t o  meet t h e ' o v e r r i d i n g  USA r e g u l a t o r y  requirement t h a t  r a d i -  
. - -  

a t i o n  exposures be ALARA. 



The p r i  nc ipa l  elements of .the CRBRP r a d i a t i o n  p r o t e c t i o n  .design .approach a r e  

sumrnari zed be1 ow: 

@ An annual r a d i a t i o n  .exposure. (man-rem/year ) f o r  . the e n t i r e  pro-  

f ess iona l  r a d i a t i o n  worker s t a f f  was est imated. This est imate 

was based on a pragmatic appra4sal o f  r a d i a t i o n  exposures o f  the 

s t a f f  o f  USA LWR reac to r  p lan ts  which were opera t ing  w i t h i n  the 

. CRBRP p l a n t  a v a i l a b i l i t y  requirements and the  a n t i c i p a t e d  s i z e  

o f  t he  CRBRP s t a f f .  

The a1 l o c a t i o n  o f  t h i s  t o t a l  r a d i a t i o n  .exposure by f u n c t i o n  and 

system w i t h i n  CRBRP was based on both U S A ~ $ ~ ~ ~ ~ ~ ~ ~ ~ R ~ ~ ~ ~ ~ J L ~ ~ ~ ~ ~  
-- -- - -- .-q 

qziias.tebs;eder;tceator experience . . 
I 
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The r a d i a t i o n  zoning e(i . e . ,  r a d i a t i o n  .dose r a t e  i n  access ib le  

c e l l  s )  o f  t he  CRBRP. nucl ear i s l a n d  'was es tab l  ished t o  1 i m i  t the  

s t a f f  r a d i a t i o n  exposures i n  normal ly  access ib le  c e l l s  t o  ap- 

p rox imate ly  15%. o f  the  t o t a l  s t a f f  exposure... The equipment a r -  

rangement, p l a n t  layout ,  and equipment access requirements were 

considered i n  d e f i n i n g  p l a n t  zoning requirements. 

Rad ia t i on  source terms were developed . f o r  the  purpose o f  s h i e l d  

design on an "upper l i m i t "  bas is .  These source terms inc lude  - - I-. - - I - - - +--_--- _I_ _ _______ __ _ 
margin t o  account f o r  design and cons t ruc t i on  u n c e r t a i n t i e s  and 

were used f o r . t h e  design o f  the  p l a n t  sh ie ld ing .  An analogous 
s e t  o f  "best, "est imate"  source terms ,was .devel oped f o r  es t ima t ing  

s t a f f  - r a d i a t i o n  exposure under both, opera t ing  and maintenance 

cond i t ions .  . . The bes t  est imate source- terms incorpora te  sodium 

reac to r  experience (e .g . , BOR-60) i n  source term model i n g  wher- 

ever poss ib le .  

A c o s t l b e n e f i t  formula has been developed f o r  eva lua t ing  design 

changes which impact s t a f f  r a d i a t i o n  +exposure. Tti i  s formula 
app l i es  t o  changes which e i t h e r  increase o r  decrease r a d i a t i o n  

exposure. Cost/benef i  t eva lua t ions  a r e  considered i n  con junc t ion  

w i t h  o v e r a l l  p l a n t  r a d i a t i o n  p r o t e c t i o n  requirements t o  determine 

the  d e s i r a b i l  i t y  o f  -each proposed.design change. 



Each CRBRP system i s  per iod ica l l y . rev iewed t o  determine the s ta tus  o f  .the 

r a d i a t i o n  p r o t e c t i o n  design development f o r  t h a t  system. This rev iew i s  con- 

ducted by a mu 1 ti - d i s c i p l  i n e  group o f  p r o j e c t  design personnel. This  group has ' expe r t i se  i n  r a d i a t i o n  ana lys is  ; s h i e l d i n g  design, safety, 1 icensing,  and p l a n t  

maintenance. -The rev iew team p e r i o d i c a l l y  c o l l e c t s  p l a n t  r a d i a t i o n  exposure 

in fo rmat ion  and prov ides the system design. w i t h  recommendations on areas where 
* .  

the r a d i a t i o n  p r o t e c t i o n  aspects of the-des ign  can be improved. 

I n  add i t i on ,  several  d i f f e r e n t  sys tems are  reviewed on a semi-annual ' bas is  by 

an independent -team o f  Heal t h  Phys i c i s t s  w i th  extensive experience. i n  a1 1 aspects- 

o f  r a d i a t i o n  p r o t e c t i o n  a t  opera t ing  nuclear  p lan ts .  The Heal t h  Physics team 
reviews sys tem and component design, maintenance .procedures, and , rad ia t ion  ex- 

posure data.  Recommendations t o  f u r t h e r  reduce r a d i a t i o n  exposure based on ALARA 

experience a t  opera t ing  nuclear  power p l a n t s  a r e  prov ided by the  team. 

I. It can be 'seen t h a t  t he  .CRBRP r a d i a t i o n  p r o t e c t i o n  program. i s  an i n t e r a c t i v e  

I program r e q u i r i n g  exchanges o f  i n fo rma t ion  between p r o j e c t  system designers 

l and both p r o j e c t  and ou ts ide  r a d i a t i o n  p r o t e c t i o n  s p e c i a l i s t s .  The scope and 

I ex ten t  ' o f  t h i s  in terchange a r e '  f u r the r  i 11 us t ra ted  i n  F igure 10. 

1 The r a d i a t i o n  p r o t e c t i o n  program w i l l  be completed o n l y  a f t e r  each system de- 

s igne r  has app rop r ia te l y  documented the f a c t  t h a t  t he  system meets the  r a d i a t i o n  

p r o t e c t i o n  requirements o f  the p l a n t  and i s  ALARA. This . i s  demonstrated i n  p a r t  

by  meeting the annual man-rem a l l o c a t i o n  requirements. If a system cannot meet 

these requirements, then a formal change t o  the requirements must be proposed 

and j u s t i f i e d  by the  des igner7  Increased a l l o c a t i o n  t o  one system can genera l l y  

-be  compensated f o r  by reducing the a l l o c a t i o n  t o  a system t h a t  has been success- 

f u l  i n  s i g n i f i c a n t l y  undershoot ing t h e i r  a l l o c a t i o n .  A reserve o f  r a d i a t i o n  

exposure f o r  unant ic ipa ted  (spec ia l  ) maintenance i s  a1 so a v a i l a b l e  f o r  changes 
as the design matures. 

The o v e r a l l  p l  an t  r a d i a t i o n  p r o t e c t i o n  w i  11 be considered completed when the 

t o t a l  annual r a d i a t i o n  exposure requirements a r e  met and documented as requ i red  
by the U.S. ~ u c l e a r  Regulatory Commission. 
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Figure 1. Plan View of CKBRP Reactor Core Layout 
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Figure 3. Schematic w of Reactor System 
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I I Figure 7. Reactor Vessel suppdrt Area Shielding Arrangement - -- - I 
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Figure 9. Closwci H&j,&bembly Dip ,& a1 Arrangement ~ and ~eac l  Access Area I! 



L Figure 10. Schematic of CRBRP Primary Heat Transport Arrangement (Loop No. 1 )  1 



i 

I 

~ i b l e ,  1 .  Summary of LMFBR prototypic Shielding Experiments 

,- 

9 .I . t 
* . ._ 

- - - 

-% 

Reactor Spectrum 
Experiment System Configuration Modifier 

Pipe Chaseway (Phase FFTF Simulation Of Primary HeatTransport Penetrations And Yes Neutron Streamingln Piping Penetrations And 
Routing Chaseway 

Radial ShieldlStored FFTF Simulation Of Radial Shield And In-Vessel Stored Fuel Yes 
' 11 

Radial ShieldlStored LMFBR Simulation Of Radial ShieldlStored FuellAnd Ex-Vessel Yes, Radial Blanket Neutron AttenuationlFissions In  Stored FuellFlux 
Fue l l F l h  Monitor Flux Monitor Simulation Monitor Response At Ex-Vessel Position 

Radial ShieldlUpper LMFBR Simulation Of In-Vessel Shielding Using Packed Rod Yes. Radial Blanket Neutron Attenuation Of Conceptual Shields 
- Axial Shield Arrays Of Canned B4C 01 Steel Simulation 

Lower Axial Shield ' LMFBR Simulation Of Lower Axial Shield With Control Rod Yes, Axial Blanket Neutron Attenuation And Streaming In  Control Rod 
Penetrations ' Simulation Channels 

Radiation Heating . I t - c ,  

CRBRP SimulationOf Radial Shielding With Carbon Steel And1 Yes. Radial Blanket 
it. 

Neutron Attenuation,And Gamma Energy Deposition In  1 

Or SS 304 Slabs -Three Experiments Including Simulation- Shields - J 

Gamma Dosimetry Development With TLD's And Ion 

I 

; 

Chamber 

Pipe Chaseway CRBRP Simulation Of HeatTransport Piping And Chaseway Yes. Cavity Neutron Neutron Attenuation In  Design Configuration . .+. 
WithTwo 90'Bends And 36" Pipesimulation Specturm 

- 
Concrete Rebar CRBRP Simulation Of Reinforcing Steel In  Concrete Wall Yes, Cavity Neutron Neutron Attenuation And Secondary Gamma . 1 

Spectrum Attenuation With And WithoulReinforcing Steel Bars 

Upper Axial Shield CRBRP Simulation Of Upper Axial Shieldconfiguration With Up Yes. 18"Of SS 304 Neutron Attenuation Of Laminar Arrangement Of 
To 1 5' Of Na And UpTo 30'Of Carbon Steel , Sodium Followed By Carbon Steel 

,S678 -10  
.., 

. I - - ..' 
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Reactor , - .  Spectrum 
Experiment System Configuration Modifier Purpose 

I 
. . ., ' 
:' 

# I 
... 

. 

Annular Slit Streaming FFTF Carbonsteel Slabs - 0 , l .  or 2 Offset Annular Gaps. Yes. Na Pool Simulation characterize ~ e u t r o n  Streaming I n  Annular Gaps I n  
114"To 314"Gap Dimensions. 44"Thickness Carbon Steel Shields 

Carbon Steel General CarbonSteelSlabs - 112" To 36"Thicknesses, 5 '  No Neutron Attenuation 
Square 

Sodium General Na Slabs - 2.5'To 15'Thickness. 11'Diameter NO Neutron Attenuation 

Stainless Steel " General SS 304 Slabs - 18"  ~ ~ c k n e s s : 5 ' ~ q u a r e  No Neutron Attenuation 

Inconel . . ' General lncone1600-2.5" aAd 5 . 1 " ~ h i c k n e s s ~  5;square No Neutron Attenuation And Secondary Gamma Production 
And Attenuation 

FFTF Carbon SteelIB-CHZ Slabs-1O"To 20"11 "To 4". 5' Yes. Na Pool Simulation Neutron Attenuation And Secondary Gamma Production 

Polyethylene Square And ~ t tenuat ton  

CRBRP SS 304 Slabs - 2.5"To 15"Thickness. 5'Square . . Yes, Radial Blanket Neutron Attenuation For Direct ComparlsonTo lnconel 

: 'L 

. 

Simulation 

lnconel CRBRP Inconel600 S!abs -,2.5".To 15"Thickness, 5'Square Yes, Radial Blanket Neutron Attenuation For Direct ComparlsonTo SS 304 
- .  . , - Simulation 
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Table 2. Summary of LMFBR Shielding Benchmark Experiments 



Periodic-All Systems 
Reviewed On Annual Or --Semi-Annual 

1 

More Frequent Basis 

I ' Figure 1 1 .  CRBRP Radiation ~rotectionl~hieldinh Design Approach to Achieve ALARA Objectives 1 


