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1. SIJMMARY 

Pebble-bed r e a c t o r s  have advantages associated with the s implici ty  

cf the f u e l  element, ease of f u e l  handling, s u i t a b i l i t y  f o r  high-tempera- 

t u r e  operation, and good neutron economy. In common with other all-ceramic 

reac tors  not having purged f u e l  elements, they s u f f e r  the disadvantage 

t h a t  some fission-product a c t i v i t y  w i l l  en te r  the coolant system. The 

Pebble-Bed Reactor Experiment (PBRE) w i l l  advance the pebble-bed concep-; 

by providing a tes t  of these features and w i l l  make important contributions 

t o  the general  development of all-ceramic gas-cooled reac tors  as w e l l .  

To t h i s  end the following object ives  were establ ished for the reac tor  ex- 

periment: 

including on-stream f u e l  handling, movement of f u e l  through bed, and per- 

formance of core; ( 2 )  t o  obtain operation and maintenance experience with 

a system contaminated with fission-product a c t i v i t y ;  and ( 3 )  t o  inves t i -  

gate  the behavior of graphite f u e l  elements. A f o u r t h  object ive,  study 

of the behavior of core mater ia ls  a t  conditions occurring with e x i t  gas 

temperatures i n  the range 2000 t o  2500°F, vas t c n t a t i v c l y  I n c h d e d .  

(1) t o  invest igate  key fea tures  of the pebble-bed concept, 

The preliminary design of a 5-14w (thermal) reac tor  f o r  achieving 

these object ives  has been prepared. 

dim, 4 - f t - t a l l  cyl inder  containing approximately 12  000 spher ica l  gi-aph- 

i t e  f u e l  elements 1 1/2 i n .  i n  diameter. 

removed from the core by gravi ty  flow, and these operations a r e  performed 

The core of the PBRE is a 2 1/2-ft-  

Fuel spheres a r e  added t o  and 

while the reac tor  is  a t  power by using p a i r s  of valves f o r  passage of 

elements i n t o  and out of the high-pressure system. Exposed fuel can be 

recycled t o  the top of the core.  

Helium coolant a t  500 p s i a  e n t e r s  the bottom of the core a t  550°F 

and emerges from the top  a t  1250°F: Concentric ducting connects the re- 

a c t o r  t o  a s ingle  heat exchanger, which is  located s u f f i c i e n t l y  high 

above the core t h a t  n a t u r a l  circulaTion w i l l  s u f f i c e  t o  remcve af ter l ieat  

i n  the event the blower ceases t o  funct ion.  The coolant flow path is  

such t h a t  the e n t i r e  pressure envelope is swept with helium a t  the tem- 

perature  a t  which it emerges from the heat exchanger. 
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Provision f o r  semiremote maintenance of contaminated components i s  

emphasized i n  t h e  layout,  and most of t he  equipment i n  the  primary and 

aux i l i a ry  systems i s  accessible  from above by t h e  removal of modular 

shielding u n i t s ,  The design permits replacement of t h e  e n t i r e  core 

graphi te  s t ruc tu re .  The r eac to r  can be adapted f o r  t e s t i n g  core mate- 

r ials a t  high temperature by attemperation of the hot helium emerging 

from the  core with cool  gas i n  a plenum i n  the  upper graphi te  s t ruc tu re .  

Location of the  PBRE at  t h e  s i t e  of t h e  HRE-2 f a c i l i t y  i s  proposed 

t o  take advantage of ava i lab le  bui ld ings  and services ,  bu t  t he  r eac to r  

and auxi,liary equipment will be contained i n  a completely new vesse l  l o -  

cated adjacent t o  t h e  e x i s t i n g  bui lding.  

t i o n  cos t  of t he  r eac to r  p lan t  i s  estimated t o  be $7,958,000; allowance 

f o r  contingencies, overhead, and e sca l a t ion  br ings  t h e  t o t a l  t o  $12,260,000. 

High-temperature operat ion can be achieved when des i red  f o r  an add i t iona l  

expenditure of l e s s  than $500,000. 

The design and d i r e c t  construc- 
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2. INTRODUCTION 

The pebble-bed reac tor  concept i s  an old one, having been among the  

proposals considered f o r  the  Daniels P i l e  i n  1945.' L i t t l e  a t t e n t i o n  

w a s  devoted t o  it, however, u n t i l  f i v e  years ago when t h e  Sanderson & 

Por t e r  Company, with AEC support, began t o  inves t iga te  the design and 

development of pebble-bed reac tors .  Most of t h e i r  e f f o r t  w a s  devoted t o  

t h e  study of fuel-handling problems and t o  development of a f u e l  f o r  t h e  

reactor ,  with, i n  pa r t i cu la r ,  t he  a id  of t h e  B a t t e l l e  Memorial I n s t i t u t e .  

I n  Germany, a combine of t he  Brown-Boveri Company and Krupp began 

a c t i v e l y  i n  1956 t o  develop a pebble-bed r eac to r  and t o  plan f o r  i t s  

construction.* 

construct ion i n  Germany began recent ly .  

doubtedly make major contr ibut ions t o  the development of t h e  pebble-bed - 

concept. 

A 15-Mw ( e l e c t r i c a l )  reac tor  has been designed, and i t s  

The BBC-Krupp r eac to r  w i l l  un- 

The Oak Ridge National Laboratory was  requested by the  Atomic Energy 

Commission i n  the  f a l l  of 1960 t o  perform design s tud ie s  of both an ex- 

perimental  r eac to r  and a la rge  power r eac to r  based on the  pebble-bed con- 

cept .  Resul t s  of these  s tud ies  a re  presented i n  r e f s .  3 and 4. Further  

s tud ie s  of a pebble-bed reac tor  experiment w e r e  i n i t i a t e d  at ORNL i n  

Ju ly  1961, and t h i s  repor t  contains  a preliminary descr ip t ion  of t he  

design which has emerged. 

t i o n  cos t  of such a reactor ,  a proposed schedule f o r  design and construc- 

t ion ,  and a discussion of t he  research and development e f f o r t  which it 
i s  believed should accompany the  design program. 

It a l s o  presents  an est imate  of the  construc- 

~~ ~ 

'F. Daniels, High Temperature Pebble P i l e  (Minutes of l e c t u r e  on 
Apr i l  14, 1945), CF-2860(5), May 31, 1945. 

h 

v 6 ' 2 F .  Schulten, The Development of High Temperature Reactors, pp. 109-26, 

3A. P. Fraas  e t  al., Preliminary Design of a l O - M w ( t )  Pebble-Bed 

4A. P. Fraas  e t  al., Design Study of a Pebble-Bed Reactor Power 

Frankl in  I n s t i t u t e  Monograph No. 7, May 1960. 

Reactor Experiment, CF 60-10-63 rev. (May 8, 1961). 

Plant ,  CF 60-12-5 rev.  (May 11, 1961). 
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Features of the  Pebble-Bed Reactor 

8 

The unique feature of the  pebble-bed r eac to r  concept is  the  forma- 

t i o n  of the  core from a bed of randomly packed spher ica l  f u e l  elemenzs. 

Graphite is  used as the primary sphere material; the  f iss i le  and fer;ile 

material are r e f r ac to ry  compounds of low cross-sect ion elements, and 

helium is  the  coolant .  A s  p resent ly  conceived, a pebble-bed r eac to r  has 

the  following f ea tu res :  

1. A simple f u e l  e lement .  There is  hope t h a t  t he  simple geome2y 

of the  f u e l  without c lose tolerances w i l l  r e s u l t  i n  r e l a t i v e l y  low fab- 

r i c a t i o n  cos t s .  

2 .  Ease of f u e l  handling. Fuel spheres are added a t  the  top -o f  

the core and discharged a t  the  bottom by g rav i ty  flow. 

are performed while the  r eac to r  is  a t  power by u t i l i z i n g  a s e r i e s  of 

valves f o r  passage of elements i n t o  and out  of the  high-pressure system. 

This simple at-power r e fue l ing  concept makes an equilibrium f u e l  cycle 

qu i t e  p r a c t i c a l .  

addi t ion  poin ts  i n  a l a rge  r eac to r  would make it possible  t o  s h i f t  f u e l  

r a d i a l l y ,  as wel l  as t r ans fe r  it from the  bottom t o  the  top of the  co re .  

The s implici ty  of the  fuel-handling system suggests t h a t  a r e l a t i v e l y  

snall c a p i t a l  investment i n  equipment w i l l  be required t o  provide f o r  on- 

stream re fue l ing .  

These operat ions 

In addi t ion,  provis ion of mult iple  f u e l  removal and 

3. High-temperature operat ion.  Fuel elements of r e f r ac to ry  materials 

permit operation a t  high temperatures. 

mater ia l s  is  not compromised by requirements of s t r u c t u r a l  p roper t ies  01' 

close tolerances;  f o r  example, a bed of spheres which is  not r e s t r a ined  

a t  the top expands upward t o  accommodate thermal volume increases,  the  

load on individual  spheres from the  weight of the  bed is  s m a l l ,  and exact  

f u e l  element dimensions are not necessary. 

This bas ic  advantage of r e f r ac to ry  

4 .  Good neutron economy. The absence of metal cladding and s t ruc -  

t u r a l  mater ia l s  i n  the  core reduces the  l o s s  of neutrons by p a r a s i t i c  

absorptions and thus permits operation with good neutron economy. 

5 .  Act iv i ty  i n  coolant.  There has been no demonstration t o  da te  

of an all-ceramic f u e l  element t h a t  completely re ta ins  f i s s i o n  products 

. 
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when operated a t  the  temperatures and burnups of i n t e r e s t  f o r  power r e -  

ac to r s .  

product r e t en t ion  w i l l  not be achieved, the assumption must be made that 

a small but s i g n i f i c a n t  amount of a c t i v i t y  w i l l  en t e r  the coolant and 

depos i t  on surfaces  i n  the  r eac to r  system. 

i n  common with other  ceramic-core r eac to r s  which provide no purge f o r  

the f u e l  elements, must be considered a contaminated system. 

leve l ,  while far $below t h a t  of a f l u i d  f u e l  reac tor ,  may be enough higher 

than t h a t  of gas-cooled r eac to r s  w i t h  metal-clad f u e l  elements t o  d i c t a t e  

d i f f e r e n t  requirements f o r  leak t ightness  and t o  necess i ta te  spec ia l  pro- 

v i s ions  f o r  decontamination and maintenance. 

Although t h i s  does not imp.ly that  a high degree of f i s s i o n -  

Hence the pebble-bed reac tor ,  

The ac%ivi ty  

6. Randomness of coolant f low and temperature d i s t r ibu t ion .  The 

random va r i a t ion  i n  void f r a c t i o n  associated w i t h  a n  unordered sphere 

axrangement r e s u l t s  i n  l o c a l  va r i a t ions  i n  coolant ve loc i ty .  A s  a con- 

sequence, temperature d i s t r i b u t i o n  i n  the core i s  somewhat s t a t i s t i c a l  

i n  nature,  although the  extremes of temperature a r e  l imi ted .  

1. 

2 .  

2 
d. 

The construct ion and operation of a r eac to r  experiment w i l l  advance 

the pebble-bed concept by providing an in tegra ted  t e s t  of i t s  key fea-  

tures. Important contr ibut ions t o  :he general  development of high-tem- 

perature  all-ceramic systems w i l l  be made as w e l l .  To these ends th6  

fctllowing objec t ives  were es tab l i shed  as a basis f o r  the PBRE design: 

t o  inves t iga te  i n  an operat ing r eac to r  the key technica l  f ea tu re s  of 

the concept, such as the performance of a nuclear ly  heated bal l  bed,, 

operat ion of an on-stream fuel-handling system, and movement of fue:L 

through the bed; 

t o  gain experience i n  the  ope ra5on  and maintenance of r eac to r s  i n  

which a small but  s i g n i f i c a n t  f r a c t i o n  of the f i s s i o n  products escapes 

from the  f u e l  and passes i n t o  the  coolant system; and 

t o  obta in  information a t  power r eac to r  conditions on the behavior of 

graphi te  f u e l  elements, with pa r t i cu la r  emphasis on the  c h a r a c t e r i s t i c s  

of dispers ion elements containing coated f u e l  p a r t i c l e s .  

\ 



The f irst  objec t ive  encompasses those f a c t o r s  which are unique t o  

the  pebble-bed concept. Although valuable information can be obtained 

from out-of-pi le  and in-p i le  experiments, many aspects  of these f ea tu res  

can only be inves t iga ted  by a c t u a l  operat ion of a r e a c t o r .  

The second objec t ive  i s  intended t o  answer questions of i n t e r e s t  

t o  a l l  gas-cooled r eac to r  concepts in which a c t i v i t y  is expected t o  e n t e r  

the coolant system. Prismatic f u e l  elements, such as those f o r  Dragon 

and HTGR, can be purged t o  keep the  l e v e l  of a c t i v i t y  i n  the  coolant c i r -  

c u i t  low. This i s  achieved i n  present  designs, however, a t  the  expense 

of construct ing a more expensive f u e l  element and providing an e labora te  

f iss ion-product  cleanup system f o r  -#;he purge stream, and a t  the  penal ty  

of increased thermal r e s i s t ance  between f u e l  and coolant,  r e s u l t i n g  In  

higher f u e l  temperatures. 

pr ismatic  as w e l l  as sphe r i ca l  f u e l  elements by using a f u e l  t h a t  retain”, 

most of the f i s s i o n  products and permit t ing the  a c t i v i t y  which does escape 

t o  en te r  the  coolant .  A coolant p u r i f i c a t i o n  system would s t i l l  be pro- 

vided t o  reduce the  a c t i v i t y  l eve l ,  but  acceptance of the  presence of 

some a c t i v i t y  g rea t ly  reduces the demands on the  cleanup system and re- 

s u l t s  i n  an appreciable s impl i f ica t ion .  The question of how much penalty 

w i l l  be paid i n  operat ing and maintaining a contaminated system w i l l  

only be answered by operat ion of a r eac to r .  

a f u l l - s c a l e  power p l an t  w i l l  be b u i l t  or an e x i s t i n g  r eac to r  de l ibe ra t e ly  

operated as a tes t  of a contaminated system, a major funct ion i s  t o  be 

served by an experimental r eac to r  t h a t  w i l l  provide t h i s  information. 

These disadvantages could be avoided wi th  

Since it seems unl ike ly  t h a t  

The t h i r d  object ive,  of course, relates most d i r e c t l y  t o  pebble-bed 

r eac to r  f u e l  elements. S t a t i s t i c a l l y  s ign i f i can t  data on t h e  behavior of 

coa,ted p a r t i c l e s  or other  means f o r  r e t a i n i n g  f i s s i o n  products w i l l ,  how- 

ever,  be of value t o  reac tors  wi th  d i f f e r e n t  f u e l  geometries. 

It is t o  be noted t h a t  t he  objec t ives  of the  Pebble-Bed Reactor Ex-. 

periment do not include i ts  being designed as a prototype of a l a rge  

power r eac to r ,  other  than with regard t o  the  f ea tu res  mentioned above. 

This omission is de l ibera te ,  s ince the  f a c t o r s  included a r e  considered 

t o  represent  s u f f i c i e n t  motives f o r  the  experiment, and attempting t o  

. 
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serve too  many purposes with one reac tor  would increase t h e  d i f f i c u l t y  

and t h e  cos t  of achieving t h e  primary objectives.  

F l e x i b i l i t y  Provided By Replaceable Core Design 

As discussed l a t e r  i n  d e t a i l ,  t h e  p o s s i b i l i t y  of damage t o  t h e  graph- 

i t e  r e f l e c t o r  by r ad ia t ion  shrinkage or oxidation i s  of s u f f i c i e n t  concern 

t h a t  provision has been,made i n  t h e  design f o r  removal and replacement of 

t h e  e n t i r e  graphi te  s t ruc ture .  If t h e  graphi te  s t ruc tu re  is  replaceable, 

it should be possible  t o  s u b s t i t u t e  a core with a geometry appropriate  f o r  

t e s t i n g  f u e l  elements of a d i f f e ren t  type. It may be of i n t e r e s t  i n  par- 

t i c u l a r  t o  t es t  pr ismatic  graphi te  f u e l  elements, and provis ion f o r  such 

a t e s t  seems qui te  feas ib le .  Inser t ion  of a Be0 core i n  place of one of 

graphi te  may a l s o  be possible.  

Applications of High-Temperature Energy 

The possible  appl icat ions of high-temperature energy a r e  of s u f f i c i e n t  

i n t e r e s t  t h a t  a t e n t a t i v e  four th  object ive for t h e  PBRE appears, t h a t  is, 

t h e  generation of helium temperatures i n  t h e  range 2000°F and above. The 

temperature l e v e l s  of gas-cooled reac tors  have been increasing rap id ly  i n  

recent  years, and t h e  Dragon and HTGR w i l l  have o u t l e t  gas temperatures i n  

t h e  1350 t o  1400°F range. 

t o  t h e  most modern of conventional power p lan ts  w i l l  thus  soon be achieved. 

The goal  of producing steam conditions comparable 

There is  i n t e r e s t  i n  s t i l l  higher temperature leve ls ,  however, f o r  

d i rec t -cyc le  gas turb ines  and f o r  process heat;  i n  f ac t ,  t h e  motivation 

for much of t h e  e a r l y  i n t e r e s t  was t h e  pokent ia l  use of pebble-bed r e -  

ac tors  as  energy sources f o r  d i rec t -cyc le  gas turbines .  Development of 

t h e  metallurgy of r e f r ac to ry  metals, notably molybdenum, which o f f e r  prom- 

ise of machines t h a t  w i l l  operate ' a t  temperatures w e l L  beyond present l e v e l s  

has renewed i n t e r e s t  i n  gas turb ines  coupled t o  reac tors  f o r  cen t r a l  s t a t i o n  

use. One possible  arrangement i s  t h e  use of a high-temperature gas t u r -  

bine i n  a topping cycle preceding a heat exchanger i n  which steam a t  con- 

vent ional  conditions would be produced; with t h i s  scheme high e f f i c i e n c i e s  
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could be achieved with only conventional materials required beyond the  

gas turb ine .  The f e a s i b i l i t y  of maintaining a turbine which has been ex- 

posed t o  fission-product-laden gas, of course, is  a major question. 

Use of nuclear energy i n  the  synthesis  of gas from coal5 appeared 

s u f f i c i e n t l y  promising i n  1955 t h a t  a j o i n t  AEC-Department of I n t e r i o r  

p ro jec t  w a s  es tab l i shed  a t  the  Morgantown Research Center of the  Bureau 

cf Mines t o  inves t iga te  the  problems and t o  tes t  and develop components 

f o r  a coa l -gas i f ica t ion  system heated by a nuclear r e a c t o r .  

program includes operation of a loop i n  which an induction-heated bed 

of graphi te  spheres is  used t o  simulate a reac tor ;  uninterrupted operation 

of t h i s  loop with an o u t l e t  gas temj?erature of 2500°F has been sustained 

i n  a run of over 1000 hr.' A g a s i f i e r  i n  which a steam-coal mixture w i t 1  

be heated with hot helium i s  present ly  being constructed f o r  i n s t a l l a t i o n  

i n  the  loop. 

The Morgan5own 

An appl ica t ion  t h a t  may be economically more a t t r a c t i v e  than coa l  

gas i f ica t ion ,  a t  least  i n  the  near fu ture ,  i s  the production of hydrogen 

by the reforming of methane, o ther  hydrocarbons, or coal .  It has been 

s t a t ed7  t h a t  nuclear energy f o r  t h i s  process could cos t  over $1 per rnil l ion 

M u ' s  and s t i l l  be competitive wi th  conventional processes f o r  the pro- 

duction of hydrogen. 

Nuclear r eac to r s  a r e  sa id5  t o  have two advantages f o r  these applicn- 

t i ons :  (1) there  are no s tack losses and ( 2 )  reac tor  pressures  a r e  com- 

parable t o  those a t  which the  products of coa l  gas i f i ca t ion  or hydrogen 

production systems a r e  used and a t  which conditions f o r  t h e i r  produc1;iori 

a r e  favorable.  The l a t t e r  f ea tu re  permits balancing of pressures  across  

a high-temperature heat exchanger (to reduce s t r e s s e s )  without add i t iona l  

puqping cos t s .  In  both of the  appl ica t ions  mentioned the  gas temperatures 

5R.  Carson D a l z e l l  and J .  P. McGee, Ind i rec t  Cycle Nuclear Reactor 
System t o  Furnish Process Heat, pp. 111-18 i n  Chemical Engineering R-ogi-est; 
Symposium Ser ies ,  Vol. 55, No. 22, 1959. 

'N. H. Coates, J .  P. McGee, and G .  E .  Fasching, Simulated Nuclear 
Reactor System f o r  High-Temperature Process Heat: 1000-Hour Demonstra- 
t i o n  Run a t  2500"F, RI-5886, 1961. 

I C  7954, 1960. 
7J. P. McGee, High-Temperature Systems f o r  Nuclear Process Heat, 
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of i n t e r e s t  are i n  the  2000 t o  2500°F range. A s  w i t h  a gas turbine,  the  

most favorable economics might r e s u l t  from following the process heat 

r eac to r  with a heat exchanger i n  which steam for a conventional powe? 

cycle is generated.  

With the  r eac to r  described i n  t h i s  r epor t  it would be considered 

s u f f i c i e n t  t o  produce high-temperature gas as a tes t  of core mater ia l s .  

This object ive would be accomplished even i f  the  hot gas were attemperated 

with cold gas a t  the core e x i t  without being conducted elsewhere. 

. 



3. REACTOR DESIGN 

System Des ign 

The PBRE p lan t  design i s  governed by t h e  bas ic  requirement t h a t  it 

Frovide a system f o r  studying (1) t h e  behavior of pebble-bed f u e l  e l e -  

ments, ( 2 )  t h e  performance of t h e  fuel-handling system, and (3) t h e  prob- 

lems associated with t h e  operat ion and maintenance of a system contaminated 

with f i s s i o n  products. The design conditions f o r  t h e  system se l ec t ed  t o  

m t i s f y  these  objec t ives  a r e  given i n  Table 3.1 and t h e  ove r -a l l  a r r a lge -  

ment i s  i l l u s t r a t e d  i n  Figs. 3.1 and 3.2. 

General Arrangement 

I n i t i a l  decis ions t h a t  flow of Zoolant through t h e  core would be up- 

ward and t h a t  t h e  upper surface of t i e  b a l l  bed would not be mechanically 

r e s t r a ined  s t rong13 influenced t h e  d3sign of t h e  reac tor .  Upward f l o d  of 

coolant avoids problems associated with having high-temperature gas p3ss 

through +,he cere  s t r x t u r a l  x F p o r t  systen.  Ir: s d d t t i m ,  l e s s  over-a l l  

height  i s  required t o  provide f o r  na tu ra l - c i r cu la t ion  cooling of an upflow 

core; na tura l -c i rcu la t ion  (by thermal convection) i s  des i r ab le  f o r  reinov3.1 

of core a f t e rhea t  i n  case of a primary loop blower f a i l u r e .  

Lack of a hold-down device a t  t h e  t o p  of t h e  core c rea t e s  r e s t r i c t i l m s  

on t h e  core design because of t h e  p o s s i b i l i t y  of l e v i t a t i o n  of t h e  f u e l  

spheres. A r e s t r a in ing  s t r u c t u r e  woild, however, complicate t h e  a d d i t i o i  

of f u e l  and, fu r the r ,  would requi re  spec ia l  provisions t o  allow f o r  ex- 

pansion of t h e  b a l l  bed. 

unrestrained. 

These problems were avoided by leaving t h e  Isore 

A s  may be seen i n  Fig. 3 . 3 ,  helium emerging from t h e  t o p  of t h e  core 

passes through t h e  center  of concentric ducts t o  a steam generator  loca ted  

i n  a separate  shielded compartment. After  being cooled, t h e  helium i,; elm- 

ducted t o  a s ingle ,  separa te ly  mounted blower from which it re tu rns  tnroilgh 

the steam generator and through t h e  'cuter of t h e  concentric ducts  t o  t h e  

reactor  vessel .  

Fuel i s  charged a t  t h e  top  of t i e  vesse l  and i s  discharged a t  t h e  

bottom t o  a separate  i n e r t  -gas-f i l l e d  compartmer:t desig~ic-d f o r  t h e  required 

I 

. 
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Table 3 , 1 ,  Pr inc ipa l  Performance and Dimensional Data 
f o r  t h e  PBRE Design 

Fower generat  ion 

Design thermal output, Mw 
Levi ta t ion-l imited thermal output, a Mw 

Design power dens i ty  of bed, w/cm3 

Core dimensions and c h a r a c t e r i s t i c s  

Diameter, f t  

Height, ft 

I n l e t  face  area, f t 2  

Volume, f t 3  

Average void f r a c t i o n  

Number of f u e l  spheres 

Total  weight of f u e l  spheres, l b  

Total  hea t  t r a n s f e r  area,  f t 2  

Diameter of core plus  r e f l ec to r ,  f t  

Height of core plus  r e f l ec to r ,  f-:; 

I n i t i a l  f i s s ionab le  inventory, kg of U 2 3 5  

Iiate of bed temperatupe r i s e  a t  ,5 Mw (no 
coolant flow), "F/min 

Weight of graphi te ,  l b  

Number of cont ro l  rods 

Fuel element c h a r a c t e r i s t i c s  

Sphere outs ide diameter, in .  

Sphere surface-to-volume r a t i o ,  f t  2 / f t3  

Sphere composition, w t  $ 
~ 2 3 5  

u23 8 

Thorium 

Carbon 

5 

6 .2  

9 

2.5 

4 

4 . 9  

19.6 

0.39 

11 700 

1 300 

574 

8.5 

10.0 
17,2 

5 65 

57 000 

4 

1 . 5  

48 

2,91 

0,21 
1.88 

95.00 

a Based on a coolant i n l e t  temperature of 550°F and o u t l e t  tempera- 
t u r e  of 1250" F. 

. 
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Table 3.1. (Continued) 

I n i t i a l  s p e c i f i c  power i n -  core, kw/kg 3 000 
of u235 

Average f u e l  element burnup, Mwd/ton 

Fiss ions per  i n i t i a l  U 4 Th, a t .  % 13.9 

Average heat  f lux,  Btu/hr* f t  

Volumetric average f u e l  temperature, " F 1 090 

Maximum sphere surface temperature, "F  <1 900 

Average i n t e r n a l  temperature drop (uniformly 

St ress - l imi ted  power density: w/cm3 of bed 

130 000 
( U  + Th) 

29 700 

120 

45 

f'ueled sphere) ,  OF 

Coolant c h a r a c t e r i s t i c s  

Gas He1 ium 

Pressure,  p s i a  500 

I n l e t  temperature, F 550 

Outlet  temperature (mean), " F  1 250 

Flow r a t e  through bed, l b /h r  

Supe r f i c i a l  mass veloci ty ,  l b / f t 2 *  h r  

19 500 

3 970 

Circu i t  pressure drop, p s i a  

Core pressure drop, p s i a  

2.7 

0.83 
Recirculat ion t i m e ,  sec 14.5 

Average core heat  t r a n s f e r  coe f f i c i en t ,  200 
Btu/hr* f t  '- F 

Coolant blower (one) 

Type 

Drive 

Motor dr ive  power, hp 

One stage,  cen t r i fuga l ,  

Variable-speed e l e c t r i c  

100 

gas bearing 

motor 

bFor uniformly fueled sphere arid 1500-psi stress, k = 8 Btu/hr*"F. f't, 
and t h e  void f r a c t i o n  i s  0,39, 
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Table 3.1. (Continued) 

I 

Pressure ves se l  

Shape 

Outside diameter, f t  

Height, f t  

Thickness, in .  

Material  

Design pressure,  p s ig  

Design membrane stress, p s i  

Maximum design temperature, "F 

Tota l  weight, including contents, 

i 

l b  

Steam generator  (one) and emergency cooler 

Type 

Capacity 

Steam generator, Mw 

Emergency cooler, Mw 

Heat t r a n s f e r  area 

Steam generator,  f t  

Emergency cooler,  f t  

Gas pressure drop (max) , p s i  

Gas-side f i l m  coe f f i c i en t ,  Btu /hr . f t2 . "F  

Over-all heat  t r a n s f e r .  coeff icieri t ,  

Tube (steam) s ide  conditions 

Btu/hr- f t 2 *  "F 

Operating pressure,  p s i a  

Design pressure,  ps ig  

Operating temperature, "F  

Design temperature, "F 
S h e l l  (gas)  s ide  conditions 

Operating pressure,  p s i a  
Design pressure,  ps ig  
Operating temperature, " F 
Design temperature, "F 

Cylinder with to r i sphe r i -  

9.5 
20 

2.5 

c a l  heads 

A 212, grade B, s teel  

625 

17 500 
650 
145 000 

Saturated steam, natural  
r ec i r cu la t ion  

6.2 

0 . 2  

620 

85 

1 

160 
130 

600 
750 
4 86 
600 

500 
625 
550 
650 

, 
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Fig. 3.1. Ver t ica l  Section Through Reactor Building Showing Relat ive 
Posit ions of Reactor and Steam Generator. 

. 
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Fig. 3 . 3 .  Sectional V i e w  of PBIiE Assembly. 
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fuel-handling, c l a s s i f i c a t i o n ,  and s torage  operations.  Fuel elements 

can be added and removed while t h e  r eac to r  i s  a t  power, and normal fue l -  

handling operations can be performed from outs ide t h e  containment vesse l .  

The experimental nature  of t h e  r eac to r  d i c t a t e s  t h a t  c e r t a i n  com- 

ponents be access ib le  f o r  per iodic  maintenance and replacement operations.  

Accordingly, t h e  design provides f o r  (1) maintenance and replacement of 

t h e  blower, steam generator,  and fuel-handling system, a s  wel l  a s  a l l  of 

t h e  a u x i l i a r y  system components, ( 2 )  replacement of the' r eac to r  graphi te ,  

and (3) maintenance and replacement of con t ro l  rods and dr ives .  The se r -  

v i ce  machine located below t h e  r eac to r  i s  u t i l i z e d  f o r  replacement of 

control-rod-drive subassemblies and t h e  fuel-discharge and inspect ion 

assembly. Most o ther  maintenance operations can be performed using semi- 

remote techniques. 

Se lec t  ion  of Des inn  Conditions 

A thermal power of 5 Mw was se lec ted  as adequate t o  meet t h e  object ives  

of t h e  experiment while minimizing t h e  c a p i t a l  investment. Core dimensions 

appropriate  f o r  t h i s  power represent  s u f f i c i e n t  mult iples  of t he  f u e l  d i -  

ameter t o  allow adequate reproduction of t h e  bal l -bed behavior i n  a power 

reac tor .  

Reactor i n l e t  and o u t l e t  temperatures were es tab l i shed  a s  550 and 

1250°F, respect ively,  pr imari ly  from mater ia l s  and steam-cycle considera- 

t i ons .  Outlet gas temperatures of 1250 t o  1400"F, although s u f f i c i e n t l y  

high f o r  cycle e f f i c i e n c i e s  comparable with those of advanced conventional 

power p lan ts ,  do not introduce new mater ia l s  problems. The lower end of 
t h i s  range was se l ec t ed  f o r  t h e  design point  because, with an unrestrained 

up-flow core, t h e  l e v i t a t i o n  r e s t r i c t i o n  is  more severe with a smaller  

temperature r ise  across  t h e  core; t h e  r eac to r  can, however, be operalied 

with o u t l e t  gas temperatures up t o  about 1400°F. An i n l e t  gas tempera- 

t u r e  of 550°F r e s u l t s  i n  favorable  power p l an t  e f f i c i ency  but  i s  low 

enough t o  permit use of mild s t e e l  as t h e  pressure envelope mater ia l .  

High pressures  (with high gas dens i t i e s )  a r e  des i r ab le  f o r  pebble- 

bed reac tors ,  s ince  they  permit g rea t e r  power d e n s i t i e s  within the  l e v i t a -  

t i o n  l i m i t ;  an operat ing pressure of 500 p s i a  was the re fo re  chosen f o r  
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t h e  PBRE. The 

of t h e  present 

pressure se lec ted  represents  an extension 

generation of gas-cooled reac tors ,  but i s  

from t h e  l e v e l s  

not s o  high t h a t  

lit w i l l  present unusual design probl.ems or add excessively t o  t h e  con- 

str.ilct ion cost .  

Reactor Core and Graphite S t ruc ture  

The core contains  11 700 spher ica l  f u e l  elements 1 1/2 in .  i n  d i -  

ameter i n  a 2.5-ft-diam 4.0-f t -high volume surrounded by a graphi te  r e -  

f l e c t o r ,  Se lec t ion  of t h e  core dimensions and f u e l  element s i z e  is  d i s -  

cussed i n  Sect ion 4, and t h e  design da ta  a r e  summarized i n  Table 3.1. 

The minimum r e f l e c t o r  thickness  has been made 3.0 f t  t o  p ro tec t  t h e  

pressure ves se l  from rad ia t ion  damage by f a s t  neutrons. This r e s u l t s  i n  

a c y l i n d r i c a l  g raphi te  s t r u c t u r e  with an outs ide diameter of 8.5 f t  and 

a h i g h t  of 10 f t  ( see  Fig. 3.3). E,orated graphi te  is used f o r  t h e  outer  

4 in .  of t h e  cyl inder  t o  reduce t h e  current  of thermal neutrons i n t o  the  

pressure vessel ;  t h e  f ac to r s  which trlake t h i s  des i r ab le  a r e  discussed i n  

Sect ion 6 and t h e  proper t ies  of boreted graphi te  a re  reviewed i n  Section 

19. Fonr 4-5.n. -dim csnt ro l - rcd  chennels h ~ - ~ - l c g  centers  GE a 49-in. c i r c l e  

pene t ra te  t h e  r e f l e c t o r  p a r a l l e l  t o  t h e  core axis .  

The graphi te  regions immediately above and below t h e  f u e l  cav i ty  a r e  

designed with passages f o r  coolant flow through t h e  bed. Openings f o r  

t h e  f u e l  addi t ion  and removal equiptrent a r e  a l s o  provided i n  these  re- 

gions, and t h e  lower surface of t h e  bed i s  shaped t o  ensure f r e e  flow of 

b a l l s  i n t o  t h e  fuel-discharge device. 

, -. 

An addi t iona l  graphi te  bridge s t r u c t u r e  is  mounted on t o p  t h e  re- 

f l e c t o r .  This s t r u c t u r e  forms a cavi ty  f o r  co l l ec t ing  t h e  hot gas from 

t h e  core, and provides cooling channels f o r  cont ro l  rods pro jec t ing  i n t o  

t h e  upper plenum. Core e x i t  gas flcws from t h e  cavi ty  i n t o  t h e  plenum 

by way of four  passages through the  graphi te .  Provision is  made f o r  use 

of t h e  cavi ty  as  an attemperation chamber during spec ia l  experiments w i t h  

t h e  e x i t  gas from t h e  core above the  design temperature; cold helium 

(550°F) from t h e  space between t h e  pressure ves se l  and l i n e r  d i l u t e s  the  

hot gas s o  t h a t  t h e  temperature of t h e  gas emerging from t h e  graphi te  

s t ruc tu re  does not exceed 1250°F. This i s  discussed f u r t h e r  i n  Sect ion 13. 

. 
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Shrinkage of graphi te  from fast-neutron i r r a d i a t i o n  is an t ic ipa ted  - 
a t  t h e  temperatures i n  t h e  PBRE. Uneven shrinkage from f l u x  gradients  

could r e s u l t  i n  severe stresses i n  t h e  region immediately surrounding 

t h e  fuel cavity.  The graphi te  i n  t h i s  region must, therefore ,  be designed 

t o  minimize these  s t r e s s e s  i n  order t o  achieve adequate l i f e  (see Sections 

9 and 16). 

Since damage from oxidation, as  wel l  as  from i r r ad ia t ion ,  i s  possible,  

provis ion i s  made f o r  replacement of t h e  graphi te  s t ruc tu re  by working 

through t h e  closure a t  t h e  t o p  of t h e  vessel .  The r e f l e c t o r  w i l l  there-  

f o r e  need t o  be made up of sec t ions  t h a t  can pass through t h e  openings 

i n  t h e  l i n e r  and vessel .  If t h e  upper c losure i s  only 27 in. i n  diameter, 

t h e  segments w i l l  have t o  be keyed together ,  as  i n  Fig. 3.4, t o  form t h e  

surface of t h e  b a l l  bed. However, i f  t h e  closure is  increased i n  diameter 

t o  4 f t ,  as  discussed l a t e r ,  g raphi te  cyl inders  could be used t o  contain 

t h e  bed. 

of s t r u c t u r e  which might be used and do not depic t  a spec i f i c  design. 

Techniques t h a t  can be used i n  replacement of t h e  core s t ruc tu re  a r e  de- 

scr ibed i n  Sect ion ll. 

, 

The d e t a i l s  i n  Figs 3.3 and 3.4 a re  intended t o  show t h e  type 

Provision w i l l  be made i n  t h e  design of t h e  core f o r  t h e  exposure 

and removal of surve i l lance  specimens of s t e e l  and graphite.  S t e e l  speci-  

mens made from pressure ves se l  mater ia l  w i l l  be located i n  pos i t ions  a t  

which they  w i l l  be subjected t o  environmental and f lux conditions repre-  
\ sen ta t ive  of those t h a t  a r e  most severe f o r  t h e  r eac to r  vessel .  Graphite 

specimens made of r e f l e c t o r  mater ia l  w i l l  be a t  pos i t ions  i n  whicht the 

temperature and f l u x  a r e  s imi l a r  t o  those i n  t h e  regions i n  which appreci-  

ab le  r ad ia t ion  damage t o  t h e  r e f l e c t o r  i s  expected. 

Control Rods and Control Rod Drives 

The reac tor  i s  cont ro l led  by four  absorber rods located i n  t h e  re- 

f l e c t o r  graphi te  adjacent t o  t h e  core. Each rod provides regulat ing,  shim, 

and s a f e t y  functions.  The control-rod and dr ive  arrangement a r e  shown i n  

Fig. 3.5. Each rod has t h r e e  tubular  sec t ions  with outs ide diameters of 

3 in.  

of B4C bushings contained between concentric metal tubes. A 5-ft-long 

The absorber sect ion,  which is  top-most, i s  4 f t  long and cons is t s  
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c e n t r a l  sec t ion  i s  made from a heavy-walled graphi te  tube, and t h e  lower 

sec t ion  i s  a metal tube. A metal rod or cable passing up t h e  center  of 

t h e  graphi te  tube connects t h e  lower-metal tube t o  t h e  absorber sect ion.  

When t h e  r eac to r  is  c r i t i c a l ,  t h e  absorber s ec t ion  i s  i n  t h e  upper p a r t  

of t h e  r e f l e c t o r  and the .g raph i t e  sec t ion  i s  opposite t h e  core. Shutdown 

i s  achieved by dropping t h e  rod t o  br ing  t h e  absorber alongside t h e  core. 

- 

Cooling i s  accomplished during normal operat ion by helium passing 

upward through t h e  rod sec t ions  and emerging a t  t h e  top. Passage of gas 

up t h e  annulus between t h e  rod and t h e  rod channel i s  r e s t r i c t e d  by a 

brush-type s e a l  on t h e  outs ide of t h e  d r ive  tube. On rod inser t ion ,  how- 

ever, movement of t h e  brush t o  a pos i t i on  below t h e  point  of en t ry  of gas 

i n t o  t h e  rod channel allows flow through t h e  annulus. This f ea tu re  auto- 

mat ica l ly  provides adequate cooling of t h e  cont ro l  rods when coolant c i r -  

cu l a t ion  is provided only by na tu ra l  convection. 

Rod dr ive  thimbles a r e  loca ted  a t  t h e  bottom of t h e  pressure vessel .  

The cont ro l  rods a r e  coupled t o  t h e  d r ive  mechanism through magnets which 

a r e  de-energized t o  scram t h e  reac tor .  Provision i s  made f o r  pu l l ing  t h e  

absorber s ec t ion  i n t o  t h e  core region i f  f o r  any reason it does not drop 

by gravi ty .  The arrangement shown i n  Fig. 3.5 requi res  t h a t  removal and 

replacement of con t ro l  rods be through t h e  bottom of t h e  thimbles. 

a l t e r n a t e  design, which has a l a r g e r  access nozzle a t  t h e  t o p  of t h e  r e -  

ac to r  ves se l  permits replacement of rods from t h e  top, even though they 

a r e  dr iven from below t h e  reac tor .  

An 

Primarv Coolant Svstem 

The primary system flowsheet i s  shown i n  Fig. 3.6. Helium emerging 

from t h e  core flows through t h e  center  of concentric ducts t o  t h e  heat  

exchanger, passes upward through t h e  center  of t h e  heat  exchanger, and 

then downward i n  an annular region next t o  t h e  wall  t o  t h e  blower. 

t h e  blower it passes back through t h e  heat  exchanger and through t h e  

annular region of t h e  concentric ducts t o  t h e  reactor .  Inside t h e  r eac to r  

From 

vesse l  t h e  helium passes downward between a shroud and t h e  ves se l  wal l  

t o  again e n t e r  t h e  core a t  t h e  bottom. The heat  exchanger i s - l o c a t e d  

above t h e  l e v e l  of t h e  r eac to r  ves se l  t o  provide natural-convection cool- 

ing i n  t h e  event of a coolant blower f a i l u r e .  
h 
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t h e  ves se l  l i n e r  and leaves t h e  e n t i r e  upper region unobstructed for in -  

s t a l l a t i o n  of f i e1  loading equipment and f o r  core serv ic ing  operations 

( including cont ro l  rod replacement i f ,  as  discussed l a t e r ,  a l a r g e r  ac- 
, 
I 
I cess nozzle i s  provided). The top  head of t h e  ves se l  has a s ing le  l a rge  

nozzle, and below it i s  a bol ted opening i n  t h e  metal l i n e r ;  removal of I 

A s t a i n l e s s  steel  s h e l l  (or l i n e r )  i s  used ins ide  t h e  pressure vesse l  

t o  separate  t h e  cool r e t u r n  gas from t h e  hot gas leaving t h e  reac tor  core 

(Fig. 3.3) ; t h e  l i n e r  surfaces  t h a t  would contact hot gas a r e  covered with 

r e f l e c t i v e  insu la t ion .  The flow d i s t r i b u t i o n  obtained by returning t h e  

coolgas  i n t o  t h e  plenum between t h e  pressure ves se l  and t h e  l i n e r  dome . 

should provide uniform cooling f o r  t h e  support region and cy l ind r i ca l  s ides  

of t h e  vessel .  
/ 

The outer  member of t h e  concentric ducts i s  a carbon s t e e l  pipe and 

t h e  c e n t r a l  member i s  a s t a i n l e s s  s teel  pipe with 1 in. of r e f l e c t i v e  in-  

su l a t ion  on i ts  inner  surface.  A s l i p  j o i n t  accommodates t h e  d i f fe rence  

i n  a x i a l  thermal expansion between t h e  carbon and s t a i n l e s s  s t e e l  pipes. 

Flexible  runs of carbon s teel  piping connect t h e  heat  exchanger t o  t h e  

blower. The use of a fu l l - f low p a r t i c u l a t e  f i l t e r  for t h e  primary coolant 

stream is  under consideration. If a f i l t e r  i s  used, it can be mounted i n  

t h e  hor izonta l  run of piping t o  t h e  suct ion s i d e  of t h e  blower. 

Sweeping t h e  e n t i r e  pressure envelope with helium returning from t h e  

hea t  exchanger permits t h e  use of carbon s t e e l  f o r  t h e  pressure vesse l  

and piping; t h a t  t h i s  i s  achieved a t  forced or na tu ra l  c i r cu la t ion  condi- 

t i o n s  without aux i l i a ry  c i r c u i t s  enhances t h e  s impl ic i ty  and r e l i a b i l i t y  

of t h e  sytem. As discussed i n  Sect ion 13, an addi t iona l  benef i t  i s  gained 

from t h e  design because attemperation of t h e  gas leaving the . co re  may be 

achieved without employing another c i r c u i t .  

Pressure Vessel and Support 

The r eac to r  pressure ves se l  i s  cy l ind r i ca l  with t o r i s p h e r i c a l  heads, 

as  i l l u s t r a t e d  i n  Figs. 3.7 and 3.8. The concentric piping f o r  primary 

coolant gas t i e s  i n t o  t h e  cy l ind r i ca l  por t ion  of t h e  vessel .  One fue l -  

removal and four  control-rod-drive nozzles a r e  loca ted  i n  t h e  bottom head. 

Locating t h e  control-rod-drive nozzles a t  t h e  bottom avoids penetrat ing 

c 
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Fig. 3.7. PBRE Primary System Vessels and Support Arrangements. 
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both closures provides access t o  t h e  core. Nozzles f o r  i n se r t ion  of r e -  

placeable thermocouples a r e  a l s o  provided. Pressure vesse l  design informa- 

t i o n  is  summarized i n  Table 3.1 and t h e  s t r u c t u r a l  ana lys i s  of t h e  vesse l  

i s  discussed i n  Section 9. 

The pressure ves se l  i s  supported i n  a horizontal  plane through t h e  

gas i n l e t  nozzle by a s t ruc tu re  s imi l a r  t o  t h a t  used on t h e  B r i t i s h  AGR. 

Lugs on t h e  vesse l  rest on f l a t - p l a t e  columns with cy l ind r i ca l  ends vhich, 

i n  turn,  bear on s t r u c t u r a l  members a t tached t o  t h e  adjacent b io logica l  

sh ie ld ing  (Figs. 3.7 and 3.9) .  These columns can r o t a t e  t o  accommodate 

the r a d i a l  expansion of t h e  vessel .  

s ide  p l a t e s  t h a t  r e s t r a i n  t h e  cy l ind r i ca l  ends, and slippage on t h e  Searing 

surfaces  is  prevented by a gear-tooth arrangement. Column length i s  

chosen s o  t h a t  v e r t i c a l  movement of t h e  primary coolant i n l e t  l i n e  i s  

snzll  when t h e  ves se l  i s  heated from room temperature t o  operating tem- 

perature.  

La te ra l  t r a n s l a t i o n  i s  prevented by 

A s t e e l  p l a t e  with perforat ions s ized  and spaced t o  s a t i s f y  t h e  primary 

coolant flow requirements supports t h e  graphi te  s t ruc tu re  i n  t h e  core and 

t h e  s t e e l  vessel l i n e r  (Pig.  3.10). A 2-in. l aye r  of s t a i n l e s s  s t e e l  r e -  

f l e c t i v e  insu la t ion  covers t h e  inner surface of t h e  l i n e r  dome. The ou ter  

surface of t h e  pressure vesse l  is insu la ted  down t o  1 f t  below t h e  support 

plane t o  he lp  maintain uniform temperatures i n  t h e  support region. There 

i s  no in su la t ion  on t h e  lower port ion of t h e  vessel .  

Main Coolant Blower 

A s ing le  main coolant blower i s  used, based on s tudies  which ind ica te  

t h a t  t h e  r eac to r  core can be adequately cooled by thermal convection i n  

t h e  event of blower f a i l u r e .  Blower design conditions are as follows: 

Helium flow rate, lb /hr  

Maximum 2% 500 
Minimum 4 500 

Normal i n l e t  pressure, p s i a  500 

Normal i n l e t  temperature, F 550 

Required pressure r i s e  < a t  maxi- 40 5 
mum flow ra t e ,  p s i  

. 
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Flow r a t e  i s  var ied  by changes i n  blower motor speed through use of a 

variable-frequency motor-generator s e t .  

As i l l u s t r a t e d  i n  Fig. 3.11, t h e  blower is  of t h e  hermetical ly  sealed 

ty-pe, with impeller, bearings, and motor enclosed i n  a common pressure ves- 

sel. The blower s h a f t  is approximately horizontal .  A f lange a t  t h e  cool 

end of t h e  18-in.-0.d. casing permits removal of t h e  e n t i r e  i n t e r n a l  as-  

sembly as  a un i t ,  including impeller, motor, bearings, and i n t e r n a l  cool- 

ing system, without d l s turb ing  t h e  main coolant piping. 

Gas-lubricated bearings of' t h e  se l f - ac t ing  (hydrodynamic) ty-pe a re  

used. This construct ion el iminates  sha f t  s ea l s  and t h e i r  aux i l i a ry  equip- 

ment, and a l s o  avoids complexities associated with high-pressure o i l -  

l ub r i ca t ed  bearings. I n  addi t ion,  a gas-bearing compressor, being capable 

of higher speed operation, i s  smaller  i n  physical  s i z e  than an o i l - l u b r i -  

cated u n i t  of t h e  same capacity.  

t h e  maximum operating speed of 1 2  000 rpm. 

The blower motor i s  r a t ed  a t  100 hp a t  

The present s t a t e  of development of gas-bearing compressors and t h e  

successful  production of s eve ra l  such u n i t s  i n  t h e  capaci ty  range of in-  

terest  lends confidence t o  t h i s  choice of blower. If,  however, develop- 

ments i n  t h e  near fu tu re  do not continue t o  support t h i s  degree of confi-  

dence, t h e  a l t e r n a t i v e  w i l l  be t o  r e s o r t  t o  an o i l - lub r i ca t ed  blower. 

Steam Generator and Steam System 

The PBm heat-removal system has a capaci ty  of 6.2 Mw with helium 

enter ing  and leaving t h e  r eac to r  a t  temperatures of 550 and 1250°F. The 

gas stream i s  cooled by generating steam i n  a heat  exchanger and condensing 

t h e  steam i n  an air-cooled condenser. 

Steam Generator Design. The steam generator design is  based onathe 

following c r i t e r i a :  

1. R e l i a b i l i t y  - The p robab i l i t y  of steam leakage i n t o  t h e  helium 

system must be minimized. 

2. Natural  Ci rcu la t ion  - The u n i t  i s  t o  be i n s t a l l e d  i n  an elevated 

pos i t i on  with respect  t o  t h e  r eac to r  t o  promote na tu ra l  c i r c u l a t i o n  of 

helium f o r  a f t e rhea t  removal i n  t h e  event of blower f a i l u r e .  . 
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3. Emergency Cooling - An independent emergency shutdown cooler 

w i l l  be incorporated i n  t h e  steam generator.  

4 e  Maintenance - Tube leaks  must be repairable ,  but not necessa.ri ly 

by in-place (remote) p$ugging of tulles. 

The absence of e lec t r ica l -genera t ing  f a c i l i t i e s  l a r g e l y  removes t h e  

incent ive f o r  generating high-temperature, high-pressure steam. However, 

consideration was given t o  t h e  effectt,  on steam plan t  cont ro l  of havicg 

superheated steam vs sa tura ted  steam i n  t h e  system and t o  t h e  e f f e c t  of 

a superheater s ec t ion  i n  t h e  steam generator on f iss ion-product  deposit ion.  

It i s  f e l t  t h a t  t h e  cont ro l  c h a r a c t e r i s t i c s  of a 5-Mw reac to r  a r e  not s u f -  

f i c i e n t l y  appl icable  t o  a f u l l - s c a l e  p lan t  t o  j u s t i f y  se l ec t ion  of steam 

conditions of i n t e r e s t  f o r  power generation. The e f f e c t  t h a t  t h e  higher 

surface temperature i n  a superheater has on f iss ion-product  deposi t icn,  

hcwever, r e l a t e s  t o  an important ob:lective of t h e  'experiment. Because 

of t h e  d i f f i c u l t y  of obtaining re l i s .b le  quan t i t a t ive  information on depc- 

s i t i o n  without i n t e r n a l  access t o  t k e  steam generator,  t h i s  e f f e c t  w i l l  

be s tudied by providing surfaces  wh?ch can be withdrawn f o r  examination. 

Removable depsLtlctn f Liigei.6 w i l l  be i n s t a l l e d  w L t h L i 1  t h e  tube matrix of 

t h e  steam generator, with means provided f o r  varying and monitoring t h e  

surface temperatures of t h e  f ingers .  The dec is ion  was the re fo re  made t h a t  

production of superheated steam was not a requirement of t h e  experiment 

(but  a provis ion is  made i n  t h e  design f o r  a Phase-2 heat  exchanger w i t h  

superheat) 

. 

The steam pressure was selecte?.  as  600 ps i a  t o  ensure t h a t  stearrL 

would en te r  t h e  helium system r a t h e r  than  a c t i v i t y  en te r  t h e  steam 

system i f  a leak  occurred. 

be svoided. 

Contamination of t h e  steam system would thus 

A conceptual drawing of a type of heat  exchanger which would be appro- 

p r i a t e  f o r  t h e  PBRE is presented i n  Fig. 3.12. The heat  exchanger i s  a 

na tura l -c i rcu la t ion  system with an i n t e g r a l  steam drum and f l o a t i n g  rcud 

drum contained within t h e  pressure s h e l l .  Feedwater added through a wash 

t r a y  mixes with t h e  sa tura ted  r ec i r cu la t ing  l i q u i d  i n  t h e  t o p  drum, flows 
down t h e  cen t r a l  downcomer t o  t h e  f l o a t i n g  drum, and re turns  up through 

the  tubes. Gas from an i n t e r n a l l y  insu la ted  c e n t r a l  duct moves a x i a l l y  



I 

,- 

I 

EMERGENCY 
SHUT-DOWN COOLER- 

85 F T . ~  

21 

8"- PIPE -. 

A" 

I 

)II 

UNCLASSIFIED 
ORNL- L R - D W G  64 

EMERGENCY SHUT- DOWN 
SLEEVE FOR COOLER TUBE SHEET 

6" PIPE 

I" BLOWDOWN ~ 

2" FEED H 2 0  

WASH TRAY 

I 

19' 

71 6 

HEAT EXCHANGER 
620 F T . ~  

l l  w 4 L l P  JOINT 

w w 

I -I I "  

k 4 o 1 ' 0 - D - 4  TO A L L  HAVE FLANGES 

BUFFERED SEALS 

Fig. 3.12. Steam Generator. 

, 



r - 
through t h e  tube bundle and passes down t h e  outer  annulus t o  a duct which 

leads  t o  t h e  blower. The r e t u r n  gas from t h e  blower passes through t h e  

lower chamber of t h e  pressure s h e l l  and out t h e  concentric-pipe annulus. 

With t h i s  design, t h e  e n t i r e  pressure s h e l l  i s  swept only by t h e  cool gas. 

Additional d e t a i l s  of t h e  steam generator a r e  given i n  Table 3.1. 

I n  t h e  event of a tube leak, t h e  steam drum and tube bundle would be 

removed as  a u n i t  and replaced, using t h e  procedures described i n  Sect ion 

11. The damaged bundle would then be decontaminated and repaired.  The 

removable tube bundle concept obviates t h e  development and construct ion 

of spec ia l ized  remote equipment f o r  i n  s i t u  tube plugging. I n  addition, 

t h e  u n i t  i l l u s t r a t e d  is  conventional i n  design and fabr ica t ion .  

Support System. A f l e x i b l e  support system f o r  t h e  steam generator 

is  provided t o  accommodate t h e  l a t e r a l  movements required for thermal ex- 

pansion of piping between t h e  steam generator and t h e  reac tor  vessel ,  t h e  

r a d i a l  expansion of t h e  pressure vessel ,  and t h e  r a d i a l  expansion of t h e  

steam generator. The support system, shown i n  Figs. 3.7 and 9.2 ( see  See. 

9 ) ,  cons is t s  of s i x  beam columns s i zed  so t h a t  only a small force i s  re- 
quired f o r  t h e  necessary displacement; t h e  design of t h e  beam columns i s  

discussed i n  d e t a i l  i n  Sect ion 9. This support system has an advantage 

over more conventional systems i n  t h a t  no maintenance is  required.  A l l  

attachments t o  t h e  steam generator,  including water and steam l i n e s ,  w i l l  

be designed so a s  not t o  impede s i g n i f i c a n t l y  t h e  free l a t e r a l  movement 

of t h e  steam generator.  The support system w i l l  a l s o  permit any l a t e r a l  

movement required t o  connect or disconnect t h e  steam generator t o  t h e  

primary coolant, steam, and water piping during steam generator replace- 

ment operations.  

Phase-2 Steam Generator. Provisions a r e  made with respect  t o  space 

and sh ie ld ing  requirements f o r  complete replacement of t h e  i n i t i a l  steam 

generator with a u n i t  of  more advanced design capable of producing super- 

heated steam and amenable t o  in-place plugging of t h e  tubes.  Subs t i tu t ion  

of a new u n i t  would be made when t h e  progress of experiments with t h e  re- 

ac to r  indicated i t s  d e s i r a b i l i t y .  Removable plugs a r e  placed i n  t h e  sh ie ld-  

ing where t h e  helium piping connects t o  t h e  steam generator t o  f a c i l i t a t e  

t h i s  a l t e r a t ion .  The technique which would be used f o r  replacement of t h e  

hea t  exchanger is described i n  Section 11. 
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Steam System. The steam system, i l l u s t r a t e d  i n  Fig. 3.13, uses many 
components ava i lab le  from t h e  HRE-2 system. 

flows from t h e  steam generator  t o  a pressure-reducing s t a t i o n  where it i s  

t h r o t t l e d  down t o  40 ps ia  before en ter ing  an air-cooled condenser. The 

condensate flows t o  a combined deaerator  and surge tank, which i s  main- 

t a ined  a t  a pressure of 2 t o  6 psig.  

tank through a feedwater hea te r  where i t s  temperature i s  increased t o  

400°F. Two feed pumps a re  provided, one being a spare. 

Saturated steam a t  600 ps i a  

Feedwater i s  supplied from t h e  surge 

During s t a r t u p  t h e  deaerator  i s  heated using bui lding steam. 

steam i s  bled from t h e  high-pressure por t ion  of t h e  system t o  heat  t h e  

deaerator.  

water, and a feed s t a t i o n  i s  provided f o r  introducing treatment chemicals 

i n t o  t h e  system. 

Later,  

Condensate from t h e  bui lding steam system is used f o r  makeup 

Alternate  Steam System. An a l t e r n a t e  steam system is  being considered 

wherein an intermediate heat  exchanger i s  provided between t h e  primary steam 

system and a low-pressure secondary steam loop connected t o  an air-cooled 

condenser. 

t i r e l y  within t h e  containment s h e l l  t o  ob ta in  an addi t iona l  measure of 

pro tec t ion  against  escape of f i s s i o n  products t o  t h e  outer  atmosphere. 

The exis tence of t h i s  intermediate system would permit operat ion with a 

steam pressure l e s s  than t h a t  of t h e  primary helium, if t h a t  were desired.  

I n  addition, it would el iminate  t h e  need f o r  a feedwater hea te r  and high- 

pressure feed pumps. The advantages, disadvantages, and r e l a t i v e  cos ts  

of t h e  two steam systems w i l l  be s tudied i n  g r e a t e r  d e t a i l  before a decision 

is  reached as  t o  which w i l l  be used. 

In  such a system t h e  primary steam loop would be loca ted  en- 

. 

Emergency Shutdown Cooling System. Removal of a f t e r h e a t  from t h e  

r eac to r  i n  t h e  event of a steam generator f a i l u r e  or f a i l u r e  of a v i t a l  

component i n  t h e  heat-removal system must be ensured. This requirement 

of ten  i s  s a t i s f i e d  by dupl ica t ing  v i t a l  components, such as  t h e  steam 

generator,  pumps, and aux i l i a ry  equipment. I n  t h e  present  design the re  

was a s t rong incent ive t o  avoid two separate  steam generators  with t h e  

addi t iona l  piping, shielding,  and containment space which would be re- 

quired. A n  emergency shutdown cooler, shown i n  Fig. 3.12, was therefore  

incorporated within t h e  main steam generator she l l .  
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Steam generated i n  t h e  emergency cooler i s  condensed i n  an i n t e r -  

nediate  heat  exchanger located within t h e  containment vessel .  A water 

system containing a 10 000-gal tank cools t h e  i n t e m e d i a t e  exchanger. 

%ring normal reac tor  operation and during emergencies not involving t h e  

steam system, heat is removed from t h e  helium p r inc ipa l ly  by t h e  main 

heat exchanger, and l i t t l e  energy i s  t r ans fe r r ed  t o  t h e  emergency cooler. 

When t h e  main steam system is  not operating, however, higher temperature 

helium reaches t h e  emergency cooler; t h e  cooler i s  then capable of removing 

200 kw from t h e  helium stream. 

supplied automatically by gravi ty  feed from t h e  s torage tank which, with 

vaporizat ion and venting of f lu id ,  has s u f f i c i e n t  capacity t o  remove a f t e r -  

heat f o r  severa l  months. 

The intermediate heat exchanger w i l l  be 

A l eak  i n  t h e  heat exchanger requires  t h e  closure of i s o l a t i o n  valves 

i n  t h e  steam l ines .  To permit i d e n t i f i c a t i o n  of t h e  sec t ion  which i s  

fau l ty ,  t h e  emergency system w i l l  be operaJced a t  400 psia.  Hence, de tec t icn  

of moisture i n  t h e  helium w i l l  ind ica te  a l eak  i n  t h e  primary heat exchanger, 

whereas a c t i v i t y  i n  t h e  emergency cooler  system w i l l  ind ica te  a leak  i n  

t h a t  un i t .  

System Shielding and Maintenance 

The r eac to r  vessel ,  heat exchanger, and main coolant blower have been 

placed i n  separa te ly  shielded compartments, as  i l l u s t r a t e d  i n  Fig. 2. 1 4 ,  

t o  reduce t h e  r ad ia t ion  encountered during maintenance. 

cmyartment i s  provided with sh i e ld  plugs o r  modular sh ie ld ing  u n i t s  t h a t  

can be removed t o  provide access for t h e  ind i r ec t  maintenance procedures 

described i n  Sect ion 11. Provision t h a t  t h e  v e n t i l a t i o n  system draw a i r  

Lnto a contaminated compartment during maintenance w i l l  p ro tec t  personnel 

Irom p a r t i c u l a t e  contamination, U s e  of separate  compartments may make 

possible  d i r e c t  access t o  a compartment for i n s t a l l a t i o n  of a replacement 

u n i t  af ter  removal of t h e  o r ig ina l  contaminated component. 

Each shielded 

Fuel-Handling System 

The fuel-handling system is  shown schematically i n  Fig. 3.15 and i s  

described i n  d e t a i l  i n  Section 5. 'The equipment layout uses g rav i ty  flow 
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t o  feed f u e l  i n t o  t h e  core and t o  discharge f u e l  from t h e  core t o  t h e  
fuel- inspect ion area. The fuel-discharge por t  i s  i n  a r o t a t i n g  dome a t  

t h e  bottom of t h e  core. 

t o  t h e  top  of t h e  reac tor .  Fuel can be added and removed when t h e  reac tor  

i s  a t  power; valves a r e  arranged t o  form gas locks f o r  passage of f u e l  i n t o  

and out of t h e  primary system. All normal fuel-handling operations can be 

cont ro l led  from outs ide t h e  containment vessel .  

A pneumatic e l e v a t o r l i f t s f r e s h  or recycle f u e l  

The fue l -addi t ion  gas lock  i s  located i n  t h e  b io log ica l  shielding 

a t  t h e  t o p  of t h e  r eac to r  and can be replaced from above using t h e  tech-  

niques discussed i n  Sect ion 11. The unloading system is i n  a shielded , 

compartment beneath t h e  r eac to r  pressure vessel .  For maintenance, t h e  

fuel-discharge assembly w i l l  be uncoupled from t h e  reac tor  by t h e  serv ice  

machine and removed as  a un i t .  
J 

Unloaded f u e l  i s  t r ans fe r r ed  t o  t h e  fuel- inspect ion room where, a f t e r  

determination of i t s  burnup and in t eg r i ty ,  it i s  e i t h e r  stored, re turned 

t o  t h e  core, or  put  i n  a shielded cask for removal. Since t h e  f u e l  w i l l  

probably contain uranium and thorium carbldes,  which a r e  r eac t ive  with 

oxygen and moisture, and s ince  t h e  pro tec t ive  coatings on t h e  f u e l  may 

be defec t ive  a f t e r  i r r ad ia t ion ,  an i n e r t  atmosphere of ni t rogen is spec i f ied  

. 

i n  t h e  fuel-handling areas.  

rad ia ted  f u e l  and t o  remove f i s s i o n  products which a r e  evolved by drawing 

The ni t rogen system i s  designed t o  cool ir- 

ni t rogen downward through t h e  fuel containers.  The withdrawn gas passes 

through cleanup equipment t o  remove p a r t i c u l a t e  contamination and offgases 

and, possibly,  chemical contaminants, and then  passes through a cooler  and 

a blower before being returned t o  t h e  compartment. This arrangement re- 

s t r i c t s  contamination of t h e  fuel-handling areas.  A negative pressure 

i s  maintained i n  t h e  room s o  t h a t  leakage w i l l  be inward. 

Helium Storage, Transfer,  and Pur i f i ca t ion  System 

The helium storage,  t r ans fe r ,  and p u r i f i c a t i o n  system i s  provided 

t o  serve t h e  following purposes: 

1. evacuate t h e  r eac to r  coolant system, 

2. provide i n i t i a l  charge f o r  pressur iz ing  t h e  r eac to r  coolant system, 

3 .  provide makeup gas f o r  t h e  primary coolant system during operation, 
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4. c i r c u l a t e  -2% of t h e  maximum coolant system flow through t h e  p u r i f i -  
ca t ion  system when t h e  r eac to r  i s  operating and c i r c u l a t e  gas from 

t h e  contaminated helium storage tanks through t h e  p u r i f i c a t i o n  system 

when t h e  r eac to r  i s  shut down, 

provide f o r  discharging gas from t h e  primary cooling system, e i t h e r  

d i r e c t l y  t o  t h e  s torage tanks or ' v ia  t h e  gas-pur i f ica t ion  system, 

s t o r e  t h e  r eac to r  coolant f o r  f u t u r e  use, 

receive and s t o r e  any gas discharged from t h e  primary loop pressure- 

relief valves. 

5. 

6. 

7. 

Clean Helium Supply System. Clean helium f o r  both t h e  i n i t i a l  charge 

and makeup i s  supplied t o  t h e  r eac to r  coolant system from a standard helium 

supply t r a i l e r .  

moisture content and clean t h e  helium before it i s  fed  i n t o  t h e  coolant 

system. Instrumentation i s  provided f o r  monitoring ' t h e  oxygen content. 

Helium Pur i f ica t ion .  The p u r i f i c a t i o n  system, shown i n  Fig. 3.16, 

i s  subdivided i n t o  two p a r a l l e l  systems, one f o r  t h e  removal of f i s s i o n  

products and t h e  o ther  f o r  t h e  removal of chemical contaminants. The 

fission-product removal.system cons is t s  of a helium cooler  and charcoal 

delay t r a p s  through which 1% of t h e  t o t a l  p u r i f i c a t i o n  system flow i s  

diverted; t h e  charcoal beds have no spec ia l  provisions f o r  cooling and 

therefore  operate a t  ambient temperature. The chemical-contaminant- 

removal system cons is t s  of a gas heater ,  a copper oxide oxidizer,  a gas 

cooler, and a molecular-sieve adsorber bed. 

t h e  helium stream recombines with t h e  e f f luen t  from t h e  f iss ion-product-  

removal system, passes through an absolute  f i l t e r ,  and is  then pumped 

back i n t o  the  main coolant c i r c u i t  by t h e  gas-purification-system blower. 

Provisions a re  made f o r  supplying heated a i r  t o  t h e  oxid izer  and adsorber 

f o r  regeneration purposes. The performance of t h e  p u r i f i c a t i o n  system is 

discussed i n  Sect ion 11. 

S i l i c a - g e l  dryers  and a f i l t e r  a r e  provided t o  reduce t h e  

On leaving t h e  adsorber bed, 

Pu r i f i ca t ion  System Compressor. A s ing le  a u x i l i a r y  compressor w i l l  

be used t o  r e tu rn  t h e  helium e f f luen t  from t h e  cleanup system t o + t h e  re- 

ac to r  system. 

ca l l ed  "drag" or "peripheral") ,  and t h e  impeller and motor w i l l  be mounted 

on a common hor izonta l  sha f t  supported by gas- lubricated bearings. 

This compressor w i l l  be of t h e  regenerat ive type ( a l s o  
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The operating conditions f o r  t h e  aux i l i a ry  compressor are:  

Helium flow ra t e ,  lb/hr  

Maximum 
Minimum 

600 
100 

Normal i n l e t  pressure, p s i a  500 

Normal i n l e t  temperature, OF 70 

The motor r a t i n g  w i l l  be about 20 hp a t  1 2  000 rpm, and power w i l l  

be furnished by a 40-kva motor-generator s e t  a t  400 cps. The use of a 

s ing le  aux i l i a ry  compressor f o r  t h e  pu r i f i ca t ion  system is  permissible, 

s ince i t s  f a i l u r e  w i l l  not endanger t h e  s a fe ty  of t he  reac tor ,  

Contaminated Helium Storage. Contaminated-gas s torage tanks a re  

located i n  t h e  lower l e v e l  of t h e  containment vessel .  Provision is  made 

f o r  gaseous discharge from t h e  fuel-handling system, helium pur i f i ca t ion  

system, and other  aux i l i a ry  systems t o  en te r  e i t h e r  t h e  s torage tanks 

or  pass through f i l t e r s  t o  t h e  stack.. ' 

I Transfer Compressor. A helium t r a n s f e r  compressor i s  provided t o  

charge t h e  primary system w i t h  gas from t h e  contaminated helium storage 

tanks and t o  t ransfer -he l ium t o  t h e  s torage tanks from t h e  r eac to r  when 

t h e  pressure i n  t h e  tanks is  higher than i n  t h e  primary system. 

compressor, as shown i n  Fig. 3.16, can a l s o  be used t o  c i r c u l a t e  gas from 

t h e  s torage tanks through t h e  helium pur i f i ca t ion  system f o r  cleanup. 

This 

The t r a n s f e r  compressor i s  t o  be of t h e  me ta l l i c  diaphragm, pos i t ive-  

displacement type. For addi t iona l  r e l i a b i l i t y ,  a standby u n i t  can be iri- 

s t a l l e d  i n ' p a r a l l e l .  Since t h e  compressor must be capable of compressing 

helium from t h e  s torage pressure t o  500 psia ,  a two-stage machine may be 

\ required.  

Pressure-Relief Svstem 

Pressure- re l ie f  devices a r e ' i n s t a l l e d  i n  the .he l ium coolant system 

t o  provide overpressure protect ion.  Rel ief  valves a r e  located i n  a l l  

sec t ions  of t h e  r eac to r  system t h a t  a r e  capable of generating a pressure,  

when'isolated from t h e  remainder of t h e  system. All pressure- re l ie f  de- 

v ices  discharge t o  t h e  contaminated gas s torage tanks,  as indicated i n  

Fig. 3.16; t h i s  system avoids t h e  escape of gases t h i t  discharge or l eak  

. .  
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across  the  valve sea t s .  The gas s torage tanks themselves a r e  pressure 

re l ieved  t o  t h e  containment vesse l .  

Leakt ightnes s Re quirement s 

The maximum allowable leakage of contaminated helium from t h e  re- 

ac to r  has been a r b i t r a r i l y  set a t  )O.l% per  day of t h e  system inventory, 

s ince  t h i s  r a t e -appea r s  t o  be a t t a i n a b l e  and c rea t e s  no operat ing problems 

or unacceptable hazards. Helium can only escape t o  sh ie lded  spaces which 

a r e  normally inaccess ib le  t o  personnel. The v e n t i l a t i o n  system, described 

l a t e r ,  i s  arranged t o  prevent t h e  passage of a c t i v i t y  from those spaces 

t o  access ib le  areas .  I 

Gases discharged from t h e  containment ves se l  pass through f i l t e r s  

and absorbers before  r e l ease  from t h e  s tack.  Even without pu r i f i ca t ion ,  

however, r e l ease  t o  t h e  atmosphere of 0.1% per  day of t h e  a c t i v i t y  c i r -  

cu la t ing  i n  t h e  r eac to r  i s  shown i n  Sect ion 1 2  t o  be acceptable.  

Closure Flanges. Wherever possible ,  welded j o i n t s  a r e  used i n  t h e  

r eac to r  t o  reduce leakage po ten t i a l .  Many types of mechanical j o in t s ,  

however, appear t o  s a t l s f y  leakage spec i f i ca t ions  and are used where pro- 

v i s ion  f o r  maintenance i s  required.  

per  day should be r ead i ly  achievable with mechanical j o in t s ,  even i f  t h e r e  

a r e  a s  many as  1000 of them. 

A leakage rate of l e s s  t han  0.1% 
/ 

Connection of components i n  the  var ious r eac to r  systems requi res  t h e  

use of many flanged j o i n t s  or closures  i n  pipe s i z e s  ranging from a f r a c -  

t i o n  of an inch up t o  severa l  f e e t  i n  diameter. For each app l i ca t ion  more 

than  one type of flanged j o i n t  can be considered, and provis ions f o r  s e a l  

welding can be incorporated, i f  required; s e a l  welding i s  minimized, how- 

ever, t o  reduce remote maintenance operations,  downtime, and related ex- 

pense. Five types of double-gasketed j o i n t s  a r e  shown i n  Fig. 3.17. 

Preferab le  design choices, subjec t  t o  change as influenced by the  r e s u l t s  

of fu tu re  developmental work, appear t o  be: 

1. single-gasketed j o i n t s  with a minimum of leak-detect ion equipment for . 
j o i n t s  of less than  1 in. ,  

2. Marrnon "Conosea1"-type double-gaskets, or oval-ring gaskets f o r  j o i n t s  

.-in t h e  range of 1 in.  IPS t o  12  in .  IPS, 
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3. soft-metal  plus  elastomer gaskets f o r  j o i n t s  l a r g e r  than 1 2  in. and 

possibly l a r g e r  than 6 in .  a t  temperatures less than 400°F, 

4. Grayloc plus sof t -metal  gaskets f o r  j o i n t s  g rea t e r  than 12 in.  acd 

possibly f o r  j o i n t s  g rea t e r  than 6 in.  a t  temperatures g rea t e r  than  

400" F. 

Buffering of intergasket  regions by pressur iza t ion  appears t o  be 

preferable  t o  purging by evacuation, s ince  t h e  need f o r  shielding,  remote 

operation, and ind i r ec t  maintenance of t h e  pressur iza t ion  l i n e s  and equip- 

ment should be l e s s  than would be required i f  a c t i v i t y  were expected t o  

en te r  t h e  system. 

Secondary Containment System -_ 

The e n t i r e  r eac to r  area i s  enclosed i n  a containment vessel ,  as  shcwn 

il? Fig. 3.1. The vesse l  i s  designed. t o  withstand pressures and tempera- 

t u r e s  which would r e s u l t  from t h e  m a x i m u m  c red ib le  accident.  Permissible 

leakage from t h e  vesse l  i s  t e n t a t i v e l y  spec i f ied  as  0.4% per  day of t h e  

contents of t h e  ves se l  with t h e  venxi la t ion  valves closed and a pressure 

equivalent t o  t h e  nlaxilnulll wiiicll could e x i s t  in ihe  containment vessel  dur- 

ing emergency conditions.  The e n t i r e  system within t h e  containment ves se l  

w i l l  be examined f o r  t h e  possible  generation of missi les ,  and p o t e n t i a l  

miss i les  w i l l  be shielded t o  protect,  t h e  containment s h e l l .  Hazards prcb- 

lems involving t h e  containment system a r e  discussed i n  d e t a i l  i n  Sec t ior  

12. 
An equipment a i r  lock is  provided f o r  t r ans fe r r ing  equipment between 

t h e  containment ves se l  and serv ice  area,  and a smaller a i r  lock i s  provided 

for personnel access t o  t h e  containment vessel .  Should an accident klock 

t h e  personnel a i r  lock, t h e  equipment a i r  lock could be used as  an errergency 

e x i t .  

t h a t  both doors on one access lock cannot be open a t  t h e  same time, and 

t h e  e n t i r e  lock system i s  capable of'meeting leakage and pressure require-  

ment s 

I 

The i n t e g r i t y  of t he  coctainment envelope is  protected by providing 

To ensure t h a t  no process l i n e  which penetrates  t h e  containment vessel  

i s  capable of v io l a t ing  i t s  in t eg r i ty ,  each l i n e  s a t i s f i e s  a t  l e a s t  one 

of t h e  following conditions:  (1) tl-le l i n e  has valves that.  a r e  normally . 

, 

L 
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closed; (2 )  t h e  l i n e  has valves t h a t  w i l l  automatically c lose  i n  t h e  

event of an accident;  (3) t h e  l i n e  has check valves t h a t  a r e  d i rec ted  

s o  t h a t  no flow can proceed out of t h e  containment s h e l l ;  and ( 4 )  i f  

t h e  l i n e  cannot be i so l a t ed  by any of t h e  above t h r e e  means, it i s  con- 

s idered  as  an extension of t h e  containment envelope, and it and a l l  t h e  

equipment t o  which it is  connected meet containment requirements. Valves 

and cont ro l  systems involved i n  i s o l a t i o n  of %he containment ves se l  a r e  

dupl icated when required.  

Consideration w i l l  be given t o  providing an add i t iona l  containment 

b a r r i e r  by making t h e  sh i e ld  volume a pressure- t igh t  enclosure. This 

would not only r e t a i n  f i s s i o n  products but, as  discussed i n  Section 12, 

could a l s o  be used t o  l i m i t  t h e  access of oxygen t o  t h e  core i n  t h e  event 

I 

of a primary system rupture.  The advantages of t h i s  f ea tu re  w i l l  be 

evaluated and compared with t h e  cos t  and d i f f i c u l t y  of making t h e  s t ruc -  

t u r e  capable of withstanding a pressure r i s e  and having pressure- t ight  

s e a l s  on a l l  penetrat ions i n t o  t h e  enclosure. 

Vent i la t ion  Sys tem 

The v e n t i l a t i o n  system i s  designed t o  r e s t r i c t  t h e  spread of f i s s ion -  

product a c t i v i t y  within t h e  containment bui lding and t o  l i m i t  t h e  r e l ease  

of a c t i v i t y  t o  t h e  atmosphere. The f i r s t  objec t ive  i s  achieved by r e -  

c i r c u l a t i o n  of a i r  through absorbers and f i l t e r s  and by cont ro l  of a i r  

movement between compartments; t h e  second objec t ive  i s  achieJed by use 

of f i l t e r s  and adsorbers t o  remove a c t i v i t y  (o the r  than  noble gases) from 

a i r  which i s  discharged from t h e  stack. An add i t iona l  funct ion served by 

t h e  v e n t i l a t i o n  system is  t h e  cont ro l  of temperatures within t h e  various 

compartments of t h e  system. 

The r eac to r  bui lding i s  divided i n t o  two major v e n t i l a t i o n  zones: 

a "clean" zone (I), which includes a reas  such as  t h e  ground f loor ,  s t a i r  

w e l l ,  and serv ice  room t o  which access i s  required f o r  normal operat ion 

and maintenance of t h e  reac tor ,  and a "hot" zone (11), which includes t h e  

c e l l s  containing contaminated helium equipment, t h e  sub-pile room, t h e  

hot c e l l ,  and other  compartments from which personnel a r e  normally ex- 

J 

cluded. Figure 3.18 shows - t h e  v e n t i l a t i o n  system schematically.  The 

, 
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ni t rogen-f i l l ed  fuel- inspect ion and s torage c e l l  has an independent vent i -  
l a t i o n  system t h a t  i s  discussed separa te ly  with regard t o  f u e l  handling 

(see Sec. 5 ) .  

Zones I and I1 of t h e  ven t i l a t ion  system a re  i so l a t ed  from each other.  

A i r  i s  rec i rcu la ted  separa te ly  within t h e  two zones t o  maintain acceptable 

environmental conditions (Zone I) and t o  cont ro l  r ad ioac t iv i ty  which may 

escape from t h e  contaminated helium system (Zone 11). Connected i n  s e r i e s  

within some v e n t i l a t i o n  systems a re  a roughing f i l t e r ,  an absolute f i l t e r ,  

a room-temperature iodine t rap ,  an air-to-water cooler, and an a i r -c i rcu-  

l a t i n g  blower. 

inspection compartments because of t h e  necess i ty  of ensuring continued 

operation during maintenance. 

Duplicate equipment i s  used f o r  t h e  reac tor  and fue l -  

Heat generated i n  t h e  sh i e ld  plus  t h a t  l o s t  from t h e  reactor ,  blower, 

and heat  exchanger i s  removed by a cooler l i n i n g  t h e  wal l  of t h e  reac tor  

compartment. Much of t h e  heat  t r ans fe r r ed  from t h e  r eac to r  ves se l  i s  

rad ia ted  d i r e c t l y  t o  t h e  cooler, whereas energy from t h e  o ther  compart- 

ments i s  t r ans fe r r ed  t o  t h e  cooler by c i r cu la t ing  a i r ,  If an accident 

renders a l l  other  heat  remcval systems inef fec t ive ,  a f t e rhea t  w i l l  be 

rad ia ted  t o  t h i s  cooler  from t h e  r eac to r  ves se l  ( s ee  Sections 4 and 12);  

a water system s imi l a r  t o  t h a t  described f o r  t h e  emergency cooler  i n  t h e  

primary steam generator (Fig. 3.13) w i l l  be capable of removing a f t e rhea t  

f o r  severa l  months. 

Zones I and I1 are not pos i t i ve ly  sealed from each other,  but possible  

leakage paths from one t o  t h e  o ther  (by way of hatch covers, e t c . )  a r e  

sealed as  wel l  as pract icable .  Leakage of t h e  contaminated gas from t h e  

hot t o  t h e  clean areas i s  minimized by maintaining a pressure d i f f e r e n t i a l  

between them s o  t h a t  gas flow is always i n t o  t h e  hot zone. This i s  ac- 

complished by es tab l i sh ing  a small  flow rate from t h e  ex te rna l  atmosphere 

i n t o  t h e  containment ves se l  (Zone I), through t h e  imperfect s e a l s  i n t o  

Zone 11, and then  from Zone I1 t o  t h e  s tack  v i a  an ex te rna l  f i l t e r  and 

blower system; a por t ion  of t h e  circulaEing a i r  from each v e n t i l a t i o n  

system (except Zone I) i s  continuously bled of f  and discharged t o  t h e  

s t ack  through a f i n a l  cleanup system having components s imi l a r  t o  those 

i n  t h e  individual  v e n t i l a t i o n  systems. F i l t e r e d  makeup a i r  is admitted 

\ 

I 
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t o  t h e  containment vesse l  through tandem check valves and shutoff  valves 

t h a t  are closed i n  t h e  event of a c t i v i t y  r e l ease  within t h e  containment 

vessel .  

charge system i s  provided f o r  es tab l i sh ing  a l a rge  a i r  flow i n t o  a con- 

taminated area during maintenance operations. 

I n  addi t ion  t o  t h e  low-flow bleed system, a higher capaci ty  d i s -  

Should an excessive pressure develop within t h e  containment vessel ,  

it would be re l ieved  by venting gas t o  t h e  s t ack  through t h e  cleanup 

system. A pressure- re l ie f  valve wodd vent t h e  containment ves se l  d i r e c t l y  

t o  t h e  stack, however, i f  t h e  cleanup system plugged and impeded r e l i e f  

of t h e  pressure excess. 

Offgas System 

The offgas system i s  designed t o  handle gas from both high-pressure 

and low-pressure sources; high-pressure sources include t h e  primary coolant - 
system, buf fer  gas from t h e  seals of mechanical j o in t s ,  and gas which is  

discharged from t h e  fuel-handling system when t h e  gas locks a r e  operated; 

low-pressure sources a r e  t h e  contaminated helium storage tanks,  excess 

flow through valves i n  t h e  pressure- re l ie f  system, t h e  bypass flow from 

the  gas-sampling system, and t h e  gas from t h e  decontamination system (which 

w i l l  contain condensible vapors and entrained l i q u i d  from t h e  decontamina- 

t i o n  so lu t ions) .  The offgas system i s  shown i n  Fig. 3.19. 

Flow from the  high-pressure offgas sources passes through a pressure- 

reducing s t a t i o n  and is  combined with the  low-pressure offgas.  A l i q u i d  

t r a p  i n s t a l l e d  i n  t h e  low-pressure inlet por t ion  of t h e  system removes 

the  l i qu ids  and dumps them t o  t h e  ia termediate- level  waste system. The 

gas than passes through a roughing f i l t e r ,  an absolute  f i l t e r ,  and an 

iodine t rap ,  a f t e r  which it is  vented t o  t h e  stack. 

A vacuum pump is  used t o  evacuate t h e  gas systems before charging, 

t o  evacuate i so l a t ed  gas system components before removal from t h e  system, 

t o  purge t h e  gas locks i n  t h e  fuel-handling system, and t o  remove gas and 

vapor from t h e  decontamination system. The vacuum pump has an o i l  t r a p  

and o i l  separator  t o  ensure t h a t  none of t h e  pump o i l  en t e r s  t h e  system<, 

A flow of a i r  from t h e  containment -Jessel i s  provided t o  purge t h e  low- 

pressure inlet  piping of any condensate where t h e r e  i s  no appreciable 

flow from any of t h e  low-pressure sources. 
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Decontamination Fac i l i t v  

A f a c i l i t y  i s  provided i n  t h e  containment vesse l  f o r  t h e  decontamina- 

t i o n  of equipment removed from t h e  reac tor .  Pr inc ip le  items i n  t h e  f a c i l i t y  

include shielded decontamination tanks, a t r a n s f e r  pump, contaminated solu- 

t i o n  s torage tanks,  and piping and valves for t r ans fe r r ing  t h e  solut ions.  

A s c i n t i l l a t i o n  gama spectrometer, used a l s o  f o r  other  purposes, w i l l  be 

ava i lab le  for scanning equipment, and a gross gamma monitor w i l l  be in-  

s t a l l e d  on t h e  so lu t ion  d ra in  l i ne .  Contaminated so lu t ion  storage tanks 

a r e  shielded by burying them i n  t h e  ea r th  outs ide t h e  containment vessel .  

Procedures t o  be followed i n  use of t h e  f a c i l i t y  a re  out l ined i n  

Sect ion 11. 

Reactor Building Layout 

Two possible  arrangements of t h e  r eac to r  bui lding have been considered. 

The f irst ,  which is based on removal of cont ro l  rods from below t h e  core, 

provides a canyon f o r  t h e  long serv ice  machine which performs t h i s  opera- 

t ion .  I n  t h e  second layout,  removal of rods i s  from above and t h e  need 

f o r  t h e  canyon i s  avoided. Layout No. 2 has other  f ea tu res  which may 

prove a t t r a c t i v e  i n  e i t h e r  bas ic  arrangement. Se lec t ion  of a layout w i l l  

be made a f t e r  t h e  design of t h e  r eac to r  system is  developed i n  g rea t e r  

d e t a i l .  

Layout no. 1 

A s  shown i n  Figs. 3.1  and 3.2, t h e  r eac to r  system i s  enclosed i n  a 

sealed metal containment ves se l  t h a t  is 66 f t  i n  diameter and 144 f t  high. 

Access t o  t h e  bui lding i s  provided by two a i r  locks loca ted  a t  ground 

leve l .  A 15-ton bridge crane runs on a c i r c u l a r  t r a c k  i n  t h e  upper pa r t  

of t h e  s t ruc ture .  

The building, i l l u s t r a t e d  i n  Figs. 3.20 through 3.24, contains th ree  

The f i rs t  f l o o r  (lowest l e v e l )  provides space f l o o r s  below ground l eve l .  

f o r  contaminated helium storage,  v e n t i l a t i o n  equipment, t h e  ni t rogen 

system, a hot c e l l ,  and a lower serv ice  room. The second f l o p r  i s  l a r g e l y  

a se rv ice  area; t h e  f u e l  discharge and control-rod-drive motors a r e  located 



53 

UNCLASSIFIED 
ORNL-LR-DWG 65965R 

17 ACCESS PLUG-, 

p A- 

SCALE 
FEET 5 0 10 

Fig. 3.20. Plan Section of Reactor Building. 
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Fig. 3.21. Ground Floor Plan of Reactor Building; 
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Fig. 3.22. Third Floor Plan of Reactor Building. 
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Fig. 3.23. Second Floor Plan of Reactor Building. 
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Fig. 3.24.  F i r s t  Floor Plan of Reactor Building. 



on t h i s  l eve l .  Offgas, coolant pur i f ica t ion ,  and add i t iona l  v e n t i l a t i o n  

equipment i s  loca ted  on t h e  t h i r d  f loo r .  The r eac to r  primary system ex- 

tends through seve ra l  l eve ls ,  as  does t h e  fue l - inspec t ion  and s torage 

space and t h e  decontamination equipaent. 

A major considerat ion i n  t h e  bui lding arrangement was t h e  provis ion 

of access from above, wherever possible,  t o  components subjec t  t o  co i -  

tamination. This f ea tu re  has geners l ly  been achieved, with t h e  major 

exception of t h e  subpi le  area.  The ground and second f l o o r s  a r e  l a r g e l y  

reserved as  se rv ice  areas;  maintenance operations,  using t h e  techniqiies 

discussed i n  Sect ion 11, can be performed on equipment loca ted  on t h e  

f i rs t  and t h i r d  f l o o r s  by working dmnward through openings i n  t h e  shield.  

Eemovable access plugs a r e  loca ted  over most a reas  i n  which i n d i r e c t  

maintenance w i l l  be required.  Windt3ws a r e  provided on t h e  f i r s t  and 

second f l o o r  f o r  viewing operations performed remotely i n  t h e  subpile,  

fuel-handling, and ho t - ce l l  areas .  No operating personnel a r e  s t a t ioned  

i n  t h e  containment vesse l  during reac tor  operation; however, access for 
minor maintenance i s  permitted. 

I 

Layout No. 2 

The layout i l l u s t r a t e d  i n  Fig. 3 - 2 5  mainly d i f f e r s  from t h e  one 

described above i n  t h e  following fea tures :  

1. A n  enlarged r eac to r  ves se l  t op  closure i s  used t o  permit re.-  

moval and in se r t ion  of cont ro l  rods from above. 

2. The r eac to r  ves se l  i s  posi t ioned below ground leve l ,  and bo,h 

ves se l  and steam generator a r e  loca-;ed adjacent t o  t h e  containment ves se l  

wall, thereby u t i l i z i n g  ea r th  sh ie ld ing  on one s ide  t o  reduce concrete 

sh i e ld  requirements. 

3. Portable  concrete s h i e l d  blocks a r e  u t i l i z e d  i n  t h e  annul i  lie- 

tween t h e  permanent sh i e ld  and t h e  r eac to r  and steam generator  vesse:Ls; 

t h e  blocks a r e  put i n  place a f t e r  i n s t a l l a t i o n  of equipment. 

Placing sh ie ld ing  more c lose ly  about t h e  primary system components 

and reducing t h e  height  requirements below t h e  reac tor  permits t h e  con- 

tainment ves se l  dimensions t o  be reduced t o  64 and 125 f t .  There is, 

. 
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however, a gain i n  space ava i lab le  f o r  a u x i l i a r y  equipment, s ince  t h e  

sh i e ld  volume i s  decreased and an add i t iona l  f l o o r  i s  provided. 

Plant  Layout 

S i t e  , 

The design of t h e  r eac to r  and t h e  associated p lan t  i s  based on use 

of t h e  m - 2  s i t e  and ex i s t ing  f a c i l i t i e s  a t  t h e  Oak Ridge National 

Laboratory. 

layout using t h e  HRE-2 s i t e  i s  shown i n  Fig. 3.26. 

Se lec t ion  of t h e  s i t e  i s  discussed i n  Sect ion 14. The p lan t  

F a c i l i t i e s  

The HRE-2 bui ld ing  has t h e  advantage t h a t  it was designed f o r  a r e -  

ac to r  s imi l a r  i n  s i z e  t o  t h e  PBRE and most u t i l i t i e s  such as  water, 

e l e c t r i c i t y ,  waste disposal ,  steam, p l an t  a i r ,  instrument a i r ,  and a 

heat  dump system can be u t i l i z e d  a s  t hey  e x i s t  or with minor modifica- 

t ions. 

Dismantling and Service Area. The dismantling and serv ice  area is  

located i n  t h e  high bay of t h e  ex i s t ing  HRE-2 building. 

crane and adequate space a r e  ava i lab le  i n  t h i s  a rea  f o r  extensive main- 

A 7 1/2-ton 

tenance work. The high-bay enclosure and crane r a i l s  a r e  extended t o  

meet t h e  containment ves se l  and t o  enclose t h e  equipment a i r  lock. A 

smaller space equipped with a 5-ton crane provides an addi t iona l  work 

a rea  and t r u c k  access. 

Equipment requi r ing  major r e p a i r  or replacement i s  removed when t h e  

r eac to r  i s  shut  down, cleaned i n  t h e  decontamination f a c i l i t y ,  and t r a n s -  

f e r r ed  t o  t h e  maintenance and serv ice  area.  

Control Room. The ex i s t ing  cont ro l  room i n  t h e  €BE-2 bui lding i s  

enlarged by el iminat ing t h e  hallway and o f f i c e s  i n  t h e  northwest corner 

of t h e  building. The PBRE con t ro l  room contains t h e  r eac to r  cont ro l  

panel and i s  t h e  monitoring and cont ro l  cen ter  f o r  t h e  e n t i r e  p lan t .  

Office Area. Office space i s  ava i l ab le  i n  t h e  ex i s t ing  o f f i c e  bui ld-  

ing e a s t  of t h e  HRE-2 building. 

t 
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Maintenance Shop. A maintenance shop ava i lab le  i n  t h e  ex i s t ing  bui ld-  

ing northwest of t h e  ‘HRE-2 bui lding is  equipped with machine t o o l s  t o  

handle on-s i te  r epa i r s  and modifications t o  r eac to r  components. Storage 

space is  ava i lab le  i n  t h i s  bui lding f o r  spare  par t s .  

Change F a c i l i t i e s .  Exis t ing change f a c i l i t i e s  i n  t h e  HRE-2 building 

a r e  adequate f o r  operat ion and maintenance personnel. 

Waste-Disposal F a c i l i t i e s .  An ex i s t ing  waste s torage pond can be 

used for low-level waste storage; however, addi t ion  of a pumping s t a t i o n  

for t r a n s f e r r i n g  l i q u i d  t o  t h e  ex i s t ing  ORNL low-level waste l i n e  w i l l  

be required.  Intermediate-level waste can be s to red  i n  an ex i s t ing  12 000- 

g a l  waste tank, but  a pumping s t a t i o n  must a l s o  be added f o r  t r a n s f e r  of 

l i q u i d s  t o  a planned intermediate- level  waste l i n e .  

Stack. A new 150-ft-high s t ack  i s  loca ted  south of t h e  containment 

vessel .  
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4 .  CORE SELECTION AND THERMAL A.Nf+YSIS 
- 

The decis ion t o  employ an unrestrained core with upflow of coolant 

imposes on the design the fundamental r e s t r i c t i o n  t h a t  the gas flow r a t e  

not be high enough t o  cause l e v i t a t i o n  of the  f u e l  spheres. Other re -  

s t r i c t i o n s  on the core design r e l a t e  t o  l imi t ing  f u e l  temperatures and 

avoiding excessive thermal s t r e s s e s  i n  the f u e l .  These l imi ta t ions  con- 

f l i c t  with the  d e s i r a b i l i t y  of having a high power densi ty  t o  y ie ld  i n -  

formation rap id ly  on f u e l  performance. 

i n  the  se lec t ion  of the  core parameters i s  discussed i n  t h i s  section. 

Analyses of natural-circulat ion-cool ing conditions, pressure drops i n  the  

coolant c i r c u l a t i n g  system, and temperatures i n  and about the core a r e  

a l s o  presented. I n  the performance of these analyses, considerable use 

w a s  made of the work done i n  previous The basic  equations 

used and t h e i r  sources a r e  discussed i n  r e f .  2.  

Reconciliation of these fea tures  . 

Core Design 

Although no precise  method i s  avai lable  f o r  optimizing t h e  core and 

b a l l  s ize  i n  an experimental reactor  of t h i s  type, the  r e s t r i c t i o n s  men- 

t ioned above place r a t h e r  narrow limits on these var iab les .  Evaluation 

of these l i m i t s  and appl icat ion of the r e s u l t s  i n  the  se lec t ion  of t h e  

PBRE design a r e  described i n  the  following paragraphs. 

Pressure Drop and Levi ta t ion L i m i t  
L I - _ .  - 

The pressure drop through a bed of spheres may be expressed as 

np = , 
3 1 . 2 7  gcc PDs 

'Sanderson & Porter,  Design and F e a s i b i l i t y  of a Pebble Bed Reactor- 

2A.  P. Fraas e t  a l . ,  Preliminary Design of a l O - M w ( t )  Pebble Bed Re- 

3A. P. Fraas e t  a l . ,  Design Study of a Pebble Bed Reactor Power Plant  

Steam Plant ,  NYO-8753 (May 1, 1958). 

a c t o r  Experiment, ORNL CF 60-10-63 Rev. (May 8, 1961). 

ORNL CF 60-12-5 Rev; (May 11, 1961)" 
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where 

Ap = pressure drop, 

E = mean void f rac t ion ,  

G = s u p e r f i c i a l  mass veloci ty ,  

p = dynamic v i scos i ty  of gas, 

L = bed length,  

= conversion constant,  32 .2  lb; f t / l b f .  sec', gC 
p = gas density,  

D = sphere diameter. 
S 

Experiments4 with gas flowing upward through beds of spheres have ind i- 

cated t h a t  when t h e  pressure gradient  equals 80% of t h e  bulk bed density,  

spinning of t h e  b a l l s  i n  t h e  upper l aye r  begins; a t  s t i l l  higher  flow 

ra t e s ,  ac tua l  l e v i t a t i o n  of t h e  bed w i l l  occur. This l i m i t s  t h e  pressure 

gradient  i n  a randomly packed bed of graphi te  spheres t o  56 l b / f t 3  (based 

on an average bed bulk dens i ty  of '70 l b / f t3 )  i f  b a l l  movement i s  t o  be 

avoided. I n  applying t h i s  r e s t r i c t i o n ,  t h e  gas proper t ies  used i n  Eq. (1) 

sre those corresponding t o  t h e  e x i t  temperature from t h e  core.  

. 

With t h e  helium pressure and temperature specif ied,  t h e  l imi t ing  

s u p e r f i c i a l  gas ve loc i ty  through t h e  core and, consequently, t h e  power 

which can be removed per  u n i t  of bed cross sect ion,  a r e  funct ions only 

of sphere s i ze .  The e f f e c t  of t h i s  l i m i t a t i o n  on t h e  power l e v e l  of t h e  

r eac to r  i s  shown i n  Fig. 4.1, i n  which t h e  maximum power i s  p lo t t ed  B S  8 

funct ion of core diameter. 

Division of t h e  l e v i t a t  ion-limj-ted power per  u n i t  bed cross-sect  ion 

by t h e  core height gives t h e  maximum power dens i ty  t h a t  can be achieved 

i n  t h e  core. This l i m i t  i s  p lo t t ed  i n  Fig. 4.2  f o r  various core heights  

as a funct ion of sphere s i z e  ( t h e  o ther  curves i n  Fig. 4.2 a r e  discussed 

l a t e r  i n  t h i s  s ec t ion ) .  

Thermal S t r e s s  i n  Fuel Sphere 

The maximum thermal stress i n  an e l a s t i c  sphere with uniform in t e rna l  

generation of heat and uniform surface temperature can be computed from 

4D. E. Randall and S. S. Millwright, Experimental Determination of 
t h e  Pressure Drop Through A Pebble Red, SC-4354( TR) , Sept. 1959. 
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Fig. 4.1. Power Level Versus Core Diameter for Several Ball Diameters 

The dashed 
with Pressure Gradient Equal to the Levitation Limit for Inlet and Outlet 
Temperatures of 550 and 1250°F and a Pressure Level of 500 psia. 
vertical line represents a cross-sectional area of 1.0 ft2. 
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Fig. 4.2. Power Density Versus Bal l  Diameter f o r  Helium I n l e t  and 
Outlet Temperatures of 550 and 1250°F and a Pressure Level of 500 psia. 
Curves f o r  various lengths indicate power density f o r  gas flow r a t e  cor- 
responding t o  the  l ev i t a t ion  l i m i t .  Curves with temperature parameter 
indicate m a x i m u m  power density t h a t  can be achieved a t  t he  l ev i t a t ion  
l i m i t  without exceeding specified surface temperature. S t ress  l i m i t  curve 
has allowance f o r  peak-to-mean power density r a t i o  of 2.0. 
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- 
9 

(J - 
60k(l  - V )  I 

max 

where 

(J = maximum s t r e s s  i n  sphere, 
m a X  
a = coef f ic ien t  of l i n e a r  thermal expansion, 3 X 10'6/oF, 

E = modulus of e l a s t i c i t y ,  1 . 5  x lo6 ps i ,  

D = sphere diameter, 
S 
y = power densi ty  i n  sphere, 

k = thermal conductivity, 8 Btu/hr.ft ."F,  

v = Poisson's r a t i o ,  0.3. 

The physical property values used i n  the  design a n a l y s i s ' a r e  those l i s t e d  

above. Although the  a c t u a l  values a r e  uncertain, those selected a r e  be- 

l ieved t o  be conservative. 

The l i m i t  t h a t  thermal s t r e s s  places  on the  mean power densft,y i n  

the  b a l l  bed i s  obtained from Eq. ( 2 )  by inclusion of the  terms (1 - E )  

and 7 # and the subs t i tu t ion  of (J f o r  omax: ma u l t  

where 
- 

= maximum allowable mean power dens i ty  i n  bed as determined by 
stress l i m i t ,  r o - l i m  

0- = ultimate t e n s i l e  s t rength of f u e l  b a l l  (design value, 1500 u l t  
Ps i  >, 

/y = r a t i o  of maximum power dens i ty  i n  a fuel: sphere t o  the  mean 
f o r  a l l  spheres i n  the  core ,  ymax 

The peak-to-mean power dens i ty  r a t i o  i n  Eq. (3)  must allow f o r  d i f fe rences  

i n  t h e  amount of f i s s i l e  mater ia l  remaining i n  the  f u e l  spheres, as well 

as f o r  f l u x  peaking. ( I n  the  PBRE, the  r a t i o  of f i s s i l e  mater ia l  i n  a 

f r e s h  f u e l  b a l l  t o  t h a t  remaining i n  an average b a l l  a t  equilibrium i s  

about 1 .2 .  ) 

i s  p lo t ted  i n  Fig.  4.2 f o r  a peak-to-mean power dens i ty  r a t i o  of 2.0. 

The s t ress - l imi ted  mean power dens i ty  computed from Eq.  (3)  
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, 

The maximum s t r e s s  i n  a f u e l  element may d i f f e r  from t h a t  computed 

using Eq. ( 2 )  if t h e  f u e l  i s  not d i s t r i b u t e d  uniformly'throughout the  

sphere, t he  neutron f l u x  i s  not uniform, th\e heat removal i s  not uniform 

around t h e  sphere surface,  o r  the  physical  p roper t ies  of t h e  sphere a r e  

not uniform. The increase i n  stress from nonuniform heat  removal i s  

analyzed i n  r e f .  3, and the  e f f e c t s  of f l u x  depression and the  presence 

of an unfueled s h e l l  on t h e - f u e l  elements a r e  discussed i n  r e f .  5. A s  

shown i n  Fig.  4.2 and discussed later,  t h e  design power dens i ty  se lec ted  

f o r  t h e  PBRE i s  l e s s  than one-half t h e  l i m i t  imposed by Eq. (3 ) .  Making 

l i b e r a l  allowances f o r  nonuniformities, based on the  results i n  r e f .  3 

and 5, would not lower the  s t r e s s  l i m i t  curve enough t o  make thermal 

s t r e s s  a f a c t o r  i n  t h e  core design. 

Fuel Temperature 

The mean heat t r a n s f e r  coe f f i c i en t  f o r  a bed of spheres i s  given by 

0.5(1 - E ) O * ~ G C  
7 

P h =  
pro 6 6 ~ ~ 0 . 3  

(4 )  

whe're 

h = mean heat  t r a n s f e r  coe f f i c i en t ,  

P 
c 

P r  = Prandt l  number, 0.703, 

Re = Reynold's number, DsG/p. 

= spec i f i c  heat of coolant,  1.25 Btu/lb*OF, 

The heat t r a n s f e r  coef f ic ien t  f o r  helium as a funct ion of b a l l  diameter 

and mass ve loc i ty  i s  given i n  Fig.  4.3. 

The mean gas-fi lm temperature difference may be expressed i n  terms 

of t h e  bed parameters as 

, 
7 

- rDS AT - -  
f , m  6 ( 1  - E ) h  

( 5 )  

5Sanderson & Por te r  Co., Fuel Element Development Program f o r  t he  
Pebble Bed Reactor, May 1, 1959 t o  October 31, 1959, NYO-2706, Section 
3.0. 
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where 
- 
I? = mean power dens i ty  i n  the bec.  

The c e n t r a l  temperature i n  a f u e l  element, of course, exceeds the  

This  d i f fe rence  surface temperature by the  i n t e r n a l  temperature drop. 

i s  given by the  following equation f o r  t h e  case of uniform power dens i ty  

throughout t he  sphere, uniform heat removal a t  t h e  surface,  and uniform 

thermal conductivity:  

;'D; 
ATi = - 9 

24k 

where ATi i s  d i f fe rence  between c e n t r a l  and surface temperatures of 

sphere. An unfueled s h e l l  increases  t h e  i n t e r n a l  temperature drop i f  t h e  

power generation per  b a l l  i s  the  same. For example, a s h e l l  whose t h i c k -  

ness i s  one-sixth of t he  b a l l  rad ius  would increase the  d i f fe rence  between 

the  c e n t r a l  and surface temperatures by 60% over t h a t  f o r  t he  same d i -  

ameter sphere with uniform f u e l  d i s t r i b u t i o n ;  a s h e l l  one-third of t he  

rad ius  i n  thickness  would increase the  temperature drop by 150%. 
Variat ion of t h e  heat t r a n s f e r  coe f f i c i en t  around t h e  sphere surface 

makes t h e  center- to-surface temperature d i f fe rence  somewhat higher than 

t h a t  f o r  uniform cooling; t h e  e f f e c t  i n  p r a c t i c a l  cases,  however, i s  

shown i n  r e f .  3 t o  be i n s i g n i f i c a n t .  Only a s m a l l  add i t iona l  increase 

i n  temperature occurs within a coated p a r t i c l e .  

of t h e  PBRE, t he  temperature d i f fe rence  between the  surface of t h e  coat ing 

and the  center  of t he  p a r t i c l e  i s  l e s s  than 10°F. 

I n  t h e  peak f l u x  region 

The maximum fuel-surface temperature i n  a pebble-bed r eac to r  core, 

may be s ign i f i can t ly  higher than t h a t  obtained using Eqs. ( 4 )  and (5 ) .  

The hot-spot problem r i s e s  mainly from the  va r i a t ions  i n  heat  t r a n s f e r  

coe f f i c i en t  about t he  surface of a sphere, va r i a t ions  i n  packing dens i ty  

of elements i n  the  bed, and va r i a t ions  i n  power dens i ty  throughout t h e  

bed. 

types:  

a f la t  w a l l ,  f a l l i n g  t o  about 0.23 one-half b a l l  diameter away, r i s i n g  

and f a l l i n g  severa l  times again, and leve l ing  o f f  about 4 t o  5 diameters 

Variat ions i n  packing dens i ty  i n  a randomly packed bed are of two 

(1) a predic tab le  a l t e r a t i o n  i n  void f r a c t i o n  s t a r t i n g  a t  1.0 a t  

. 

.. 
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from the  .wall, t o  give an average void. f r ac t ion  i n  the bed. of 0.39 :Cor 

a bed diameter- to-bal l  diameter r a t i o  of 20; and ( 2 )  a s t a t i s t i c a l  .varia- 

t i o n  i n  sphere arrangement r e su l t i ng  i n  l o c a l  void frac.t ions ranging from 

che minimum possible  (0.26) t o  above 0.47. These nonuniformities i n  void 

f r a c t i o n  r e s u l t  i n  there  'being random l o c a l  deviat ions i n  ve loc i ty  and. 

heat t r a n s f e r  coe f f i c i en t  superimposed on. the  a l t e r a t io i i  t h a t  i s  a func-. 

t i o n  of r a d i a l  pos i t ion .  

A primary concern associated with l o c a l  d i f fe rences  i n  bed densi.t,y 

i s  t h a t  coolant may bypass a c lose ly  packed region and thus s tarve the  

a rea  of t he  bed downstream. I f  t h i s  downstream a rea  has a normal o r  low 

packing density,  t he  ve loc i ty  and heat t r a n s f e r  coe f f i c i en t  w i l l  be r e -  

d-uced, making the  gas and f u e l  temperatures higher than average. 

Various aspec ts  of -the hot-spot problem a r e  considered i n  references 

2 a:l?d 3. Based on the  reasoning and. values reported i n  r e f .  2 and an 

ove ra l l  peak-to-average power dens i ty  of 2, t h e  f'ollowing equation was 
derived t o  es t imate  t h e  maximum fueX-element surface temperature f o r  an 

o u t l e t  gas temperature of 1250°F : 

= 1300 -+ U T  
s ,  max f , m  ' T (7) 

where 

= maximum fuel-element su:rfa.ce temperature, OF, s ,  max T 

AT = mean gas f i l m  temperature drop computed from Eqs. ( 4 )  and 
f , m  ( 5 ) ,  OF. 

Equation (7 )  has been used with the  equations which precede it t o  eskimate 

hot-spot temperatures f o r  various P13RE core designs.  The maximum power 

cierisities t h a t  can be achieved without exceeding surface temperatures of 

1800, 2000, and 2200°F' a r e  shown i n  Fig.  4.2 f o r  flow r a t e s  corresponding 

t o  t h e  l e v i t a t i o n  l i m i t .  

The ana lys i s  on which Ey. ( 7 )  i s  based i s  conservative i n  t h a t  it 

assumes an unfavorable conjunction of power densi ty ,  sphere arrangement, 

and gas temperature. 

curs  near t h e  core w a l l  where the  gas flow r a t e  i s  highest,. Further,  

Actually, t he  r a d i a l  peak i n  the  neutron f l u x  oc- 
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with con t ro l  rods loca ted  i n  the  top  of the  reac tor ,  t he  a x i a l  f lux peak 

occurs at  t h e  bottom of the  core where the gas. temperature i s  lowest. 

Another f a c t o r  a f f ec t ing  t h e  hot-spot ana lys i s  i s  the  height  of yacked 

bed required t o  achieve equi l ibr ium flow conditions,  s ince the  maximum f u e l  

temperature i s  postulated t o  occur i n  a loose ly  packed sec t ion  preceded 

by a c lose ly  packed c l u s t e r .  

computed f o r  t he  isothermal case, as follows: 

An est imate  of t h i s  mixing length  has been 

1. The r eac to r  core w a s  divided i n t o  nine a x i a l  sec t ions  and four  

radial sec t ions ,  

r a d i a l  posi t ion,  t he  minimum value of 38% occurring i n  the  c e n t r a l . s e c -  

t ion. 

The void f r a c t i o n  of t he  r a d i a l  sec t ions  var ied  with 

2. Flow r a t e s  based on pressure drop and ve loc i ty  head considera- 

t i o n s  were estimated f o r  each r a d i a l  sect ion,  with allowance f o r  mater ia l  

balance requirements a t  each a x i a l  pos i t ion .  

3. It w a s  assumed tha t  the re  w a s  no r e s i s t ance  t o  c ros s  flow i n  the 

bed. 

4.  Mass ve loc i ty  a t  t h e  i n l e t  and s t a t i c  pressure a t  a l l  l e v e l s  were 

assumed t o  5e uniform across  t h e  bed. 

Resul t s  of t h i s  ana lys i s  indicated tha t  t h e  flow would s h i f t  from t n e  

low-void c e n t r a l  sec t ion  t o  the higher void outer  sec t ion  and tha t  equi- 

l ibr ium flow condi t ions would be very c lose ly  approached wi th in  about 

t h ree  ba l l  diameters; 60% of equi l ibr ium w a s  found t o  be achieved within 

a height  equivalent ' t o  one b a l l  diameter. 

This  r e l a t i v e l y  rap id  flow s h i f t i n g  should reduce t h e  e f f e c t  of c lose ly  

packed c l u s t e r s  on t h e  f u e l  temperature. 

flow rate ca lcu la ted  for t he  outs ide sec t ion  t o  t ha t  f o r  t h e  c e n t r a l  sec-  

t i o n  i s  reasonably c lose  t o  the  r a t i o  of the f luxes  f o r  these  sect ions,  

ind ica t ing  a balance between heat generation and heat removal. 

l ibr ium ve loc i ty  p r o f i l e  obtained i n  t h e  ana lys i s  compared favorably with 

experimental da t a6 j7  i n  terms of t h e  r a t i o  of t he  maximum t o  t h e  miniinurn 

I n  addi t ion,  t h e  r a t i o  of gas 

(The equi- 

6 C .  E. Schwartz and J. M. Smith, Flow Dis t r ibu t ion  i n  Packed Beds, 

7V. P. Dorweiler and R.  W .  Tahier, Mass Transfer  at Low Flow Rates 

I n d u s t r i a l  Engineering Chem., 45: 1209 (1953). 

i n  a Packed Column, American Journal  of Chemical Engineering, 5: 139 (1959). 
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. 

veloc i ty . )  

temperature grad ien ts  i n  the  bed. Consideration of these  f a c t o r s  ind ica tes  

t h a t  t h e  hot-spot ana lys i s  used i n  r e f .  2 and adopted i n  obtaining Eq. (7 )  
and Fig.  4.2 i s  qui te  conservative.  

ing information and da ta  from the  proposed research and development pro- 

grams w i l l  be required t o  determine t h e  temperature of t he  hot spots  more 

exact ly .  

Conduction and rad ia t ion  will a l s o  have the  e f f e c t  of reducing 

However, a de t a i l ed  ana lys i s  of e x i s t -  

Select ion of Core and Fuel Sphere Dimensions 

The c r i t e r i a  used i n  se lec t ing  the core and f u e l  dimensions were: 

( I . )  t o  obtain a high power dens i ty  so t h a t  f u e l  bwnup can be obtained i n  

a reasonably short  period; ( 2 )  t o  have the  r a t i o s  of core dimensions t o  

b a l l  diameter high enough t o  reproduce the  b a l l  behavior i n  a la rge  re- 

a c t o r  and t o  reduce w a l l  e f f e c t s  on the  gas flow; and (3)  t o  s t ay  within 

t h e  l i m i t s  imposed by core l e v i t a t i o n ,  thermal stress, and hot-spot con- 

s idera t ions .  I n  addi t ion,  the  f u e l  requirements and o ther  physics charac- 

t e r i s t i c s  of t he  core must be acceptable.  

The hot-spot r e s t r i c t i o n  was applied by l imi t ing  t h e  f u e l  surface 

temperature rto 2000°F t o  prevent damage t o  the  s i l i con ized  s i l icon-carbide 

sphere coating, i f  such i s  used. There a re  no limits on i n t e r n a l  f u e l  

temperatures t h a t  would be exceeded i f  the surface were a t  2000"F, al-. 

though problems of uranium migration and f iss ion-product  escape become more 

severe a t  higher temperatures, 

From the above c r i t e r i a  and Fig.  4.2, t he  f u e l  sphere s i ze  was chosen 

as 1 1/2 i n .  and the  core length as 4 f t .  The core diameter se lec ted  w a s  

2 1/2 f t ,  which a t  design condi t ions gives  a maximum pressure gradient  

eqml  t o  70% of t h e  l e v i t a t i o n  value; as seen i n  F ig .  4.1, t he  power capa- 

b i l i t y  of this s i z e  core i s  6.2 Mw a t  t h e  l e v i t a t i o n  l i m i t ,  

A t  t h e  design power of 5 Mw, t he  average power dens i ty  i n  the  2 1/2- 

ft-diam, 4-f t -high core i s  9 w/cm3 of bed, and t h e  estimated m a x i m u m  sur-  

face temperature i s  about 1900°F. 

mean power dens i ty  i s  120°F for  a uniformly fue led  sphere having a thermal 

conduct ivi ty  of 8 Btu/hr.ft ."F; t h i s  value would be 240°F f o r  a sphere 

with power dens i ty  equal  t o  twice the  average. 

The i n t e r n a l  temperature drop a t  t h e  

The maximum value would 

. 
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be increased t o  380°F i f  a 1/8- in . - thick unfueled s h e l l  were provided and 

would be increased t o  600°F i f  t he  s h e l l  were 1/4 i n .  t h i ck .  

average f u e l  temperature without an unfueled s h e l l  i s  only 1090°F f o r  an 

e x i t  gas temperature of 1250°F. 

given i n  Table 4.1. 

The volumetric 

These and o ther  design parameters a re  

After allowance f o r  a peak-to-mean power dens i ty  r a t i o  of 2.0, t he  

thermal s t r e s s  i n  a sphere w i t h  uniform power generation throughout i t s  

volume i s  only 40% of the stress l i m i t ;  an unfueled s h e l l  would, therefore ,  

s t i l l  not make the  s t r e s s  excessive.  

The core diameter i s  equal t o  20 sphere diameters, and the height 

equal t o  32 sphere diameters, which a r e  qu i t e  reasonable f o r  simulation 

of ba l l  behavior i n  a l a rge  reac tor .  Also, as shown i n  Section 6, t h e  

core geometry and dimensions are s a t i s f a c t o r y  wi th  regard t o  r eac to r  

phjraics requirements, and the rate of f u e l  burnup i s  acceptable.  

To provide f l e x i b i l i t y ,  t he  PBRE blower i s  s ized t o  give s u f f i c i e n t  

head and flow f o r  operat ion a t  t h e  l ev i t a t ion - l imi t ed  condi t ion.  

t ion ,  t he  piping system i s  capable of operat ing a t  higher e x i t  gas t e m -  

pera tures  than the  design point  of 1250°F, and the  e x i t  coolant can be 

attemperated w i t h  cool  helium i f  des i red .  Thus, the r eac to r  can be op- 

e ra ted  a t  a higher power dens i ty  i f  the  f u e l  development program shows 

that t h e  Si-Sic coating i s  not  necessary, of i f  f u r t h e r  ana lys i s  i n d i -  

c a t e s  tha t  t h e  hot-spot allowance has been overly conservative.  

I n  addi- 

Shutdown Cooling by Natural  Ci rcu la t ion  

The r eac to r  system i s  designed so tha t  i n  the  event of a blower f a i l -  

ure, a f t e rhea t  may be removed by na tu ra l  c i r c u l a t i o n  of the coolant w i t h -  

out any appreciable increase i n  the core e x i t  temperature. This  i s  ac- 

complished by loca t ing  the  heat sink high enough above t h e  r eac to r  f o r  t h e  

buoyancy dr iv ing  force  t o  overcome the  flow re s i s t ance  of t h e  system com- 

ponents, including a "seized" blower. 

sec t ion  i s  provided within the  heat exchanger she l l ,  so t h a t  t h i s  cooling 

i s  achieved, even i f  t h e  main heat exchanger becomes inoperat ive.  

Further,  a separate small cooler  

Figure 4.4 serves  as a basis f o r  determining the  required height of 

t he  heat exchanger above t h e  reac tor  core.  This  f i g m e  was obtained from 
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Table 4.1. Data f o r  PBRF Preliminary Core Design 

. 

\ 

Power Level 

Design thermal power level ,  Mw 
Power density, w/cm3 of bed 

Core Dimensions and Character is t ics  

Diameter of bed, f t  
Height of bed, f t  
Bed void f r ac t ion  
Bed face area, f t 2  
Bed volume, f t 3  
Number of f u e l  spheres 
Total  heat t r a n s f e r  area, f t 2  
Bed pressure drop, p s i  
Rate of temperature r i s e  (no coolant flow), "F/min 

Fuel Element" 

Sphere outside diameter, in .  
Average heat f lux,  Btu/hr-f t2  
Stress-l imited power density ( f o r  1500-psi s t r e s s  and k = 8 

Mean f u e l  temperature, "F 
Estimated maximum sphere surface temperature, "F 
Maximum thermal s t r e s s  (peak-to-mean power density of 2.0), p s i  
Mean surface-to-gas temperature drop, "F 
Mean i n t e r n a l  temperature drop, "F 
Maximum in t e rna l  temperature drop (peak-to-mean power density of 

Btu/hr-"F.ft,  E = 0.39), w/cm3 of bed 

2.0), "F 

Coolant Character is t ics  

G a s  
Pressure level,  p s i a  
I n l e t  temperature, "F 
Mean o u t l e t  temperature, "F 
Flow r a t e  through core, lb/hr 
Superf ic ia l  mass velocity,  l b / f t2 .h r  
Flow r a t e  as percentage of l e v i t a t i o n  valueJb % 
Average heat t r a n s f e r  coeff ic ient ,  Btu/hr-ft2.0F 

Reactor Parameters When Operated a t  Levitation Limitb 

Power level ,  Mw 
Power density, w/cm3 
Flow r a t e  through core, lb/hr 
Superf ic ia l  mass velocity,  lb/ft2 *hr 
Bed pressure drop, p s i  
Average heat flux, Btu/hr 'f t2 
Average heat t r ans fe r  coeff ic ient ,  Btu/hr.ft2 -"F 

5 
9 

2.5 
4.0 
0.39 
4.91 
19.6 
11 700 
574 
0.82 
565 

1 .5  
29 700 
45 

1090 
<1900 
600 
150 
120 
240 

Helium 
500 
5 50 
1250 
19 500 
3970 
80 
200 

6.2 
11.0 
24 000 
4890 
1.20 
38 000 
233 

%emperatures and s t r e s ses  estimated f o r  a uniformly fueled sphere. 

% i t h  gas i n  a t  550°F and out a t  1250°F; based on pressure gradient equal t o  87% 
o f  bed density using f u e l  density of 1.7 g/cm3. 
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ca lcu la t ions  based on the following assumptions: 

1. 

2. 
3. the pressure drop through the  steam generator i s  scaled down from 

gas temperatures remain a t  550°F i n t o  and 1250°F out of t he  core, 

p r i o r  t o  shutdown, the reac tor  has been operating a t  6.2 Mw, 

1.0 p s i  a t  fu l l  flow (6.2 Mw) according t o  the  r a t i o  of t he  square 

of the  flow ra tes ,  

t h e  res i s tance  of a seized blower i s  ha l f  of t he  design head multi-  

p l i ed  by the  r a t i o  of t h e  square of t h e  flow r a t e s .  

4. 

A height of 16 f t  w a s  chosen as su f f i c i en t  t o  remove most of t he  

a f t e rhea t  and ye t  not require  an excessively high containment structure. '  

A s  may be seen from Fig.  4.4, na tu ra l  c i r c u l a t i o n  w i l l  remove 2.7% of 

6.2 Mw with t h e  i n l e t  and e x i t  gas temperatures a t  550 and 1250°F. 
though ' th i s  i s  not adequate t o  remove a l l  t he  a f t e rhea t  during the  f i rs t  

3 t o  4 min. a f t e r  shutdown, storage of a l l  energy above 2.7% i n  t he  f u e l  

elements would raise t h e i r  average temperature only about 10°F. 

Al- 

Figure 4.5 w a s  prepared t o  i l l u s t r a t e  the e f f e c t  of pressure l e v e l  

and the replacement of helium by nitrogen on a f t e rhea t  removal by na tu ra l  

c i r cu la t ion .  T h i s  f i gu re  shows the  s l i g h t  supe r io r i ty  of ni t rogen a t  

pressures  below 140 ps ia ;  f o r  example, at  one day a f t e r  shutdown, a sys- 

tem pressure of 70 p s i a  i s  required t o  remove the  a f t e rhea t  w i t h  helium, 

while a pressure of only 56 p s i a  i s  required i f  nitrogen i s  used. 

System Pressure Drop 

The helium coolant c i r c u i t  pressure drop w a s  computed t o  provide the  

required blower design information. The ca lcu la ted  pressure drop through 

the  system may be summarized f o r  the  case of 6.2-Mw operat ion a t  a pres-  

sure of 500 ps i a  w i t h  a 550°F i n l e t  gas temperature and a 1250°F o u t l e t  

gas temperature, as follows: 

Pressure Drop ( p s i )  

Core 
Steam generator  (es t imated)  
Blower loop piping 
Concentric piping, e t c .  
Core i n l e t  and o u t l e t  

1.28 
1.00 
0.97 
0.81 
0.16 

4.32 
- 

Total  

. 



7% 

Unclassified 

500 

100 

10 

0 1 2 3 4 

Afterheat ($) 

Fig. 4.5. Natural-Convection Cooling. P lo t  of coolant pressure vs 
a f te rhea t  removal capabi l i ty  for helium and f o r  nitrogen fo r  a height of 
16 f t  between core center l ine  and steam generator center l ine.  Reactor 
power before shutdown of 6.2 Mw. 
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These pressure drops were computed f o r  a flow of 24 700 lb/hr of-helium 

through t h e  core and 29 600 lb/hr through t h e  piping, t o  allow f o r  cont ro l  

rod and r e f l e c t o r  cooling and f o r  addi t iona l  leakage through the  r e f l e c t o r .  

The r e l a t ionsh ip  used i n  computing t h e  core pressure drop w a s  based on 

Eq. (l), assuming the bed void f r a c t i o n  t o  be 0.39. 

ve loc i ty  a t t a ined  i n  t h e  system, 210 f t / s ec ,  occurs i n  the  ins ide  pipe 

leading from the  pressure vesse l  t o  the  steam generator ,  

, 

The highest  gas 

Pressure Vessel Temperature 

The temperature of the pressure vesse l  w a s  estimated f o r  severa l  con- 

d i t i o n s  t o  aid i n  determining the d e s i r a b i l i t y  of using i n t e r n a l  ( r e f l e c -  

t i v e )  or externa l  pressure vesse l  insu la t ion .  

graphi te  and t h e  pressure ves se l  might seem benef ic ia l ,  since the  use of 

type A212, grade B, s t e e l  requi res  tha t  t he  pressure ves se l  temperature 

a t  500 p s i a  not be g rea t e r  than 650°F. 

accident,  however, it i s  des i rab le  t o  minimize the  heat  flow res i s tance  

i n  order  t o  discharge a f t e rhea t  from t h e  surface of the  r eac to r  ves se l  

without overheating the  core.  

Insu la t ion  between the  

I n  a loss-of-pressure and -power 

Figure 4.6.  shows t h e  temperature of the pressure ves se l  wi th  ex- 

t e r n a l  i n su la t ion  as a funct ion of gas flow rate through t h e  cooling an- 

nulus f o r  two r e f l e c t o r  temperatures. I n  t h e  ca lcu la t ions  required f o r  

t h i s  f igure ,  allowance w a s  made f o r  energy t r ans fe r r ed  t o  the  pressure 

vesse l  from the graphi te  r e f l ec to r ,  as wel l  as f o r  t h a t  generated i n  the  

vesse l .  H e a t  w a s  assumed t o  pass from the  r e f l e c t o r  t o  t h e  flow l i n e r  

by r ad ia t ion  and conduction, from t h e  l i n e r  t o  the  pressure ves se l  by 

rad ia t ion ,  and from the l i n e r  and pressure ves se l  t o  the helium coolant 

by convection. The r e s u l t s  ind ica te  that  the pressure ves se l  temperature 

i s  r e l a t i v e l y  in sens i t i ve  t o  the  r e f l e c t o r  temperature and tha t  it i s  con- 

t r o l l e d  by the  gas flow rate. The r a t e  of heat t r a n s f e r  from the  graphi te  

increases ,  however, by 57% f o r  a r e f l e c t o r  temperature dncrease from 1050 

t o  1250°F. 

The e f f e c t s  of using boronated graphi te  i n  the  outer  edge of t he  r e -  

f l e c t o r  a r e  shown i n  the  lowest curve of Pig.  4.6. This  curve w a s  obtained 

by assuming that the  heat generation rate i n  t h e  pressure vesse l  w a l l  w a s  
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temperature of shield and pressure vessel versus flow rate inside pressure 
vessel for two graphite temperatures. 

unclassified 
ORNL LR DWG 64776 

. 

I 



. 

. 

reduced by a f a c t o r  of 10 f r o m t h a t  used f o r  t h e  case with no boron. 

addi t ion  t o  reducing the pressure vesse l  temperature by about 40"F, t he  

s e n s i t i v i t y  t o  the  gas flow rate i s  a l so  reduced, ind ica t ing  t h a t  t e m -  

perature  nonuniformities may not be a s ign i f i can t  problem with t h i s  ar- 

rangement. 

I n  

The temperature of t he  insu la ted  pressure vesse l  was a l s o  estimated 

f o r  t he  case of na tu ra l  c i r c u l a t i o n  a t  a 500-psia system pressure a f t e r  

reac tor  shutdown. 

s e l  and, using 1050°F f o r  t he  outs ide graphi te  temperature, t he  ves se l  

temperature w a s  computed t o  be 700°F, which i s  above the design value. 

Removing the  in su la t ion  allows heat t o  be rad ia ted  t o  the  surroundings 

and thus  decreases t h e  pressure-vessel temperature. Radiation from the  

uninsulated pressure ves se l  would keep i t s  temperature below 710°F with 

no helium c i rcu la t ion ,  and, with na tu ra l  convection cooling by helium at  

500 psia,  the  ves se l  temperature would remain below 650°F. These condi- 

t ions  appear t o  be sa t i s fac tory ,  s ince zero helium c i r c u l a t i o n  would cor- 

respond, e s sen t i a l ly ,  t o  a depressurized s i t u a t i o n  i n  which the  pressure 

ves se l  i s  unstressed.  More re f ined  ca lcu la t ions ,  including, f o r  example, 

considerat ion of ex terna l  (air)  thermal-convective cooling, are required 

t o  f i rmly  e s t a b l i s h  these temperatures. 

Assuming that no heat i s  generated i n  the pressure ves- 

With no pressure ves se l  ex terna l  insu la t ion ,  t h e  heat l o s s  would only 

amount t o  about 1 1/2$ of the  r eac to r  heat generated a t  5 Mw, 

su la t ion  i s  not required t o  reduce the  heat loss ,  and, i n  f a c t ,  i s  ac tua l ly  

undesirable from t h e  hazards ana lys i s  standpoint.  

Thus i n -  

t 



5.  FUEL-HANIILING SYSTEM 

A major a t t r a c t i o n  of the  pebble-bed r eac to r  is  the poss ib le  ease 

of f u e l  addi t ion  and removal when the r eac to r  i s  a t  power. A fuel-handl ing 

system t h a t  makes optimum use of t h i s  f ea tu re  must be simple and r e l i a b l e ,  

and, of course, inves t iga t ion  of fuel-handling problems i s  a p r inc ip l e  

o k j x t i v e  of the PBRE. Since the  fuel-handling system must be capable 

of operation and maintenance even though highly contaminated with f i s s i o n -  

groduct a c t i v i t y  and it must provide f o r  the  sampling and examination of 

exposed f u e l  elements, other  basic  f ea tu res  of the experiment are involved 

i n  the design. The design condi t ions l i s t e d  below were es tab l i shed  f o r  

the system. 

1. The fuel-handling system must be capable of operat ing a t  al!. 

reac tor  conditions,  t h a t  is ,  condi t ions ranging from shutdown and depres- 

su r i za t ion  t o  f u l l  nuclear power. It must be capable of rou t ine ly  di-s- 

charging and rep lac ing  a s m a l l  number of b a l l s ,  and, i n  addi t ion,  must 

prcvide f o r  f a i r l y  rap id  removal of a l l  f u e l  elements from the core and 

f o r  t h e i r  s torage.  Provision must i:e made f o r  the  addi t ion  of f r e s h  f u e l  

and f o r  the  recycle  of exposed, f u e l ,  both a t  the  r a t e  of a s m a l l  number 

per  day or f a i r l y  rapidly,  i n  the  event a n  e n t i r e  core has been discharged. 

The fuel-handling system must a l s o  provide s torage and t r a n s f e r  f a c i l i t i e s  

f o r  a complete nonnuclear f u e l  charge t o  permit r eac to r  s t a r t u p  and shake- 

down s tud ie s  . 
2. In order t o  determine which f u e l  spheres should be recycled, 

rreans must be provided f o r  examination of exposed f u e l  t o  determine i t s  

physical  i n t e g r i t y  and e i t h e r  the  uranium burnup which has occurred or 

the amount of f i s s i l e  material remaining. 

3 .  

outside the r eac to r  containment ves se l  i n  order t o  avoid the  presence of' 

personnel i n  the ves se l  when the  r eac to r  i s  a t  power. 

It must be possible  t o  operate the  fuel-handling system from 

4 .  Provision must be made f o r  the rout ine  transfer of s m a l l  nunibers 

of f u e l  spheres from the r eac to r  system f o r  hot c e l l  examination e l s e -  

vhere and f o r  the  occasional transfer of la rge  quan t i t i e s  of spheres f o r  

reprocessing or disposa l .  

. 
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5 .  Since the f u e l  elements w i l l  contain uranium and thorium car- 

bides, a l l  spaces through which they w i l l  pass after exposure t o  the re- 

a c t o r  environment must contain an i n e r t  atmosphere. 

6 .  Full advantage must be taken of movement of b a l l s  under gravi ty  

i n  t h e i r  passage through the core and t h e i r  handling and t r a n s f e r  i n  the 

ex terna l  system, 

7 .  A c lose correspondence between r a d i a l  var ia t ions  i n  neutron f l u x  

and f u e l  residence t i m e  i n  the core i s  des i rab le  i n  order t o  produce ap- 

proximately the same burnup i n  a l l  spheres. Achieving a favorable b a l l -  

movement p a t t e r n  i n  the core must therefore  be a n  object ive i n  the design 

of the fuel-discharge device. 

8 .  The experimental na tu re  of the PBRE makes des i rab le  the abi!-ity 

t o  t es t  f u e l  elements of various mechanical s t rengths .  Hence, a n  at1;empt 

should be made t o  l i m i t  the f r e e  f a l l  i n  the r e a c t o r .  

discharged from the PBRE can be tes'ced i n  hot c e l l s  i n  s t a t i s t i c a l l y  

s i g n i f i c a n t  q u a n t i t i e s  t o  determine crushing s t rength  and permissible 

imFac t loading. ) 

( I r r a d i a t e d  f u e l  

9 .  Reiiabie counters must be loca tea  a t  points  i n  the fuel-handling 

system t o  provide knowledge a t ' a l l  times of the movement and locatiori 

of f u e l  elements. 

10. The e n t i r e  system must be capable of being maintained and tihe 

design must be such as t o  make maintenance as simple and straightforward 

as possible .  

11. Alternate  means must be provided f o r  removal of f u e l  from the 

core i n  the event gross malfunction of the fuel-handling system or danage 

t o  the b a l l  bed makes the normal fuel-discharge system inef fec t ive .  

12. In recogni t ion t h a t  the PBRE is pr imari ly  a n  experimental fa- 

c i l i t y ,  consideration must be given i n  the design t o  the p o s s i b i l i t y  of 

changes i n  operating conditions and future  a l t e r a t i o n , o f  the system. 

The fuel-handling system for the  PBRE i s  i l l u s t r a t e d  schematically 

i n  Fig.  3.15. Fuel i s  inser ted  i n t o  a sloping tube a t  the top of the 

reac tor  and flows by gravi ty  through a gas lock i n t o  the core .  Fuel 

en ter ing  t h i s  upper tube can be e i t h e r  f r e s h  f u e l ,  recycled f u e l ,  or 
durnmy elements t ransfer red  from the fuel-handling room below the r e a c t o r .  
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Fuel i s  discharged from the  core through an opening i n  a r o t a t i n g  

removal po r t  a t  the  bottom. It then passes downward through a gas lock 

i n t o  a n i t rogen-f i l l ed ,  shielded room that i s  maintained a t  near atmospheric 

pressure.  In  the  fuel-handling room, spheres move by g rav i ty  e i t h e r  

d i r e c t l y  t o  s u b c r i t i c a l  storage containers  or pass through inspect ion 

devices under the  con t ro l  of the  operator .  New f u e l ,  recycled f u e l ,  or 
dummy spheres can be released from storage containers  i n t o  a pneumatic 

l i f t  f o r  t r ans fe r  t o  the inspect ion area, t o  the  top of the  r eac to r ,  or 
t o  shielded casks f o r  removal from the r eac to r .  These operations can 

be cont ro l led  completely from a pos i t i on  ex te rna l  t o  the r eac to r  contain- 

ment vesse l .  

Two methods of operat ion are poss ib le .  Under normal circumstances 

the reac tor  w i l l  be a t  pressure and power and a small  number of spheres 

w i l l  be removed and replaced i n  the  core each day. ( A t  equilibrium con- 

d i t i o n s  under full-power operation, about 15 spheres per day w i l l  be r e -  

placed t o  maintain c r i t i c a l i t y . )  

f u e l  r ap id ly  when the  reac tor  i s  shat down by rep lac ing  the  helium with 

nitrogen a t  atmospheric pressure.  The valves i n  the gas-lock system can 

It i s  possible ,  however, t o  remove 

then be l e f t  open and the  f u e l  discharged from the  core i n  a continuous 

stream. Return of f u e l  t o  the core i s  r e l a t i v e l y  r ap id  a l so ,  i f  the  upper 

gas lock is l e f t  open. A l l  rou t ine  fuel-handling operations can be con- 

t r o l l e d  by personnel outs ide the  containment vesse l .  

Fuel-Element-Addition System 

The arra-ngement of the  fue l -addi t ion  system f o r  the PBRE i s  shown 

i n  Fig.  3.15. New or exposed f u e l  w i l l  be t r ans fe r r ed  from the  f u e l -  

handling room t o  the fue l -addi t ion  system by a pneumatic tube.  The 

spheres w i l l  pass from the  ni t rogen system i n t o  the primary helium system 

through a gas lock.  

In  preparat ion f o r  introducing f u e l ,  the  space between the  valves 

w i l l  be evacuated t o  remove any gaseous f iss ion-product  a c t i v i t y  and 

then permitted t o  f i l l  with ni t rogen.  The outer  valve w i l l  then be opened 

and the  f u e l  added; the b a l l  counter w i l l  ind ica te  the  passage of each 
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sphere. 

w i l l  be closed, the nitrogen evacuated from the lock, and helium read- 

m i t t e d . .  Opening of the lower valve w i l l  then permit the spheres t o  en ter  

the r e a c t o r .  

15 degj i n  order t o  keep the b a l l  veloci ty  low; a t  these angles the spheres 

will roll a t  about 7 f t / s e c .  

When the proper number of b a l l s  has been added, the outer valve 

A l l  fuel-handling l i n e s  are s l i g h t l y  sloped, probably 10 t o ,  

The system of valves, assembled as a u n i t  between mechanical j o h t s ,  

i s  located i n  the upper shielding, as shown i n  Fig.  3.15. Flexible  snakes 

can be used t o  ram out jammed b a l l s  if  t h i s  becomes necessary. Two spare 

valves are provided f o r  use i n  case the others  malfunction, and the en- 

t i r e  system can be removed and replaced using the semiremote techniques 

described i n  Section 11. 

After passing through the pressure lock, the f u e l  elements w i l l  roll 
down t o  the reac tor  core .  

celerated t o  l i m i t  the ve loc i ty  with which they f a l l  on the top of the 

b a l l  bed. To do t h i s ,  two schemes a r e  being considered. The f irst  method 

l e t s  the b a l l s  roll down an incl ined pipe which takes the shape of a 

s p i r a l  within the core pressure vesse l .  This system has two major d i s -  

advantages. F i r s t ,  i f  a broken b a l l  should jam i n  the s p i r a l ,  it would 

be d i f f i c u l t  t o  g e t  a f l e x i b l e  rod down t o  r a m  it out .  Second, there  i s  

apparently no good way t o  assure the operator t h a t  a b a l l  has actua1l.y 

l e f t  the s p i r a l  and entered the core.  

Within the pressure vessel ,  they w i l l  be de- 

In  order t o  e l iminate  these disadvantages, the a l t e r n a t e  system il-. 

l u s t r a t e d  i n  Fig.  5 .1  i s  proposed. I n  t h i s  method, the f u e l  elements 

=e dropped v e r t i c a l l y  through a counter-current flow of helium t h a t  

cushions the f a l l .  The presence of a f u e l  element i n  the l i n e  w i l l  be 

indicated by the pressure difference between the core and the helium with- 

d r a w a l  po in t .  The disadvantages of t h i s  system are t h a t  precise  cont ro l  

of the helium flow may be necessary and t h a t  a n  a u x i l i a r y  system may be 

required t o  provide gas flow when the reac tor  i s  not a t  pressure.  Further 

invest igat ion w i l l  be required t o  determine the p r a c t i c a l i t y  of t h i s  

scheme. 

Lines t h a t  the f u e l  b a l l s  roll through should be s ized so t h a t  the 

i n s i d e  diameter i s  20 t o  30% greater than the b a l l  outside diameter.. For 
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Fig. 5.1. Fuel Ball I n l e t  Device with Pneumatic Feed. 



the  countercurrent helium-cushion concept, the c loser  the pipe inside 

diameter is t o  the ba l l  outside diameter, the less gas flow i s  required 

t o  suspend the b a l l .  A very rough estimate indicates  t h a t  a t  reac tor  

operating conditions, about 7-cfm of helium flow would be required t o  

suspend a s ingle  graphite f u e l  ba l l  i n  1 1/2-in. .sched.-40 pipe and about 

30-cmf i n  2-in.  sched.-80 pipe.  These values would have t o  be determined 

more prec ise ly  by experiment. 

The i n i t i a l  loading technique would be the same f o r  both fuel-element 

feeding schemes. 

' b a l l s  t h a t  could t o l e r a t e  the drop i n t o  the core cavi ty .  When the b a l l  

F i r s t ,  the  core would be f i l l e d  with i n e r t  graphite 

l e v e l  approached the top, the operator would s tar t  adding f u e l  elements 

while simultaneously withdrawing i n e r t  balls from the bottom. Since the 

f u e l  elements would not be forced i n t o  the core, it would be necessary 

t o  maintain a gas phase above the b a l l  l e v e l  t o  assure t h a t  a l l  ball:; 

f e l l  out of the i n l e t  l i n e .  

Fue 1 -Disc har rj.e Mechanism 

Various techniques tha t  might be used f o r  discharging f u e l  from a 
1 pebble-bed reac tor  were discussed and evaluated i n  a previous ORNL study. 

Among these,  it appears that a rotating-dome discharge mechanism of the 

type shown a t  the l e f t  i n  Fig.  5.2 w i l l  best meet the  object ives  of the 

PBRE. The r o t a t i n g  dome serves t o  coll imate the f u e l  elements a t  the 

point  of e x i t  from the core and thus allows the e n t i r e  f u e l  discharge sy- 

stem t o  have a s i z e  s l i g h t l y  greater than  the diameter of a f u e l  element; 

s tud ies  have shown' that  unbroken spheres w i l l  not jam i n  a tube t h a t  has 

an inside diameter of 1.1 t o  1.7 ba l l  diameters. A r o t a t i n g  mechanism 

a l s o  has the advantage of removing spheres symmetrically about the a x i s  

of the bed. 

A r ight-angle  dr ive w i l l  be used t o  r o t a t e  the discharge device.  

This w i l l  conserve v e r t i c a l  dis tance and, i n  addi t ion,  allow placement 

of the dr ive motor beyond a sh ie ld  wall i n  a n  a rea  accessible  f o r  d i r e c t  

'A. P. Fraas e t  a l . ,  Preliminary Design of a l O - M w ( t )  Pebble-Bed 
Reactor Experiment, CF 60-10-63 r e v ,  (May 8, 1961). 

. 
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maintenance. 

the  dr ive mechanism f o r  cooling and t o  keep out  pa r t i cu la t e  mat ter .  

A s m a l l  amount of c lean helium w i l l  normally flow through 

The question as t o  how much f u e l ,  i f  any, w i l l  be allowed t o  r e s ide  

continuously i n  the  discharge l i n e  i s  as y e t  unresolved. 

i s  t o  have a mechanism f o r  stopping the  flow of spheres i n t o  the  d i s -  

charge head and thus keep the  l i n e  f r e e  of f u e l  except during unloading 

operations.  Mechanical shu t t e r s  or deten ts  might be used or, possibly,  

gas could be passed up through the  discharge l i n e  a t  a rate s u f f i c i e n t  

t o  prevent the en t ry  of fue l ;  a t  a reduced flow r a t e  the gas would serve 

t o  cushion f a l l i n g  spheres.  An a l t e r n a t i v e  i s  t o  allow the discharge 

l i n e  t o  remain f u l l  of spheres down t o  some l e v e l  below the  r eac to r .  A 

mechanical device a t  t h i s  po in t  would con t ro l  admission of spheres t o  

the lower gas lock. 

One p o s s i b i l i t y  

Replacement or r e p a i r  of any 0.7 the  components i n  the discharge 

dome dr ive-shaf t  housing would be accomplished by withdrawing the dr ive  

motor and hor izonta l  d r ive  sha f t  anti removing the lower b l ind  f l ange .  

The lower sec t ions  of the discharge assembly could then be withdrawn. 

On lowering the discnarge tube, the dome would drop enough t o  block &he 

discharge p o r t  before coming t o  rest  on a support i n  the lower plenum. 

Thus it might be possible  t o  replace inoperative components below the  ro- 

t a t i n g  dome without unloading the  core .  To replace the  dome, it wou:Ld 

probably be necessary t o  remove the  f u e l  by some a l t e r n a t e  technique, 

such as vacumming the  spheres through the top of the  r eac to r  ves se l .  

Five valves  i n  s e r i e s  are shown i n  Fig.  3.15 as comprising the  lower 

gas lock,  whereas ac tua l ly  only two are required f o r  normal operation; 

the e x t r a  th ree  valves are spares .  Whether a l l  these spares are necessary 

w i l l  be shown by the  valve development and t e s t i n g  program out l ined  :in 

Section 16. It may be des i rab le  f o r  the valves t o  have a f inge r - l i ke  

extension b u i l t  i n t o  them, or possibly a separate  f inge r  ahead of the  

seat, t o  prevent hot f u e l  elements from coming i n  contact  with the  valve 

t r i m .  A v ib ra to r  a t tached near the  lock e x i t  may be u t i l i z e d  t o  c l ea r  

the  t r ans fe r  l i n e  and lock piping should f u e l  fragments block the  passage. 

A f lexible  plumbers type of snake may a l s o  be introduced v i a  a cleanout 

connection. An expansion j o i n t  precedes the  low-pressure flanged 
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connection t o  assure  placement alignment and t o  compensate f o r  opera- 

t i o n a l  l i n e  s h i f t s ,  

Tentative provisions f o r  disconnection and replacement of the gas- 

lock assembly include remotely operable mechanical j o i n t s  above and below 

the  s t a t i o n .  A sloped-track system might be employed i n  conjunction wifh 

the  lower r eac to r  se rv ice  machine t o  t r a n s f e r  a defec t ive  u n i t  t o  an 

adjacent  h o t - c e l l  f a c i l i t y  f o r  r e p a i r s .  

Fue l  InsDection and Storage Area 

After  the  f u e l  passes through the pressure lock and through a shori; 

sec t ion  of pipe, it en te r s  a shielded compartment designated as the  fue l -  

element inspect ion and s torage c e l l  (see Fig.  3 . 2 ) .  The passage of fue:L 

t h o u g h  t h i s  c e l l  i s  somewhat complex, and it i s  des i red  t o  use g rav i ty  

flow as much as poss ib le .  A t  f irst  the  f u e l  passes a c l a s s i fy ing  device 

which w i l l  r e j e c t  chips t o  a s torage drum, and, next, the  i n e r t  spheres, 

made s l i g h t l y  undersized f o r  easy iden t i f i ca t ion ,  w i l l  f a l l  out  onto a 

s p i r a l  storage t m y ,  

c l a s s i f i e r  i n  s ing le  f i l e  onto an inc l ined  chute.  

The fuel  elements will rnll off  the  end of the  

If a la rge  number of balls is being discharged, the f i r s t  de f l ec to r  

gate  w i l l  d i v e r t  them i n t o  the  f u e l  s torage t r a y .  

hold a complete r eac to r  loading, is  a 16-turn s p i r a l  containing a s ing le  

layer  of balls. It does not appear t o  present  a c r i t i c a l i t y  problem, a:L- 

though a complete ana lys i s  w i l l  be rnade t o  assure  t h i s .  A v ib ra t ing  

feeder is  used t o  discharge b a l l s  from the  s p i r a l  s torage t r a y s  i n t o  a 

This t r ay ,  which can 

pneumatic tube which l i f t s  them back t o  the  ramp leading i n t o  the  inspec- 

t i o n  a rea .  

In  normal d a i l y  operations (10 t o  50 bal ls) ,  the  f irst  def lec tor  

gate  is  posi t ioned t o  allow the  ba1:Ls t o  continue down a chute t o  a second 

ga te .  Here they are held up f o r  cooling and fed one-at-a-time through 

a sh ie ld ing  w a l l  i n t o  the  inspect ion a rea .  

The inspect ion area i s  equipped-with devices for de tec t ing  cracked 

or chipped b a l l s  and with an analyzer f o r  determining the burnup experienced 

by an element or the  amount of uranium remaining. This area, as w e l l  
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as the rest  of the  c e l l ,  can be viewed with a t e l ev i s ion  camera. 

a r m  manipulator i s  ava i lab le  f o r  use i n  both areas. A f t e r  passing in-  

spection the  b a l l s  are l i f t e d  by pneumatic tube t o  the fue l -addi t ion  lock 

a t  the top of the  r eac to r  or re turned through another tube t o  the storage 

a rea  of t h e c e l l .  

for long-term s to rage ,  

A one- 

Means will-be‘ provided t o  d i v e r t  used f u e l  i n t o  drums 

Nitrogen is withdrawn from the  c e l l  through the f u e l  storage t r ays  

and drums and passes through a f i l t e r ,  cooler,  and absorber before being 

returned to. the c e l l  by a blower. This serves  t o  cool  the  f u e l  and t o ‘  

r e s t r i c t  the d i s p e r s a l  of a c t i v i t y  -in the c e l l .  Each ni t rogen l i n e  :is 

equipped with an o r i f i c e  having a pressure drop t h a t  i s  high compared 

with the  pressure drop through the  drum or t ray ;  the coolant flow r a t e  

i s  therefore  independent of whether the u n i t  is  f u l l  of f u e l ,  and val-ves 

are  not needed t o  cont ro l  the  flow. 

Counters located i n  the c e l l  a:Llow the  movement of balls t o  be noni- 

to red  and a continuous record of b a l l  loca t ion  t o  be kept .  The counter 

being developed cons i s t s  of a d i f f e r e n t i a l  transformer around the  pipe,  

an osc i l l a to r - ampl i~ ’ i e r ,  and an e l ec t ron ic  counter.  For ease of mainte- 

nance, a l l  equipment i n  the  c e l l  is  v i s i b l e  and access ib le  from overhead. 

Eemoval of sh ie ld ing  blocks, as discussed i n  Section 11, w i l l  permit 

equipment i n  the  room t o  be repa i red  or replaced. 

Sampling, introduct ion of f r e s h  fue l ,  or removal of spent f u e l  w i l L  

be accomplished through a i r  locks separat ing the  c e l l  from the  adjacent 

se rv ice  room. 
is  adequate for the scheduled period of operat ion.  

The c e l l  w i l l  norma&Ly contain a supply of f r e s h  f u e l  t h a t  

Fuel Element Movement Through the  Core 

The power dens i ty  a t  the  edge of the PBRE core i s  higher than al; 

the  center  l i n e ,  and f u e l  elements near the  w a l l  may undergo a higher 

burnup there  than a t  the  center .  Ultimately, i t  would be des i rab le  t o  

he able t o  match the  f u e l  ve loc i ty  d i s t r i b u t i o n  t o  the  core power d i s t r i -  

but ion and a t t a i n  uniform f u e l  burnup. 

been undertaken t o  determine the  veJ-ocity d i s t r i b u t i o n  of the  f u e l  as it, 

t r a v e l s  through the core and the  var iab le  t h a t  a f f e c t  this d i s t r i b u t i o n .  

For t h i s  reason, flow s tudies  have 
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A s m a l l  p l a s t i c  model, approximately i n  sca l e  t o  the  PBRE core,  w a s  

b u i l t  t o  operate wi th  ordinary 5/8-in. g l a s s  marbles and w a s  t e s t e d  with 

the  o u t l e t  configurat ions i l l u s t r a t e d  i n  Fig.  5.2. For the  tests of each 

core configuration, the  model w a s  f i l l e d  with enough marbles t o  cover 

the  conical  bottom discharge device t o  a depth of two or t h ree  layers  

t o  ge t  out of the region of influence( of t he  core bottom. A lower layer  

of numbered cont ro lmarbles ,  a s  indicated i n  Fig.  5 . 3 ,  was placed i n  the  

model by hand, The model w a s  then T i l l ed  t o  a point  near t he  top, and 

another l aye r  of numbered con t ro l  marbles w a s  added d i r e c t l y  above the  

iden t i ca l ly  nunhered marbles of the  lower l aye r .  The bal l -discharge de- 

vice w a s  then turned on and each time a con t ro l  marble came out  of the  

model the t o t a l  number of marbles removed up t o  that time w a s  recorded. 

Marbles discharged from the model were added back t o  the  top  t o  maintain 

a constant l e v e l .  

O f  the  seve ra l  configurat ions t e s t ed ,  only the  r e s u l t s  f o r  the  

model shown a t  the  l e f t  of Fig.  5.2 w i l l  be presented here.  In  t h i s  

p r t i c u l a r  configuration, the  conica l  bottom makes an angle of 30 deg 

with the  horizontal ,  and the  e n t i r e  discharge-dome r o t a t e s .  The lower 

p l o t  of F ig .  5.4 shows the average residence t i m e ,  i n  terms of numbers 

. of marbles removed, of each c i r c u l a r  r i n g  of con t ro l  marbles i n  each 

layer  p lo t t ed  aga ins t  the dimension.Less r ad ius .  

5.4 gives the  r e s u l t s  of subt rac t ing  the  "lower layer"  curve from the  

"upper layer"  curve and shows that the  flow of marbles i n  the  c y l i n d r i c a l  

p a r t  of the  ves se l  is p is ton- l ike .  The flow of marbles i n  the  c y l i n d r i c a l  

p a r t s  of the vesse ls  described i n  the  center  and right-hand arrangements 

of F ig .  5.2 w a s  a l s o  p is ton- l ike ,  with one s l i g h t  exception. In  the  case 

of the  discharge device i l l u s t r a t e d  a t  the  r i g h t ,  the  dome is  s t a t iona ry  

and does not r o t a t e ;  apparently the  dome w a s  not pe r f ec t ly  centered i n  
the model and the  ve loc i ty  d i s t r ibu t ion ,  while p i s ton- l ike ,  w a s  skewed 

t o  one s ide .  

dome. 

The upper p l o t  of Fig.  

This demonstrates the  a d v i s a b i l i t y  of having a r o t a t i n g  

The p is ton- l ike  flow of marbles found i n  the  c y l i n d r i c a l  p a r t  of 

the  core d id  not agree with da ta  obtained by the  Sanderson & Porter  

Company; t h e i r  r e s u l t s  showed a ve loc i ty  p r o f i l e  somewhat analogous -to 

a 
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. 

water flow i n  a pipe, t h a t  is ,  high a t  the center  and lower (but  not zero) 

a t  the w a l l s .  The model and p l a s t i c  bal ls  used by Sanderson & Porter a r e  

now a t  ORNL, and the Sanderson & Porter  r e s u l t s  have been confirmed using 

the technique described above. The Sanderson & Porter  model, which , i s  

smaller t h a n  the models i l l u s t r a t e d  i n  Fig.  5.2, w a s  used with p l a s t i c  

spheres r a t h e r  than g lass  marbles, but the discharge device,* although d i f -  

f e r e n t  from those i l l u s t r a t e d  i n  F ig .  5.2, w a s  expected t o  behave s imi la r ly .  

The differences i n t h e  ve loc i ty  d i s t r i b u t i o n s  were found t o  be due, 

i n  par t ,  t o  differences i n  model configuration, b u t , , i n  p a r t i c u l a r ,  t o  

differences i n  the coef f ic ien ts  of f r i c t i o n  of the mater ia ls  used. The 

s t a t i c  c o e f f i c i e n t  of f r i c t i o n  between spheres and a w a l l  w a s  determined 

from the force  required t o  start pul l ing  a p l a t e  v e r t i c a l l y  out of a bed 

of spheres, and the c o e f f i c i e n t  of f r i c t i o n  between randomly packed 

spheres and a f l a t  a r r a y  of spheres w a s  determined s i m i l a r l y  by pul l ing  

a t r a y  v e r t i c a l l y  out of the bed. 

diameter high and therefore  c a r r i e d  a layer  of spheres with it. The co- 

e f f i c i e n t s  of f r i c t i o n  were measured with the p l a t e  and t r a y  immersed 10 

sphere diameters i n t o  the bed. The data obtained a r e  given i n  Table 5.1. 

The t r a y  had sides 3/4 of a sphere 

*Pebble Bed Reactor Program Progress Report, Period of June 1, 1959, 
NYO-9071 (October 31, 1960). 

Table 5.1. S t a t i c  Coeff ic ients  of F r i c t i o n  Measured w i t h  
P l a s t i c  Spheres, Glass Marbles, and Graphite Spheres 

S t a t i c  Coeff ic ient  of 
F r i c t i o n  ( p s i )  

Spheres vs Spheres vs 
'F la t  P l a t e  Spheres 

Spec if  i c  
Gravity Material 

3/8-  i n .  p l a s t i c  spheres 1.19 0.013 0.027 
with p l a s t i c  p l a t e  or t r a y  

5/8-in. glass marbles with 2.58 0.048 0.119 

1 1/2-in. graphite spheres 1 .71  0.021 0.068 

p l a s t i c  p l a t e  or t r a y  

with graphite p l a t e  o r  t r a y  



The absolute d i f fe rence  between the  sphere-to-sphere and-p la te - to-  
sphere coe f f i c i en t  i n  Table 5 .1  i s  about 5 times as great f o r  the  marbles 

as it i s  f o r  the  p l a s t i c  spheres.  The r a t i o  of coe f f i c i en t s  is  a l s o  

g re s t e r  f o r  the  marbles, being 2.5 versus 2 . 1  f o r  the  p l a s t i c  spheres.  

It is  not known whether the  parameter that determines the  b a l l  flow pat-  

t e r n  is  the  r a t i o  of coef f ic ien ts ,  d i f fe rence  between coe f f i c i en t s ,  or 
some more complicated r e l a t i o n  invo:Lving such things as s o l i d  densi ty ,  

sphere diameter, or other  p rope r t i e s .  Both the  r a t i o s  and d i f fe rences  

are cons is ten t ,  however, i n  ind ica t ing  t h a t  it i s  the  comparative sphere- 

to-sphere and sphere-to-wall fo rces  that de te rmhe  whether the  flow is  

p is ton- l ike  . 
The importance of drag fo rces  on the  p a t t e r n  of b a l l  movement w a s  

indicated f u r t h e r  by 5ests i n  which sandpaper w a s  used t o  increase the  

drag of the  w a l l  on g lass  marbles. 

i n  a sandpaper-lined model showed ve loc i ty  p r o f i l e s  similar t o  those wi th  

p l a s t i c  spheres i n  a p l a s t i c  vessel , ,  r a t h e r  than the  f l a t  p r o f i l e s  ob- 

ta ined before wi th  marbles. The coe f f i c i en t  of f r i c t i o n  between a sand.. 

paper-covered p la te  and fia-’ole5 w a s  found t o  be 0.070, which gave a sphere- 

to-sphere vs plate-to-sphere r a t i o  of 1.7 and reduced the  d i f fe rence  

between the  two coe f f i c i en t s  t o  69% of what it w a s  without sandpaper. 

Coeff ic ients  of f r i c t i o n  values obtained wi th  1 1/2-in. uncoated 

Ball movement s tud ie s  with marbles 

graphi te  spheres and a graphi te  p l a t e  are given i n  Table 5.1. The r a t i o  

of coe f f i c i en t s  i s  3.2 ,  and the  d i f fe rence  i n  coe f f i c i en t s  i s  3 . 4  times 

Lhat of the  3/8-in. p l a s t i c  spheres ,  

cluded t h a t  the flow of f u e l  elements i n  the  c y l i n d r i c a l  p a r t  of the  PBRE 

core w i l l  be near ly  p i s ton - l ike .  This conclusion, however, involves the  

uncertain assumptions that the  f r i c t i o n  coe f f i c i en t s  of the  a c t u a l  f u e l  

elements w i l l  be similar i n  dry helium a t  r eac to r  conditions t o  those 

measured wi th  graphi te  spheres i n  air  a t  room temperature, and t h a t  the  

i i f t i n g  force  of upward flowing gas w i l l  not change the  b a l l  f low pa t t e rn .  

From t h i s  it can be t e n t a t i v e l y  con- . 

It should a l s o  be recognized t h a t  the  addi t ion  of ceramic sphere coat ings 

. or the  s l i t t i n g  of the  core w a l l  (as suggested t o  reduce stresses from 

rad ia t ion  shrinkage) could change the  coe f f i c i en t  of f r i c t i o n  enough t o  

s i g n i f i c a n t l y  a l ter  the  flow pa t t e rn .  A f u l l - s c a l e  model of t he  PBRE core 
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is  cur ren t ly  being b u i l t  t o  operate w i t h  upward flow of a i r  through a 

bed of 1 1/2-in. graphi te  spheres.  

severa l  of the unknown f a c t o r s  i n  ba l l -ve loc i ty  d i s t r i b u t i o n .  

Studies  using t h i s  model w i l l  resolve 

Although the preceding discussion has concerned only the  pa t t e rn  of 

b a l l  movement through the c y l i n d r i c a l  por t ion  of the  core, the converging 

sec t ion  a t  the  bottom i s  of equal importance and requi res  study. Clear ly  

th.e discharge device and the  core bottom must be shaped so that  no long- 

hold-up zones exist  i n  the  lower p a r t  of t he  core .  

important i n  the PBRE because of the  f l u x  peaking which occurs i n  t h a t  

region. 

This is  p a r t i c u l a r l y  

One example of the influence of the  discharge region on the  t o t a l  

residence t i m e  i n  t he  core can be seen  i n  the  curve f o r  the  upper layer  

of b a l l s  i n  Fig.  5.4. The spheres o r ig ina t ing  near the w a l l  were i n  the 

ccii'e 27% longer than those which passed through the most rap id ly ,  even 

though the i r  v e l o c i t i e s  were the  same i n  the  c y l i n d r i c a l  por t ion .  This 

difference,  however, i s  only 12% f o r  spheres s t a r t i n g  a t  the top of the 

ccre ,  r a t h e r  than half way up as i n  the experiment. Thus, r e l a t i v e l y  

uniform residence t i m e s  can be expected it' care  is  taken i n  the spec i f i c  

design of the lower core region.  
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6. REACTOR PHYSICS 

Fuel Composition 

There are two quan t i t i e s  t o  be f ixed  i n  regard t o  f u e l  composition, 

s ince both the  U235 and t h e  thorium content of t he  f u e l  can be var ied .  

The c r i t e r i a  which have been used are ,  f irst ,  tha t  t h e  t o t a l  weight per-  

centage of uranium plus  thorium i n  a f u e l  bal l  should be t h e  same as would 

be an t i c ipa t ed  i n  a f u l l - s c a l e  power reac tor ,  and, second, tha t  there  

should be su f f i c i en t  r e a c t i v i t y  t o  give t h e  same burnup dens i ty  ( f i s s i o n s  

per cubic cent imeter)  as would be an t i c ipa t ed  i n  a f u l l - s c a l e  reac tor .  

The f i r s t  c r i t e r i o n  gives  a f u e l  ba l l  matrix which has the  des i red  mechani- 

c a l  and physical propert ies ,  while t h e  second c r i t e r i o n  provides a mean- 

ingfu l  t e s t  of the  r ad ia t ion  s t a b i l i t y  and f iss ion-product  r e t en t ion  char- 

a c t e r i s t i c s .  The r a t i o  of thorium t o  uranium i n  t h e  f u e l  f o r  the experi-  

mental r eac to r  w i l l ,  of course, be much lower than i n  the  f u l l - s c a l e  r e -  

ac to r  because of the much higher neutron leakage from the  smaller core.  

The economic ana lys i s  t h a t  w a s  used t o  e s t a b l i s h  a reference design 

for a f u l l - s c a l e  power reac tor  of t he  pebble-bed type i s  described l a t e r  

i n  t h i s  sect ion.  

reasonable f u e l  composition f o r  t h e  PBRE would be 5 w t  % uranium plus  

thorium and that t h i s  f u e l  would have s u f f i c i e n t  r e a c t i v i t y  t o  give a 

burnup dens i ty  of 3.1 X lo1’ fissions/cm3 of f u e l  sphere. 

burnup dens i ty  i n  the  PBRE a t  an average power dens i ty  of 14.8 w/cm3 of 

f u e l  sphere requi res  a f u e l  l i f e t ime  of 2 . 1  years .  

The i n i t i a l  enrichment f o r  t he  PBRE f u e l  w a s  computed by ca l cu la t ing  

On the  b a s i s  of t h i s  ana lys i s  it w a s  concluded tha t  a 

To obta in  this 

the  keff f o r  equilibrium mixtures of nucl ides  where the  f i n a l  burnup w a s  

3.1 X 1019 fissions/cm3 of fue l ,  t he  i n i t i a l  uranium plus  thorium content 

of the f u e l  w a s  5 w t  $, and t h e  i n i t i a l  enrichment of t he  f u e l  w a s  allowed 

t o  vary. The equilibrium conditions were defined as those of graded ex- 

posure, i n  which the  f u e l  i s  wel l  mixed within the  core so t h a t  composi- 

t i o n  i s  not a funct ion of pos i t ion .  The equilibrium r e a c t i v i t y  cor re-  

sponding t o  various i n i t i a l  f u e l  enrichment i s  shown i n  F ig .  p6.1. 

enrichment of 58% w a s  chosen. 

f o r  shim cont ro l  and 0.02 k f o r  minimum cont ro l  rod poisoning. 

An 

The associated keff of 1.03 allows 0.01 k 
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I n  ca l cu la t ing  the  r e a c t i v i t y  of f u e l  on an equi l ibr ium cycle  it i s  

not intended t o  imply t h a t  t he  PBRE w i l l  ever a c t u a l l y  reach such condi- 

t i o n s .  I n  an experimental reac tor ,  w i t h  a p r i n c i p a l  a i m  of providing a 

t e s t  of f u e l  mater ia l s ,  it would be expected t h a t  var ious types and com- 

pos i t ions  of f u e l  spheres would be in se r t ed  from time t o  time and that 

f u e l  would be withdrawn f o r  a n a l y t i c a l  purposes, as wel l  as when d i c t a t e d  

by core r e a c t i v i t y .  The equi l ibr ium r e a c t i v i t y  does, however, provide a 

useful  yards t ick  by which t o  measure fue l - l i f e t ime  capab i l i t y .  If the  

PBRE i s  operated f o r  t he  f i r s t  p a r t  of i t s  l i f e t i m e  with no withdrawal 

o r  change i n  pos i t ion  of the  fue l ,  then s u b s t a n t i a l  r e fue l ing  w i l l  have 

t o  occur when the  average f u e l  exposure i s  a l i t t l e  l e s s  than  one-half 

t he  t a r g e t  value and the  maximum exposure ( the  ou te r  f u e l  l a y e r  a t  the  

bottom) i s  a t  approximately t h e  t a r g e t  value.  

r e inse r t ion  occurs during burnup of t h e  f i r s t  core loading, then substan- 

t i a l  re fue l ing  w i l l  be necessary when a l l  the  f u e l  approaches one-half 

i t s  t a r g e t  burnup. 

If some f u e l  removal and 

The c r i t i c a l i t y  ca l cu la t ions  were performed with t h e  one-dimensional 

multigroup GIW code. The burnup ca l cu la t ions  were done by a n a l y t i c a l  solu- 

t i o n  of t he  nuclide-concentration equations,  using the  e f f e c t i v e  c ros s  sec- 

t i o n s  from the  GNU ca l cu la t ions .  Xenon and samarium concentrat ions were 

computed e x p l i c i t l y ,  while t he  poisoning from the  remainder of t h e  f i s s i o n  

products w a s  allowed f o r  by the  e igh t  pseudo-elements taken from Nephew’s 

study.’ An i t e r a t i o n  between the  two types of ca l cu la t ions  w a s  done f o r  

each enrichment t o  assure  t h a t  t h e  e f f ec t ive  c ros s  sec t ions  corresponded 

t o  the  nuclide-concentrations being used. The r e s u l t s  of these  ca lcu la-  

t i o n s  a r e  given i n  Tables 6.1 and 6.2 f o r  58% enrichment of the  f u e l ,  

The burnup i n  t h e  PBRE would be 0.24 f i s s i o n s  per i n i t i a l  f i s s i l e  

atom o r  1 . 3  x lo5 Mwd/T of uranium p lus  thorium. The equi l ibr ium conver- 

s ion r a t i o  would be 0.080. 

of U235. 
f i s s i o n  c ros s  sec t ion  of f r e s h  f u e l  would be 1 . 2  times t h e  average value 

i n  the  core a t  equilibrium. 

The i n i t i a l  core loading would be 17.2 kg 

The i n i t i a l  spec i f i c  power would be 0.3 Mw/kg. The macroscopic 

’E. A. Nephew Thermal and Resonance Absorption Cross Sect ions of t he  
U233 , U235, and Pua3’ F iss ion  Products, ORNL-2869. (Jan. 18, 1960). 

I 
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. 

Table 6 1. Nuclide Concentrations of 5%%-Enriched Fuel 

Nuclide Concentrations 
(atoms per barn-cm of core volume) 

Fresh Fuel E qui 1 ibr i um Spent Fuel 

Nuclide 

~ ~~~ ~~ ~ ~ 

Th232 5.1% x 5.10 x 5.02 x 
p,233 . 7.47 x 10-8 7.75 x 10’8 ( 

6.23 x 10-7 1,22 x 10’6 

7.91 x 10’~ 6.66 x 5.55 x 10-~ 
2.63 x 4.93 x 10-6 

u233 

u2 34 

u235 

u236 

1.8% x 10-8 4.72 x 

5.50 x 5.32 X loe6 5.14 x u238 

Pu2 1.33 x 10-7 2.26 x 10-7 
xeI35 4.78 x 10-10 
sm1 9 4-48 x 4.48 x 

Specified Conditions 

N2 

N25 + N28 + NO2 
1. Fresh fuel-has = 0.58 

(235)N25 + (23%)N28 + (232)No2 

(235)N25 + (238)N28 + (232)No2 + 12$ 
2. Fresh f u e l  has = 0.05 

3 .  For a l l  nuclides the equilibrium concentration is 

t Nequil. 1 
= t Jo N(t) dt 

j 

4 .  t = 6.76 x lo7 sec 

\ 

’* Jot D .  N.(t) J 6 dt = 3,..1 x lo1’ fissions/cm3 of f u e l  
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Temperature Coeff ic ient  

A preliminary estimate of the magnitudes of the thermal-neutron- 

spectrum temperature coef f ic ien t  of r e a c t i v i t y  w a s  made by means of one- 

dimensional multigroup calculat ions (GNU code) . The calculat ions were 

done for the c lean core, t h a t  is, f o r  f u e l  w i t h  no burnup or f i s s i o n  pro- 

ducts.  I n  each case the calculat ions were f o r  isothermal conditions 

across the core and r e f l e c t o r .  

f i c i e n t  from the thermal-neutron spectrum of -1.2 X 10m5/"F. 

The ca lcu la t ion  gave a temperature coef- 

The temperature c o e f f i c i e n t  from Doppler broadening of the thorium 

resonance i n t e g r a l  w a s  calculated i n  two s teps .  F i r s t  the change i n  k 

r e s u l t i n g  from a change i n  thorium resonance in tegra l ,  I, w a s  computed 

w i t h  the GNU code t o  be 

'Then the change i n  resonance i n t e g r a l  f o r  a given change i n  temperature, 

T, was computed from the resonance parameters a t  a f u e l  temperature of 

1080°F. The r e s u l t  w a s  

Mult ipl icat ion of these two quant i t  ies gives the f u e l  temperature coef - 
f i c i e n t  

The combined temperature coef f ic ien t  i s  thus -1.6 x 10'5/0F, o r  

-2.9 X 10-5/0C. 

t r i b u t i o n  t o  t h i s  coef f ic ien t ,  so  the core c o e f f i c i e n t  alone should he 

more negative than the above value. Considerable improvement i n  the ca:L- 

culat ions w i l l  be necessary, however, before much re l iance  can be placed 

i n  the r e s u l t s .  I n  p a r t i c u l a r ,  the e f f e c t s  of changes i n  neutron spectrum 

as a r e s u l t  of neutron d i f fus ion  from r e f l e c t o r  t o  core must be explored 

by more elaborate  calculat ions than those used so  far i n  t h i s  study. A s  

a r e s u l t  of t h i s  uncertainty i n  temperature coef f ic ien t ,  the preliminary 

analog computer s tud ies  of reac tor  t r a n s i e n t s  have been c a r r i e d  out  with 

the temperature c s e f f i c i e n t  as =, p a r m e t e r .  

It i s  believed t h a t  the r e f l e c t o r  makes a pos i t ive  con- 
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The requi 

Reactor Control 

-ed amount of r e a c t i v i t y  con t ro l  i s  given bel07 

6k 

Temperature defec t  0.016 
Equilibrium xenon poisoning 0 * 018 
Equilibrium samarium poisoning 0.012 
Other f i s s i o n  products and burnup 0.044 
Shim cont ro l  0.010 

Tota l  0.100 

The cont ro l  rods a r e  loca ted  i n  t h e  r e f l e c t o r  where the re  i s  no i n t e r -  

ference with b a l l  flow o r  coolant flow from i n t e r n a l  boundaries. Since 

the  r eac to r  i s  l a r g e l y  r e f l e c t o r  moderated, it i s  possible  t o  obta in  suf- 

f i c i e n t  r e a c t i v i t y  cont ro l  with absorber rods outs ide the core.  

Calculat ions on t h e  e f fec t iveness  of con t ro l  rods were made f o r  

several  combinations of rod diameter and number of rods. The ca l cu la t ions  

were two-dimensional and four-group i n  (x, y )  geometry w i t h  t h e  c i r c u l a r  

cont ro l  rods approximated by squares. 

an approximate r e s u l t  could be obtained w i t h  a calculationa1,model i n  which 

the  rods were black t o  neutrons of each energy group. 

energy group accounted f o r  only 13% of the con t ro l  rod absorptions,  the 

With B4C rods it w a s  assumed that 

Since the  high- 

overestimate of con t ro l  rod e f fec t iveness  should not be l a rge .  The rods 

were located w i t h  cen ters  on a 40-in.-diam c i r c l e  ( 5  i n .  outs ide the core 

boundary). 

8 i n .  ou ts ide  t h e  core, ind ica t ing  t h a t  t h e  rods w i l l  be i n  a region of 

high thermal f lux .  

The r e f l e c t o r  thermal f l u x  peak reached a maximum a t  about 

The change i n  r e a c t i v i t y ,  6k, t h a t  w i l l  be obtained by complete i n -  

s e r t i o n  of t h e  rods i s  indicated i n  Fig.  6,2.  The design which w a s  chosen 

has 4 rods, each 3 i n .  i n  diameter. The B4C cont ro l  rods a r e  t o  be sup- 

ported from below by a graphi te  rod with a s t e e l  core. Hence t h e  r e a c t i v i t y  

e f f e c t  of t h e  s t e e l  core must be subtracted from the  ca lcu la ted  con t ro l  

rod e f fec t iveness .  This  e f f e c t  i s  shown i n  Fig.  6.3 as a funct ion of t h e  

diameter of t h e  s t e e l  core.  It w a s  concluded t h a t  0.01 8k would be an 
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adequate a l lowance ' for  t h e  e f f e c t  of t h e  s t e e l  core. An addi t iona l  0.03 

6k must be subtracted s ince the  rods are only 4 f t  long and do not blanket 

t h e  e n t i r e  core and r e f l e c t o r  when inser ted .  A 0.01 6k must be subtracted 

f o r  r e s idua l  poisoning after t h e  rods have been withdrawn t o  t h e  maximum 

design point,  with t h e  bottom of t he  ac t ive  sec t ion  1 f t  above t h e  core. 

The t o t a l  cont ro l  rod worth i s  then 0.21 6k, leaving a shutdown margin i n  

the  order of 0.11 6k. Further  ca lcu la t ions  w i l l  be required,  however, 

with more exact mathematical models of t h e  con t ro l  rods and surrounding 

regions, i n  order  t o  e s t ab l i sh  a prec ise  value f o r  t he  shutdown margin. 

Power and Flux Dis t r ibu t ion  

It i s  c h a r a c t e r i s t i c  of a s m a l l  pebble-bed r eac to r  that  t h e  thermal 

f l u x  shows very high peaking i n  the  r e f l e c t o r ,  and thus t h e  power dens i ty  

tends t o  be at  a maximum a t  t h e  outer  w a l l s  and ends of t he  core,  

c a l  power d i s t r i b u t i o n  i s  shown i n  the  curves of Fig. 6.4* These curves 

were computed f o r  the hot, c lean core and uniform a x i a l  and radial r e -  

f l e c t o r s  with void f r a c t i o n s  of 0.20 and 0.10, respect ively.  

rods w e r e  assumed t o  be f u l l y  withdrawn, so t h e  a x i a l  power d i s t r i b u t i o n  

i s  symmetrical about t h e  midplane of t he  core. 

A ty-pi- 

The cont ro l  

It i s  noteworthy that  the  highest  r a d i a l  power occurs near t h e  core 

w a l l s  where the gas flow i s  highest  because of t he  g rea t e r  void f r ac t ion .  

With the cont ro l  rods p a r t i a l l y  inser ted ,  the power would be depressed i n  

the  upper p a r t  of the core, and t h e  a x i a l  d i s t r i b u t i o n s  would be a t  a 

maximum at  the  bottom where the  gas temperatures would be lowest. 

these f a c t o r s  are . favorable  i n  l imi t ing  the maximum f u e l  temperature. 

Both 

The 'I scalloping" of t he  circumferent ia l  power d i s t r i b u t i o n  -that i s  

caused by the  presence of cont ro l  rods i s  indicated i n  Fig.  6.5.  It does 

not appear t o  be ser ious,  and, i n  any case, would be i n  a region of low 

power dens i ty  and would a f f e c t  only a small por t ion  of the  core. 

Axial power d i s t r i b u t i o n s  for t he  core with p a r t i a l l y  in se r t ed  con- 

t r o l  rods ( in se r t ed  as a bank) were obtained by doing two-dimensional calcu- 

l a t i o n s  i n  ( r , z )  geometry w i t h  t h e  cont ro l  rods represented by a homogeneous 

annulus, The group cross  sec t ions  f o r  t he  cont ro l  annulus were obtained by 
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specifying t h a t  they  should give the  same absorpt ions i n  each energy group 

as w a s  obtained i n  the  ca l cu la t ion  i n  which the  four  rods were represented 

e x p l i c i t l y .  Typical power d i s t r i b u t i o n s  a r e  given i n  Fig.  6.6. The e f -  

f e c t s  of p a r t i a l  con t ro l  rod i n s e r t i o n  on k and on the  r a t i o  of peak-to- 

average power a r e  shown i n  Figs .  6.7 and 6.8. 

Fast  Flux Di s t r ibu t ion  

The fast  flux d i s t r i b u t i o n  i n  the  core  and inner  por t ions  of t he  r e -  

f l e c t o r  i s  given i n  Fig.  6.9. The fast f l u x  a t  the  inner  surface of t he  

pressure vesse l  i s  of p a r t i c u l a r  i n t e r e s t  because t h i s  quant i ty  i s  con- 

t r o l l i n g  i n  determining t h e  r e f l e c t o r  thickness.  I n  t h i s  case t h e  f l u x  

of neutrons with energy g rea t e r  than 0.10 Mev i s  ca lcu la ted  t o  be 6 x lo9 
neutrons/cm2esec a t  t h e  inner  surface of t h e  pressure ves se l  a t  t he  r e -  

ac to r  midplane. 

r ad ia t ion  exposure must not exceed 4 X 10l8 neutrons/cm2, a l i f e t i m e  of 

21  years  of full-power (5-Mw) operation i s  obtained. 

Using as a design c r i t e r i o n  t h a t  t h e  pressure ves se l  

Ref lec tor  and Shield , 

The addi t ion  of a small amount of boron i n  the  outer  few inches of 

the  r e f l e c t o r  may have a number-of des i r ab le  e f f e c t s ,  although perhaps 

introducing some mater ia l s  development problems. A t e n t a t i v e  conclusion 

has been reached tha t  the  outer  4 in .  of the  r e f l e c t o r  should include 0.5 

w t  % boron. 

gamma-ray heating i n  the  pressure vessel ,  (2 )  reduction of b io log ica l  

sh i e ld  thickness  by as much as 2 f t  because of a decrease i n  pressure ves- 

s e l  capture gama rays, (3) reduction of sh i e ld  heat  load, and ( 4 )  r e -  

duction, by a l a rge  f ac to r ,  of the  pressure vesse l  ac t iva t ion ,  which gives  

a possible  advantage i n  performing major maintenance. Possible  disad-  

vantages a r e  (1) t h e  r i s k  of contaminating the  core with boron and ( 2 )  t he  

The advantages a r e  (1) reduction, by a l a rge  f ac to r ,  of t he  

reduction of t he  neutron f l u x  a t  t h e  loca t ion  of r eac to r  con t ro l  and sa fe ty  

instruments outs ide the  pressure vesse l .  

cussed b r i e f l y  i n  the  following paragraphs. 

Most of these  poin ts  a r e  dis-  



111 

. 

. 

2. 

1. 

1. 

1. 

1. 

1. 

0. 

0. 

. 

0 20 40 60 80 100 120 
Distance from Top of Core (cm) 

Fig.  6.6. Axial Traverses of Relat ive Power Density a t  Centerline 
as a Function of Control Rod Bank Inse r t ion  (Power Densi t ies  Normalized 
t o  an Average of 1.0 f o r  Ent i re  Core). 



112 

Unclassified 
0.24 

0.20 

0.16 

x 
> 
*A . x 

2 
2 0.12 

FI .A 

4 
8 0.08 

2 lo 

0.04 

0 

-0.04 

-3  -2 -1 0 1 2 3 4 

Depth of Rod B a n k  Insertion into Core (e) 

. 

Fig. 6.7. Di f fe ren t ia l  Control Rod Worth (Normalized t o  Zero a t  
Point of Maximum Allowable Control Rod Withdrawal). 



113 

. 

- 0  

- 

2.6 

2.4 

2.2 

2.0 

1.8 

Fig. 

Unclass i f  ied  

-3 -2 -1 0 1 2 

Depth of Inser t ion  in to  Core ( f t )  

6.8; Ratio of Peak t o  Average Power Density versus Depth of 
Inser t ion  of Control Rod Bank. 



114 

Unclassif ied 
ORNL LR DWG 64769 

8 

- u aJ 

k 
+.' 
5 s 
u 

3 
d 
Fr 

10 20 30 40 50 60 70 80 90 100 110 120 

Distance from Reactor Mid-Plane f o r  Axial Flux 
and Center l ine f o r  Radial  F l u  (cm) 

Fig. 6.9. Radial and Axial F l k  Traverses for Fast Flux (E > 0.18 
MeV) with Control Rods Withdrawn. 

. 

. 



" 1 

' I  
? .  

ii5 

, 'rp 

The heat ing from the  capture gama  rays i n  the  s t e e l  w a s  ca lcu la ted  
i n  three  energy groups f o r  t he  gama-ray sources,  The thermal-neutron 

f lux  w a s  taken from t h e  multigroup calculat ions,  i n  which it w a s  assumed 

t h a t  t h e  r e f l e c t o r  contained no boron, i n  order  t o  obtain a maximum pos- 

s i b l e  heat ing r a t e .  

thermal s t r e s s  at t h e  inner  surface of t he  pressure vesse l  was-then con- 

serva t ive ly  estimated t o  be only 360 ps i ,  ind ica t ing  t h a t  t h i s  f a c t o r  

would not be a problem, even without boron i n  t h e  r e f l e c t o r .  

The heat generation i s  shown i n  Fig.  6.10. The 

The dose rate a t  the outer  surface of t h e  main b io log ica l  sh ie ld  w a s  

estimated f o r  8- and 9 - f t  concrete thicknesses,  and f o r  0, 0.5 and 1% 

boron i n  the  outer  4 i n .  of t h e  r e f l e c t o r .  The r e s u l t s  of t h e  calcula-  

t i o n s  are summarized i n  Table 6.3. The s t rong e f f e c t  of small quan t i t i e s  

of boron i n  t h e  r e f l e c t o r  on shielding requirements, p r inc ipa l ly  on t h e  

reduction i n  pressure vesse l  capkure gamma rays,  i s  c l e a r l y  indicated.  

Table 6.3. Effec t  on Dose R a t e  at  Biological  Shield Surface 
of Boron Content of Ref lec tor  and Shield Thickness 

Dose Rate (mr/hr) 

No Boron 0.5% Boron 1% Boron 
Source 

8-ft Concrete Shield 

Core 0.285 0.285 0 285 
Ref l e c t o r  0.006 0.004 0.004 
Pre s sure ves se l  52.920 0.520 0.099 

0.269 0.215 Shield 3.228 
Neutron penetrat ion 0.304 0 282 0.265 

Tota l  65.74 1.36 0.87 

9 - f t  Concrete Shield 

Core 0.045 0.045 0.045 
Ref lec t  or  0.001 
Pressure ves se l  9.268 0 0 091 0.017 
Shield 0.483 0.040 0.032 
Neutron penet ra t ion  0.026 0.025 0.023 

Tota l  9.82 0.20 0.12 
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The calculat ions f o r  Table 6 . 3  were based on thermal neutron f luxes 

from the one-dimensional multigroup ca lcu la t ions .  

core w a s  obtained by using a n  equivalent l i n e  source, while the dose r a t e s  

from the r e f l e c t o r  and pressure vesse l  were obtained by breaking these 

regions i n t o  multiple equivalent plane sources and summing the contributions 

t o  the dose rate a t  the sh ie ld  surface.  The source s t rength  i n  the s h i e l d  

was estimated by assuming thermal-neutron absorption a t  one mean f r e e  path 

i n t o . t h e  sh ie ld  and fast-neutron penetrat ion at tenuat ion as predicted by 

removal-theory cross  sect ions.  

The dose rate from the 

The heat load on the inner surface of the b io logica l  sh ie ld  from 

neutron slowing down i n  the sh ie ld  and gamma rays  w a s  estimated f o r  each 

of the boronated cases s tudied.  The r e s u l t s  a r e  given i n  Table 6.4 .  In 

any event, the heat load from neutrons and gamma rays i s  much lower -;ban 

tiiat from thermal rad ia t ion  of the uninsulated pressure vesse l .  

t e n t a t i v e l y  chosen boron concentration (0 .5%)  may not give a s u f f i c i e n t l y  

high f l u x  f o r  the compensated ion chambers; a full-power f l u x  of 10’’ 

neu.trons/cm2 -see i s  desired.  

The 

Table 6 . 4 .  Effec t  of Boron i n  Reflector on Heat Load on 
Biological Shield Inner Surface 

Source 

~~~ ~~ ~ ~ ~ 

Heat Load on Shield (Btu/hr . f t2)  

No Boron 0.5% Boron 1% Boron 
~ ~~~ ~ ~ ~ 

Core 2.13 2.13 2.13 
R e f  l e c t o r  0.37 0.23 0.22 
Pressure vesse l  161. .LO 1.99 0.38 
Shield capture gammas 27.65 2.32 1.16 
Neutron slowing down 0.03 0.03 0.03 -- - 

Total 191. .3 6.7  3.9 

Calculations show that l i t t l e  increase i n  the f l u x  can be expected 

from a graphite thermal column, so the only way t o  increase the f l u x  is 

by decreasing the boron concentration i n  the r e f l e c t o r .  

of maximum f l u x  i n  the sh ie ld  vs dose r a t e  a t  the surface of the 8-f+ 
s h i e l d  (which a l s o  depends primaricr on f l u x  i n  the adjacent pressure 

A cor re la t ion  

. 
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vesse l )  shows that ,a f l u x  of lo1' neutrons/cm2.sec can probably be achieved 

with a surface dose r a t e  of 10 mr/hr. 

a l l  l imi ted  access  areas ,  t h i s  dose rate should be sa t i s f ac to ry .  

Since areas around the  sh i e ld  a re  

Economic Basis f o r  Reference Design 

Previous work a t  ORNL on a pebble-bed r eac to r  experiment* used as a 

reference design the  350-Mw(thermal) system described by Sanderson & P o r t e r ,  

The S.anderson & 

(8.8% T h  p lus  U ) .  

of f u e l  composition on f u e l  cycle  c o s t s  w a s  undertaken i n  order  t o  def ine 

3 

t e r  design used f u e l  balls w i t h  10 w t  % U02 p lus  Tho;! 

Therefore, f o r  t h i s  study, an ana lys i s  of t h e  e f f e c t  

a l i s t i c  reference design. While it i s  r ea l i zed  t h a t  some 

of t h e  cos t  data are not very w e l l  known, it w a s  hoped t h a t  a cos t  ana lys i s  

could de l inea te  the range of compositions of i n t e r e s t  and a l s o  point  out  

which c o s t s  are most important. 

The f u e l  l i f e t i m e  f o r  each of a wide range of i n i t i a l  f u e l  composi- 

t i o n s  w a s  taken from a recent  parametric study of homogeneous, g raphi te -  

moderated reactors. '  It w a s  i m p l i c i t l y  assumed that the  r eac to r  w a s  op- 
, 

erated on an equilibrium f u e l  cycle,  with graded exposure, t h a t  t h e  core 

leakage p robab i l i t y  

and t h a t  s u f f i c i e n t  

poisoning. 

The f u e l  cycle 

1. fab r i ca t ion  of 
thorium, 

2.  f ab r i ca t ion  of 

w a s  0.05, t h a t  0.01 k w a s  ava i lab le  f o r  shim control ,  

r e a c t i v i t y  w a s  provided t o  overr ide peak samarium 

cos t  items included were t h e  following: 

coated p a r t i c l e s  a t  $0.175 per gram of uranium plus  

f u e l  spheres at  $1.10 pe r  sphere, 

3.  'head-end reprocessing at  $30.39 per  kilogram of uranium plus  thorium 
plus  graphite,  

2A. P. Fraas  e t  al., Preliminary Design of a l O - M w ( t )  Pebble-Bed Re- 

3Sanderson & Porter ,  Pebble-Bed Reactor, P a r t  2: 

a c t o r  Experiment, ORNL CF-60-10-63 rev.  (May 8, 1961). 

S&P 1963 (May 1, 1958). 
System Analysis, 

. 

'R. S. Carlsmith and A. M. Perry, Effect  of F iss ion  Products on Fuel 
Reac t iv i ty  Lifetime, ORNL-TM-41 (Oct .  30, 1961) 
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"Thorex" recovery processing a t  $34,000 per day f o r  600 kg of thorium 
per  day or 44 kg of uranium per  day, whichever was smaller;  t h i s  in -  
cludes one day of turn-around t i m e  per  day of operation and assumes 
t h a t  t h e  throughput r a t e  i s  s o  small t h a t  shipments of less than 8 
days plant  capaci ty  a re  made, 

U235 makeup a t  $13.70 per gram,5 

thorium makeup a t  $0.017 per gram ($7.72 per  pound), ' 
use charge on t h e  U235 a t  4.75% per year; t h e  amount of f i ss ionable  
mater ia l  included' was ( a )  t h e  equilibrium amount of U233 plus  U235 
i n  t h e  core, (b)  275 days supply of U235 ' in  f r e sh  f u e l  being f ab r i -  
cated, and ( c )  275 days supply of U233, U235,  and Pa233 i n  spent f u e l  
being reprocessed, 

t h e  working c a p i t a l  charge on thorium a t  12.5% of i t s  value,' 

t h e  working c a p i t a l  charge on fbel f ab r i ca t ion  cost  (items 1 and 2) 
a t  60% of 12.5% of i t s  cost, '  

c r e d i t  for a l l  U233, U235, and Pa233 recovered, and 

c r e d i t  f o r  a l l  thorium recovered. 

Athermal  e f f i c i ency  of 40% and a p lan t  f a c t o r  of 80% were assumed. I n  

any case i n  which t h e  t o t a l  cos t  of items 3, 4, and 7c exceeded t h e  c r e d i t  

from items 10 and 11, t h e  case was designated a "throw-away cycle" and a l l  

cos t s  and c r e d i t s  f o r  these  items were omitted. Most of t h e  cases of in-  

t e r e s t  were throw-away cycle cases, because of t h e  high cos t  of t h e  head- 

end reprocessing and t h e  low concentration of recoverable mater ia l .  The in-  

c lusion of items 8 and 9 should be noted. These a r e  f ixed-cost  items which 

a re  of ten  not associated with the  f u e l  cycle. However, it i s  appropr5ate 

t o  consider t h e i r  e f f e c t  on optimum f u e l  composition whether they  a re  in-  

cluded i n  t h e  f u e l  cycle cost  or elsewhere. 
The cos ts  f o r  1 1/2-in. -diam f u e l  spheres a re  given i n  Figs. 6.11, 

6.12, and 6.13. I n  conjunction with t h e  f u e l  cos ts  it i s  necessary t o  

consider an addi t iona l  parameter, t h e  r a t i o  of peak-to-average power den- 

s i t y  caused by deplet ion of t h e  macroscopic f i s s i o n  cross  sec t ion  during 

burnup (independent of s p a t i a l  va r i a t ions  of t h e  f l u x ) ,  as  indicated i n  

Figs. 6.14, 6.15, and 6.16. A high value f o r  t h i s  power r a t i o  implies a 

low average core power densi ty  and, consequently, excessive c a p i t a l  costs .  

The range of f u e l  compositions of i n t e r e s t  i s  chosen by specifying, 

somewhat a r b i t r a r i l y ,  t h a t  t h e  f u e l  cycle cos t  be less than 1.8 mills/kwhr 
~~ 

'Nuclear Power Plant  and Cost Evaluation, Vol. 4, USAEX, Division of 
React or Development. 

. 
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Fig. 6.15. Effect of Burnup on Peak-to-Average Power Density Ratio 
Function of I n i t i a l  Thorium-to-Uranium Ratio and Average Power Den- 

s i t y ;  Graded Exgosure, I n i t i a l  C a r t ~ o n - t o - U ~ ~ ~  Rat io  of 4000. 
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of e l e c t r i c i t y  and t h e  peak-to-average power r a t i o  from burnup be less 

than 2.0. The fuel compositions which meet these  conditions a re :  

NC/N2’ 
N 0 ? / N 2 5  yranium + Thorium 

(wt; %> 
4000 e-12 , 4.2-5.9 
2000 5.5-7 5.9-7.2 

Fuel cycle cos ts  were a l s o  computed f o r  2 1/2-in.-diam f u e l  spheres 
6 

on the  same bas i s  as  t h a t  used f o r  ana lys i s  of t h e  1 1/2-in.-diam spheres,  

An addi t ional ,  s l i g h t l y  dubious, assumption was made t h a t  t h e  f u e l  sphere 

f ab r i ca t ion  cos t  would remain $1,10 per  sphere, regardless  of t h e  sphere 

s i z e .  The r e s u l t s  a r e  given i n  Figs. 6.17, 6.18, and 6.19. The p r inc ipa l  

difference i n  cos t  between the  reac tors  w i t h  1 1/2-in.  -diam spheres and 

those with 2 1/2-in. -diam spheres is  an advantage i n  t h e  order of 0.4 

mills/kwhr of e l e c t r i c i t y  f o r  t h e  la t ter .  

i s  s h i f t e d  s l i g h t l y  toward t h e  more l i g h t l y  loaded systems (higher  carbon- 

to-uranium r a t i o ) ,  but  t h e  range of i n t e re s t ing  f u e l  compositions i s  es -  

s e n t i a l l y  t h e  same. 

The optimum f u e l  composition 

Although t h e  fuel cos ts  f o r  both sphere s i z e s  have been p lo t t ed  over 

a wide range of power dens i t ies ,  it should be kept i n  mind t h a t  not a l l  

these  power dens i t i e s  a r e  a t ta inable .  I n  an upflow core t h e  power dens i ty  

i s  l i m i t e d  by bed f loa t a t ion ,  I n  t h i s  case t h e  smaller spheres would i m -  

pose a lower l i m i t  than t h e  l a r g e r  spheres. 

l imi t a t ions  on maximum sphere temperature and on maximum sphere power 

densi ty  a s  a r e s u l t  of thermal s t r e s ses .  These l imi ta t ions ,  which have 

not ye t  been prec ise ly  determined, would be more severe w i t h  l a r g e r  spheres. 

There are a l s o  l i k e l y  t o  be 

For t y p i c a l  reference design points  near t h e  optimum, the  cases given 

i n  Table 6.5 may be considered. The cos t s  i n  t h i s  t a b l e  a r e  t h e  fuel 

cycle cos ts  only, t h a t  is, t h e  working c a p i t a l  charges on thorium and f u e l  

f ab r i ca t ion  cos t  which were included i n  t h e  previous discussion a re  ex- 

cluded here ., 
The two cost  items which seem most uncer ta in  a r e  t h e  head-end re- 

processing (d isso lv ing  the  uranium and thorium from spent fuel elements) 

and f u e l  fabEication, including coa ted-par t ic le  f a b r i c a t  ion. With both 

items t h e  uncertainty a r i s e s  from t h e  f a c t  t h a t  no la rge-sca le  experience 
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Table 6.5. Pebble-Bed Reference Designs 

Fuel sphere diameter, 

i\iC/Nz5 i n  f r e sh  fuel 

N02/N25 i n  f r e sh  f u e l  

Uranium plus  thorium 
i n  f r e sh  fue l ,  w t  % 

Core average s p e c i f i c  
power, Mw/kg of f i s -  
s i l e  mater ia l  

density,  w/cm3 

s ion  r a t i o  

mills/kwhr of e lec-  
t r i c  i t y  

Peak-to-average power 
r a t i o  from burnup 

Fuel l i fe t ime,  
f iss  i o n s / i n i t  i a l  
f i s s i le  atom 

Fuel l i fe t ime,  f i s -  
sion/cm3 of f u e l  
sphere 

in.  

Core average power 

Core average conver- 

Fuel cycle cost ,  

1.5 2.5 1.5 2.5 

4000 4000 2000 2000 
10 10 6 6 

5.0 5.0 6.3 6.3 

3.1 3.1 2.8 2.8 
f 

9.0 9.0 16 16 

0.64 0.64 0.61 0.61 

1.6 1.5 1.4 1.3 

1.7 1.7 1.5 1.5 

1.5 1.5 1.2 1.2 

i s  ava i lab le  upon which t o  base cos t s  - and indeed, t h e  exact processes 

have not been defined. O f  t h e  two, t h e  f u e l  f ab r i ca t ion  cos t s  appear t o  

have t h e  most dec is ive  e f f e c t  on t h e  system. A d i f f e r e n t  r a t i o  of coated 

p a r t i c l e  cost  t o  f u e l  sphere cos t  would lead  t o  d i s t i n c t l y  d i f f e r e n t  values 

f o r  optimum f u e l  composition. 

could make t h i s  type of reac tor  impractical .  

A very much higher f u e l  f ab r i ca t ion  cos t  - 



7. COOLANT SYSTEM ACTIVITIES AND IMPURITIES 

The helium coolant of the PBRE w i l l  be contaminated by both radio-  

ac t ive  and chemically ac t ive  impuri t ies ,  The concentration of radioac- 

t i v i t y  i n  the coolant has s ignif icance i n  two respec ts :  (1) the circu-  

l a t i n g  a c t i v i t y  i t s e l f  presents  shielding and hazards problems, and ( 2 )  

a c t i v i t y  deposited from the coolant onto surfaces  adds t o  the shielding 

requirements and increases the  d i f f i c u l t y  of maintenance. The maJor 

radioact ive contamination w i l l  cons is t  of f i s s i o n  products and t h e i r  

daughters, although there  w i l l  a l s o  be r e l a t i v e l y  in s ign i f i can t  quanTities 

of tritium, ac t iva ted  corrosion products, and ac t iva ted  coolant impuri t ies .  

In  determining the  requirements f o r  a fission-product cleanup system, 

spec i f i c  a t t e n t i o n  w a s  given t o  xenon, krypton, and iodine, which a re  ex- 

pected t o  contr ibute  s t rongly t o  the coolant stream a c t i v i t y .  Other spe- 

c i e s  may a l s o  be qu i t e  important, f o r  example, strontium, with regard t o  

hazards, or barium and cesium, with regard t o  shielding and maintenance; 

not  enough i s  known about t h e i r  mobi l i t i es ,  however, t o  permit considera- 

t.ion of t.heir behavior i n  the design of the p ix i f f ca t ion  system. 

The chemically ac t ive  contaminants may cons is t  of (1) oxidiz-ing i m -  

p u r i t i e s ,  such as water, carbon dioxide, and oyygen; ( 2 )  reducing i m -  

p u r i t i e s ,  such as hydrogen and carbon monoxide; and ( 3 )  r e l a t i v e l y  inerz  

impurit ies,  such as nitrogen. These impuri t ies  a r e  introduced by graph- 

i t e  outgassing, by system inleakage during normal operation, by makeup 

helium, and by the  necessi ty  f o r  opening the primary system during main- 

tenance and inspect ion.  The major r e s t r i c t i o n  on the concentrations of 

chemical contaminants i n  the PBRE is  associated with l imi t ing  damage t o  

the f u e l  and the r e f l e c t o r .  A t  the  low contaminant l eve l s  imposed by 

graphi te ,  there  should be no problems of compat ibi l i ty  between 

and metals. 

Pur i f ica t ion  System 

The helium pur i f i ca t ion  system provided f o r  the PBRE and I 

the coolant 

e s c r  ibed 

i n  Sect ion 3 is  composed of a fission-product delay t r a p  and a chemical 

cleanup system that operate i n  p a r a l l e l .  A por t ion  of the  t o t a l  reac tor  
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coolant system flow i s  diver ted through each pa th  and them combined and 

returned t o  the coolant system by an aux i l i a ry  compressor. 

product delay t r a p  i s  composed of charcoal beds t h a t  operate a t  room tern- 

pera ture .  The chemical cleanup system contains a heated CuO bed f o r  the  

oxidation of CO and H2, followed by a room-temperature molecular-sieve 

adsorber f o r  the removal of CO, and H20. 

The f i s s i o n -  

Gaseous Fiss ion-lroduct  Act iv i ty  . 
In a previous study of the  PBREi1 the  thermal power of the  reac tor  

was 10 Mw, the  coolant pressure w a s  1000 ps ia ,  the  main coolant flow rate 

w a s  11 lb/sec,  and the helium w a s  heated from 550 t o  1250°F i n  passaie  

through the oore region.  Based on 1% bypass flow through the  f i s s i o n -  

prcduct cleanup system, the delay t r a p  was s ized  t o  give a 30-min hoidup 

t i m e  f o r  krypton, a 6-hr holdup time for xenon by dynamic adsorpt ion i n  

the charcoal bed, and i r r e v e r s i b l e  removal of a minimum of 99.9% of the 

iodine contained i n  the  bypass stream. Deposition of iodine on other  

surfaces  w a s  not, considered, although some adsorption may occur on the 

colder surfaces  i n  the system. 

A t  the  operat ing conditions cur ren t ly  proposed'for the  PBRE, t h a t  

is, a thermal power l e v e l  of 5 Mw, a coolant pressure of 500 ps ia ,  a 

helium flow r a t e  of 5.4 lb/sec, a temperature r ise across  the  r eac to r  

core from 550 t o  1250"F, and l$*bypass flow t o  the delay t rap ,  an adsorber 

bed of the s i z e  previously considered would have e s s e n t i a l l y  the same 

holdup t i m e s  and minimum iodine-removal e f f i c i ency .  The decontamination 

f a c t o r s  which would be obtained f o r  xenon, krypton, and iodine,  and the 

system a c t i v i t y  l e v e l s  based on the  f iss ion-product-release rates given 

i n  Section 10 a r e  l i s t e d  i n  Table '7.1. Since the turnover time of the  

reac tor  helium'inventory through the f iss ion-product  t rapping system i s  

approximately 20 t o  25 min, the  delay t r a p  w i l l  have l i t t l e  e f f e c t  on 

the  a c t i v i t y  due t o  shor t - l ived  (<5-min h a l f - l i f e )  rad ioac t ive  species  

i n  the coolant.  

D 

In  addi t ion,  the a c t i v i t y  from the very long-lived species ,  

'A. P. Fraas e t  a l . ,  Preliminary Design of a 10 Mw( t )  Pebble Bed 
Reactor Experiment, ORNL CF-60-10-63, r ev .  (May 1961). 



13 3 

Table 7 . 1 .  Decontamination Factors and System Activi ty  Levels 

Act ivi ty  i n  Coolant ( c u r i e s )  
Decontamination 

Without With Factors 
Isotope Half-Life 

Pur i f ica t ion  Pur i f ica t ion  

114 m 
4.36 h 
10.6 y 
78 m 
2.77 h 
12 d 
2.3 d 
5.27 d 
9.13 h 
8.05 d 
2.4 h 
20.8 h 
52.5 m 
6.68 h 

1.7 
7 . 9  

28.6 
7 .\7 

15.5 
1.7 
3.0 

198 
62 
102 
102 

75 
17.8 
38 

0.82 
3.8 

20.0 
3.9 
7.5 
0.14 
0.21 

13.9 
5.3 
0.16 

14.7 
1.1 
4 .7  
1.7 

2.0 
2 . 1  
1.4" 
2.0 
2 . 1  

11.7 
14.0 
14.3 
11.8 

6.9 

3.8 

630 

69 

23 

To t a l  661 78 

a Effec t  of 0 1% per day leakage. 

t y p i f i e d  by 10.6-y Kr85 w i l l  not be s i g n i f i c a n t l y  reduced by the delay 

t r a p  because p r a c t i c a l  holdup times w i l l  be s h o r t  compared w i t h  the half- 

l i v e s .  The delay t r a p  w i l l  be of s i g n i f i c a n t  value i n  i t s  e f f e c t  on the 

noble gases having h a l f - l i v e s  of the same order of magnitude as the eco- 

nomically obtainable delay t i m e s  and on those species which are s t rongly 

adsorbed on charcoal (for example, the iodine i so topes) .  Other; radioac- 

t i v e  species that  have condensed or reacted w i t h  other materials present  

i n  the helium c i r c u i t  w i l l  a l s o  be e f f i c i e n t l y  f i l t e r e d  by the charcoal 

bed if  they a r e  c a r r i e d  t o  t h i s  point  by the helium stream. It is  f e l t ,  

however, t h a t  most of these f i s s i o n  products w i l l  be deposited a t  various 

points  i n  the coolant c i r c u i t  as carbides,  metals, or oxides, and t h a t  

only a s m a l l  por t ion of these mater ia ls  malntained i n  suspension i n  I : 

the  gas stream w i l l  ever enter the fission-product t r a p .  

It is possible  t o  reduce the a c t i v i t y  i n  the coolant by increasing 

t b e  f r a c t i o n  of coolant bypassed t o  the cleanup system or by increasing 

. 
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the delay time of t he  charcoal beds. A s i g n i f i c a n t  improvement could 

not be made by increasing the  side-stream flow, however, without going 

t o  an undesirably la rge  bypass f r a c t i o n .  

t o  make an appreciable increase i n  delay t i m e .  Increasing the  delay by 

a f a c t o r  of 10, which would requi re  a tenfo ld  increase i n  the  s i z e  of 

The charcoal  t r ap ,  would only reduce the  t o t a l  a c t i v i t y  of the  nuclides 

l j s t e d  i n  Table 7 .1  from 78 t o  51 c u r i e s .  

as a r e f r i g e r a t e d  or a liquid-nitrogen-cooled charcoal  t r ap ,  t h a t  would 

give e s s e n t i a l l y  i n f i n i t e  holdup times would reduce the  t o t a l - a c t i v i t y  

value of Table 7 . 1  only t o  29 cu r i e s .  Since there  w i l l  be a c t i v i t y  de- 

posi ted i n  the  coolant system that is not a f f ec t ed  by side-stream pur i f i ca -  

t i o n  a t  a l l ,  it does not appear worthwhile t o  provide a more e labora te  

pu r i f i ca t ion  system than the one se lec ted .  

It does not appear advantageous 

Provision of a system, such 

DeDosited Fission-Product Act iv i ty  

Detai led knowledge of the  types and amounts of a c t i v i t y  t h a t  w i l l  

deposi t  throughout the coolant system woi i ld  be of great, value i n  the  

design of t he  PBRE. Information on spec i f i c  nuclides is  needed so t h a t  

gamma energy l e v e l s  and ha l f - l i ves  can be considered i n  evaluat ing sh ie ld-  

irig requirements and planning maintenance procedures; knowledge of chemi- 

c a l  forms would be he lpfu l  i n  preparing decontamination procedures. Un- 

for tuna te ly ,  there  i s  l i t t l e  information ava i l ab le  on the  behavior of 

ncngaseous f i s s i o n  products, and much of w h a t  is  ava i lab le  appears t o  

b e  contradictory.  Thus the  present  inexact knowledge of escape of a c t i v i t j  

from the  f u e l  is  compounded by greater unce r t a in t i e s  regarding the  mobil i ty  

and deposi t ion of a c t i v i t y  i n  the  system. 

The deposi t ion problem i s  discussed i n  Section 16 and a research  

program f o r  obtaining the  needed da ta  is out l ined .  Operation of the  PBRE 

w i l l ,  of course, provide valuable information ,on a c t i v i t y  d i s t r i b u t i o n  

i n  a reac tor ,  and t h i s  represents  ai1 important object ive of t he  experi-  

ment. 

chambers w i l l  be mounted a t  t y p i c a l  loca t ions  throughout the  r eac to r  

system t o  record gross a c t i v i t y  buildup on the  primary piping, r eac to r  

To f a c i l i t a t e  the  study of a c t i v i t y  deposi t ion i n  the  PBRE, ion 
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components, charcoal beds, etc, ;  a multichannel analyzer and s c i n t i l l a t i o n  

detector  w i l l  be arranged so t h a t  sect ions of the heat exchanger and flow 

system can be probed a f t e r  shutdown t o  ident i fy  longer l ived  f i s s i o n -  

product species ( the  analyzer w i l l  a l s o  be used t o  ident i fy  a c t i v i t i e s  

i n  the decontamination so lu t ions) ;  removable dummy tubes w i l l  be i n s t a l l e d  

i n  the heat exchanger t o  give more exact knowledge of plateout;  and a 

charged-wire analyzer w i l l  continuously monitor the coolant gas and .iden- 

t i f y  the f i s s i o n  products present .  

In s p i t e  of the many uncer ta in t ies  involved, it i s  usefu l  t o  e s t i -  

mate the l e v e l  of deposited a c t i v i t y  i n  order t o  e s t a b l i s h  the magnitude 

of the unshielded rad ia t ion  t o  be encountered i n  maintenance of the PBm. 

This has been done making the following assumptions: 

1. The nuclides Br, I, K r ,  Xe, Rb, C s ,  Se, Te, Sr, Ba, and Ce escape 

from the f u e l  a t  the  rate given by Eq. (l), Section 10, with the ha l f -  

l i f e  used i n  the equation being the sum of the half  l i v e s  of the nuclide 

and i t s  mobile precursors. '  

2 .  Except f o r  the noble gases, a l l  the elements which escape and 

! t h e i r  daughters deposit  on surfaces i n  the primary system. 

3. The p u r i f i c a t i o n  system has no e f f e c t  on a c t i v i t y  deposi t ion.  

4 .  The reac tor  had operated a-c f u l l  power f o r  two years .  

Table 7 .2  l i s t s  the a c t i v i t i e s  of those gamma e n i t t e r s  (of a l l  energ-ies) 

having chain y ie lds  exceeding 0.1s and h a l f - l i v e s  l e s s  than lo5  y which 

the ana lys i s  ind ica tes  would be deposited i n  the primary system. The 

values i n  Table 7 .2  a r e  conservative i n  t h a t  equal mobili ty i s  ascribed 

t o  C e ,  Ba, S r ,  and the other l i s t e d  nuclides and t o  the noble 'gases;  no 

allowance i s  made f o r t h e  e f f e c t  of the p u r i f i c a t i o n  system ( i n  c o n t r a s t ,  

f c r  example, with the assumption made regarding iodine i n  es t imat ing c i r -  

cu la t ing  a c t i v i t y ) .  

I f  the a c t i v i t y  indicated i n  Table 7 .2  were deposited uniformly on 

a l l  metal  surfaces  i n  the PBRE (-1500 f t 2 ) ,  the dose rate outs ide one of 

the l i n e s  between the blower and heat exchanger, f o r  example, would be 

about 35 r/hr during operation. Because much of the dose rate i s  con- 

t r i b u t e d  by long-lived hard-gamma a c t i v i t y ,  the l e v e l  would only fal:L t o  

26 r/hr one day a f t e r  shutdown and 'GO 22 r/hr after one week. Resu1:;s 

. 
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Table 7.2. Fission Products Deposited i n  System 

Deposited Ac t iv i ty  ( c u r i e s )  
Rat io  of Release Rate 

t o  B i r t h  Rate, R/B During After After Nuclide 

Operation One Day One Week 

Se -85 
Br-83 

- 84 
-87 

Rb-88 
Sr-91 
Y-90 
-9h 
-91 
-92 
-93 
- 94 
Zr-95 
-97 

Nb-93m 
-95 
-9% 
-97 

Sb-126 
-127 

Te - 129m 
-129 
-13h 
-131 
-132 
-133m 
- 133 

1-131 
2132 
-133 
- 134 
-135 
CS-138 
Ba-137m 

- 139 
- 140 

La-140 
- 141 
- 142 

Ce-141 
- 143 
- 144 
- 146 

Pr - 144 
- 146 

x 1 

0.04 
0.1 
0.04 
0.007 
0.1 
0.1 

30.0 
0.06 
0.06 
0.9 
0.02 
0.01 
0.0001 
0.0001 
0.02 
0.02 
0.0001 
0.0001 
0.1 
0.6 

1.7 
0.1 
0.3 
0.05 
0.1 
0.06 
0.06 
1.0 
0.1 
0.2 
0.07 
0.1 
0.5 

30.0 
0.07 
1.0 
1.0 
0.03 
0.02 

5.2 
0.3 
5.0 
0.02 
5.0 
0.02 

Total 

0.35 
2.0 
2.1 
0.54 

17 
46 
320 

15 
25 

5.9 

5.9 
3.0 
0.27 
0.27 
1.9 
0.27 
0.27 
0.27 
0.81 
6.2 
24 
0.59 
5.9 
6.5 
3.2 
12 
16 

120 
32 
73 
25 
40 
3.2 

380 
17 
270 
270 
8.4 
5.1 

1300 
95 

1300 
4.1 

1300 
4.1 

5700 

14 
320 
3.5 

2.2 
1.8 

15 

0.27 
0.13 
1.9 
0.27 
0.13 
0.13 

6.2 
24 

2.5 

110 
29 
4 4  

6.5 

380 

250 
260 

1300 
66 

1300 

1300 

- 
5400 

320 

15 

0.22 

1.9 
0.27 

2.1 
21 

85 
16 

380 

190 
230 

1300 

1300 

1300 

- 
5100 

. 
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from the few p la teout  experiments*” performed t o  date  suggest t h a t  most 

of the a c t i v i t y  ac tua l ly  w i l l  not be d i s t r ibu ted  uniformly, as assumed, 

but  w i l l  be deposited p r inc ipa l ly  i n  cooler regions i n  the core and r e -  

f l e c t o r  and on low-temperature surfaces,  such as the heat exchanger. 

This i s  not f u l l y  reassuring,  however, with regard t o  a component such 

as the blower, s ince i n  some cases accumulation of a c t i v i t y  i n  high- 

turbulence f low-separation regions has been observed. 

, 

Considering a l l  the  unce r t a in t i e s  i n  t h i s  ana lys i s ,  l i t t l e  can be 

concluded with confidence. The r e s u l t s  do ind ica te ,  nevertheless,  t h a t  

r ad ia t ion  l eve l s  w i l l  be low enough f o r  semiremote maintenance of most 

PBRE components t o  be p r a c t i c a l  without decontamination. Whether d i r e c t  

approach t o  components exposed t o  the primary helium w i l l  be possible  can- 

not be determined u n t i l  more knowledge i s  obtained of f iss ion-product  

t ranspor t  and deposi t ion phenomena, as wel l  as f iss ion-product  escape 

from the  f u e l  and the f e a s i b i l i t y  o f - i n  s i t u  decontamination. 

1 

Oxidizing Impurit ies 

Coated Fuel 

The allowable l e v e l  of oxidizing impuri t ies  i n  the PBRE coolant stream 

is primari ly  a funct ion of the amount of graphi te  oxidation which can be 

sustained i n  the  core region without compromising the operation of the 

r eac to r  system. 

r e s i s t a n t  coating, the moderator graphi te  i s  the  primary t a r g e t  of a t t ack .  

Since the  moderator graphi te  i s  massive compared with the f u e l  spheres, 

has a general ly  lower operating temperature, and a lower surface-to-volume 

r a t i o ,  coolant p u r i t y  is less c r i t i c a l  i n  t h i s  case.  

If the  f u e l  spheres a r e  protected by; an oxidation- 

- 

If, on the other  

*P. K .  Conn e t  a l . ,  Isotope Deposition Hazards i n  Gas-Cooled Reactors, 
Annual Meeting ANS, Gatlinburg, Tenn. (June, 1959). 

3J .  M .  Tpbin e t  a l . ,  An Experience i n  the Plateout  of F iss ion  Products 
from Helium Gas Stream, TID-7610 (October, 1960). 

‘M. F.  Osborne, Fission-Product Deposition and Decontamination of 13NL 
Gas-Cooled Loop, ORNL CF 61-7-49 (July,  1961). 

5M. N .  Myers, Laboratory Plate-Out Study I: 
i n  CTF During IET 2 1  and 25, APEX-617 (April ,  1961). 

Special. Loop Ins t a l l ed  

c - 
. 
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hand, u/ncoated f u e l  i s  used, the f u e l  b a l l s  themselves must be assumed 

t o  absorb most of the damage, and coolant p u r i t y  becomes extremely c r i t i c a l .  

I n  a d e t a i l e d  design study of the p u r i f i c a t i o n  system6 f o r  a PBRE 

using coated f u e l  spheres, the following assiunptions were made: 

1. Water inleakage w a s  l imi ted  t o  0.1 lb/day. I 

2.  The allowable graphite burnup w a s  1% of the core, exclusive of 

fuel spheres, during a two-year period. 

' 3 .  Steady-state graphite outgassing w a s  0.003 f t 3  (STP)/ft3 of 

graphite,  and the gas w a s  composed cf 50% C 0 2 ,  10% CO, 15% H 2 0 ,  and 25p 

hydrocarbons. 

4 .  Oxidation by H 2 0  w a s  i r r e v e r s i b l e  according t o  the equation 

H2O + C - H2 + CO . 

5 .  Oxidation by CO, w a s  control led by the r a t e  of mass t r a n s f e r  

across a gas f i lm. 

6. The CO w a s  completely converted t o  C 0 2  i n  the cooler regions of 

the helium system. 

Based on these assumptions, an allowable C 0 2  l e v e l  of 2 1  ppm (by 

volume) w a s  determined f o r  the coated-fuel-sphere system. 

t h i s  C 0 2  concentration and l i m i t i n g  water inleakage t o  0.1 lb/day seems 

t o  be p r a c t i c a l  f o r  the reac tor  system under consideration; however, the 

d i f f i c u l t y  of providing a completely r e l i a b l e  coat ing f o r  the f u e l  spheres 

d i c t a t e s  examination of the coolant p u r i t y  requirements when using un- 

coated f u e l .  

Maintaining 

Uncoated Fuel %heres 

In the study of the PBRF, using uncoated f u e l  spheres, r e a c t i o n  rates 

of H 2 0  and C 0 2  obtained by B r i t i s h  workers i n  the f i e l d  of high-temperature 

reactor  technology were used t o  determine the allowable H2O and CO, l e v e l s ,  

besed on the following assumptions: 
/ 

6B. C .  Finney, C .  D .  Scot t ,  J.  C .  Suddath, The H e l i u m  P u r i f i c a t i o n  
ORNL CF-60-10-31 , Sys-iem f o r  the Proposed Pebble Bed Reactor Experiment, 

rev. 1 (October, 1960). 
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1. The allowable graphite l o s s  from the f u e l  spheres i s  1% during a 

normal l i f e  span of t w e e  years .  

2 .  Reaction rates a re  a d i r ec t ' f unc t ion  of impurity p a r t i a l  pressure.  

3. One per cen% of the main coolant flow is  d iver ted  t o  a chemical 

pu r i f i ca t ion  system having a removal e f f ic iency  of 50% f o r  H2O and C02. 

The C O  - CO, back reac t ion  i n  the cooler region of the helium 4 .  

c i r c u i t  is  Lonsidered complete i n  one case and negl igible  i n  another.  

5 .  Water inleakage is  considered t o  be the only source of C02, H20,  

and CO during normal operation. 

Based on these assumptions, the equilibrium C02 and H 2 0  l eve l s  Fn 

the  helium coolant are those given i n  Table 7.3. It may be seen t h a t  

allowable oxidizing impurity l eve l s  are qui te  low when prevention of ex- 

cessive damage t o  uncoated f u e l  spheres i s  the primary c r i t e r i o n .  Special  

a n a l y t i c a l  techniques would be required t o  sense the helium pur i ty  a t  

these low impurity levels ;  t h i s  requirement i s  discussed f u r t h e r  i n  Section 

16. 

Table 7.3. Allowable Water Inleakage Rate and 
Oxidizing Impurity Levels for PBRE Using 

Uncoated Fuel Spheres 

C O  - C 0 2  Reaction 

Complete Negligible 

H20, ppm by volume 0.0052 0.0162 
C 0 2 ,  ppm by volume 0.172 0.068 
H, 0 inleakage, g/day 1.84 5.8 
Ratio of H,O t o  CO, damage 1/3 2/1 

The primary con t ro l  exercised on fuel-sphere damage would be derived 

from designing the  helium coolant system t o  e s s e n t i a l l y  e l iminate  water 

inleakage during normal operation. 

i n  removing water and CO, during periods of graphi te  outgassing and z f t e r  

msintenance shutdowns, but  during normal operation, the core graphi te  

must be considered as the  primary "ge t te r"  f o r  these two impuri t ies  when 

The pu r i f i ca t ion  system w i l l  be use fu l  
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they a re  present .  

bed system tends t o  be self-cleaning,  and the  design of the pu r i f i ca t ion  

system does not need t o  provide f o r  e f f e c t i v e  operation a t  extremelly low 

oxidizing impurity l eve l s  if water inleakage i s  held t o  the  allowable. 

value.  

A s  a consequence of t h i s  "get ter ing" effect , ,  the  pebble-. 

Nonoxidizing Impuri't ies 

The maximum leve l s  of the nonoxidizing impuri t ies  H2,. N2 ,  an& CO i'n 

the  helium coolant a r e  a f fec ted  by severa l  f a c t o r s .  In  a discussion of 

helium p u r i t y  for high-temperature gas-cooled reactors, .  B r i t i s h  inves t i -  

ga tors  br ing out  the  following poin-is : 

1. Hydrogen and C O  are capable of reducing oxide sca l e  formed on 

th? coolant piping during periods of high-level  contamination) r e s u l t a g  

from graphi te  outgassing or the  entrance of a i r  i n t o  the  system.. Thus.,. 

these two reducing impuri t ies  can contr ibute  t o  graphi te  damage by C 0 2  

and H20 formation. 

2 .  IrIdroge1? and Cc) ZTP e f f e c t j v e  i ,n ,  cl=,-ressing the  r eac t ion  of' H 2 0  

and C02 with graphi te .  

3. Based on thermodynamic ca lcu la t ions ,  the  reac t ions  

should not be of major importance i n  a high-temperature gas-cooled r eac to r  

if the impurity contents are kept  below 100 ppm by volume. 

4 .  Carbon t ranspor t  from the  cooler t o  the ho t t e r  port ions of the  

helium c i r c u i t  by the  r eac t ion  

. 

is  extremely slow compared with the  carbon t ranspor t  t o  cooler  regions 

r e s u l t i n g  from the  graphi te  oxidation process.  
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5 .  Carbon t ranspor t  by the reac t ion  

H2 +.2C + N2 2HCN 

i s  important where temperatures exceed 1100°C and HCN formation becomes 

of s ign i f icance .  

6 .  Chromium-bearing s t e e l s  may be oxidized and carburized by C O  

and by t r aces  of C02 and H20. 

be a problem a t  low-impurity p a r t i a l  pressures .  

Embrittlement of steels by H2 should not 

Since the allowable l eve l s  of C02 and H20 a r e  very low when using 

umoated f u e l  b a l l s ,  the  p r inc ipa l  f ac to r  i n  determining allowable H2 

and CO l eve l s  might be the generation of oxidizing impuri t ies  by the re- 

d-uction of i ron  oxide sca le  i n  the  coolant system. It would be bene f i c i a l  

t o  reduce the  formation of t h i s  s ca l e  by measures designed t o  minimize 

exposure of the piping system t o  evolved impuri t ies  and by preventing 

the en t ry  of a i r  during system maintenance. 

On the bas i s  of mass t r ans fe r  r a t e s  measured by other  inves t iga tors  

a t  20 a t m ,  C O  and H 2 0  concentrations of 100 ppm each would r e s u l t  i n  graph- 

i t e  mass t r a n s f e r  equivalent t o  approximately 1/25 of the  allowable l o s s  

from the f u e l  spheres (1% i n  three y e a r s ) .  These values a r e  i n  rough 

agreement with unpublished B r i t i s h  mass t r ans fe r  measurements f o r  a s i m i -  

lar system. The former r e s u l t s  incorporate both the d ispmpor t iona t ion  

reac t ion  of C O  and the  combination reac t ion  of CO and H2 and ind ica te  the 

- 

l a t te r  t o  be more important t o  carbon deposit ion,  p a r t i c u l a r l y  a t  higher 

E2 concentrations.  

In  s p i t e  of the favorable condition indicated by those , spec i f i c  r e -  

s u l t s ,  there  i s  s t i l l  much uncertainty about the p o s s i b i l i t y  of appreci-  

ab le  mass t r ans fe r .  Results forthcoming from experimental programs i n  

progress or planned a t  severa l  i n s t a l l a t i o n s  w i l l  a id  i n  evaluat ion of 

the  problem. 

Coolant Pur i t y  Re quirernent s 

The ' tentat ive allowable coolant impurity spec i f ica t ions  f o r  the PBF33, 

based on the  above considerations,  a r e  l i s t e d  in'Table 7.4.  Further work 

. 
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Table 7.4. Allowable Impur i t ies  i n  
PBRE Coolant 

Allowable Concentration 
(ppm by volume) Impurity 

w i l l  be required t o  def ine exact l i n i t s  f o r  an unclad f u e l  sphere system 

and t o  e s t a b l i s h  whether such 1imita . t ions a r e  p r a c t i c a l  i n  an operating 

reac tor .  Inves t iga t ions  along these  l i n e s  may e s t a b l i s h  t h a t  it i s  manda- 

t o r y  t o  provide some type of pro tec t ive  coating f o r  t he  fue l ,  e spec ia l ly  

if loca l ized  a t t a c k  at  regions of maximum temperature i s  expected. 

Impurity Sources 

Major sources of short-term high-contamination l e v e l s  i n  the coolant 

w i l l  be graphi te  outgassing and en t ry  of air  when t h e  system i s  opened 

f o r  maintenance. Since graphi te  outgassing decreases with t i m e ,  it i s  

of i n t e re s t  t o  estimate the period during which the graphite i s  a primary 

source of oxidizing impuri t ies .  Assuming a degassing rate and gas com- 

pos i t ion  t y p i c a l  of EGCR moderator graphi te  (no pretreatment),  it can 

be shown that  t h e  graphi te  outgassing w i l l  be of l e s s e r  s ignif icance than 

the  maximum allowable inleakage of water as a source of graphi te  damage 

after 200 t o  250 hr. 

s ing can be minimized by pretreatment of the graphi te  t o  d r ive  of f  t h e  

major port ion of t h e  adsorbed gases and v o l a t i l e  mater ia ls .  

graphi te  would be cooled i n  a cont ro l led  atmosphere and protected from 

exposure t o  a i r  and moisture u n t i l  ready f o r  i n s t a l l a t i o n  i n  the  r eac to r .  

These precautions would minimize the  re lease  of contaminants t o  the  coolant 

system when the  r eac to r  i s  s t a r t e d  up. 

If it i s  considered advantageous, g raphi te  outgas- 

The pre t rea ted  



Maintenance procedures which could r e s u l t  i n  introduct ion of a i r  

i n t o  the coolant system must be conducted i n  a manner which w i l l  minimize 

t h i s  e f f e c t .  

amount of oxygen trapped i n  the system and adsorbed on the core graphi te .  

Use of a Gacuun purge before recharging the system with helium w i l l  lower 

the  contaminant concentration, and operation of the pu r i f i ca t ion  system 

f o r  a period p r i o r  t o  reac tor  rehea t  should help i n  re -es tab l i sh ing  the 

required pur i ty  l e v e l s .  

A blanket gas, such as argon or nitrogen, w i l l  reduce the  

Main Stream F i l t r a t i o n  

Use of a fu l l - f low f i l t e r  i n  the  main coolant c i r c u i t  t o  reduce the 

concentration of entrained so l id s  i n  the helium i s  under consideration. 

The compressor impeller and bearings may requi re  pro tec t ion  from erosive 

and abrasive mater ia ls ,  while valve bearings and sea l ing  surfaces  w i l l  

b ene f i t  from the removaleof pa r t i cu la t e  matter.  Some l imi t a t ion  on the 

spread of condensible f i s s i o n  products may r e s u l t  from the use of such 

a f i l t e r .  - - 
J 

System Analysis 

The helium pur i f i ca t ion  system cur ren t ly  proposed f o r  the  PBRE should 

give adequate cont ro l  of radioact ive and chemical contaminants i n  the re- 

ac to r  coolant.  The f iss ion-product  removal system does not have s t r ingen t  

performance requirements, s ince the reac tor  i s  designed for safe opera- 

t i o n  w i t h  a c t i v i t y  i n  the  coolant c i r c u i t .  The charcoal delay t r a p  w i l l  

serve pr imari ly  t o  reduce the system a c t i v i t y  from intermediate half-  

l i l e  nuclides of the  noble gases and t o  cu t  down the concentration of 

b io logica l ly  hazardous iodine isotopes i n  the r eac to r  leakage and offgas .  
I 

The chemical clean-up system w i l l  be e f f ec t ive  i n  reducing the con- 

cent ra t ion  of r eac t ive  impuri t ies  t o  s a t i s f a c t o r y  l eve l s  following s t a r t u p  

or an inadvertant admission of a i r  o r  water i n t o  the system. 

sustained periods of r eac to r  operation, however, the core graphi te  w i l l  

tend t o  "getter1'  the  oxidizing impuri t ies  before they a r e  withdrawn i n  

the  s ide  stream, and graphi te  damage w i l l  be a funct ion of the success 

During 



achieved i n  l imi t ing  the  inleakage of oxidizing impuri t ies  t o  the  he,liwn 

coolant system. Hydrogen and carbon monoxide concentrations w i l l  be con- 

t r o l l e d  by , the chemical cleanup system during normal operat ion.  

. 



14- 5 

8. REACTOR CONTROL AND SAFETY SYSTEMS 

Reactor - Control'  System 

The function of the  cont ro l  system of a nuclear reac tor  i s  t o  assist 

the operator i n  carrying out the object ives  of reac tor  operation. I n  the  

case of the PBRE, the  prime objec,tive i s  considered t o  be t h e  es tab l i sh-  

ment of conditions of temperature, flow, coolant composition, and f u e l  

burnup tha t  w i l l  provide s a t i s f a c t o r y  t e s t s  of the  performance of the f u e l  

and the  reac tor  system. This i s  i n  cont ras t  t o  t h e  object ive of operating 

a power reac tor  t o  provide heat a t  a, c e r t a i n  temperature i n  varying amounts 

t o  s a t i s f y  a var iable  demand o r  a research reac tor  t o  provide a constant 

neutron f l u x .  

Three regimes of operation thai; the  PBRE cont ro l  system w i l l  be asked 

t o  accommodate a r e  described below its means f o r  permitt ing the  operator 

t o  approach design-point conditions through a s e r i e s  of gradual i n t e r -  

mediate s tages  and f o r  allowing him t o  separate the  key operating var iab les  

i n  order t o  observe t h e i r  individual e f f e c t s :  

1, "Zero" power isothermal operation a t  power l e v e l s  up t o  about 

1 kw with the heat dump not operating w i l l  permit the  operator t o  s e l e c t  

the  coolant flow (0  t o  100%) t h a t  w - i l l  achieve the  desired system tempera- 

t u r e  i n  equilibrium w i t h  heat l o s s e s  by rad ia t ion  and convection. 

operating regime w i l l  be used f o r  c r i t i c a l  experiments, r e a c t i v i t y  co- 

e f f i c i e n t  measurements, e t c .  under manual f l u x  cont ro l .  

Th i s  

,, 

2. The low-power regime i s  defined as the  range 0 t o  200 kw w i t h  

manual f l u x  control ,  coolant flow of 20 t o  loo$, a gas i n l e t  temperature 

of S600°F, and a gas temperature rise of 0 t o  140°F. The i n l e t  tempera- 

t u r e  may be control led but the o u t l e t  temperature w i l l  not, although it 

w i l l ,  of course, be monitored by t h e  safe ty  system. T h i s  regime w i l l  be 

used t o  produce s i g n i f i c a n t  q u a n t i t i e s  of f i s s i o n  products under modest 

conditions of f u e l  temperature and f u e l  temperature difference.  

3.  Operation i n  the  power range 200 kw t o  5 Mw w i l l  be accomplished 

with automatic temperature cont ro l  a t  o u t l e t  temperatures above 690"F, 

coolant flow of 20 t o  1005, an i n l e t  gas temperature of approximately 



55OoF, and a gas temperature r ise i n  the  range 28 t o  700°F. 

and o u t l e t  gas temperatures and reac tor  power w i l l  be independently se-  

lec ted ,  provided, of course, t h a t  t h e  combination i s  cons is ten t  with safe 

temperature l i m i t s .  This regime w i l l  be used t o  approach r a t ed  condi- 

t i o n s  i n  cont ro l led  s t eps  and t o  operate i n  steady s t a t e  a t  any condi t ions 

up t o  and including the  design poin t .  

The i n l e t  

I n  the  s t a r t u p  and intermediate ranges the  r eac to r  operator  w i l l  be 

required t o  manipulate shim rods t o  a t t a i n  c r i t i c a l i t y  and t o  e s t a b l i s h  

the  desired l e v e l  of f l ux .  Instrument channel supervisory inter locKs 

w i l l  be used t o  provide order ly  operation and prevent f l u x  excursions 

which might necess i t a t e  s a fe ty  ac t ions  during these operat ions.  Some 

minimum flow of coolant w i l l  be required so t h a t  during s t a r t u p  the  r e -  

a c t o r  o u t l e t  gas temperature will not approach design-point values unless  

t he re  i s  a f a i l u r e  of t h e  con t ro l  system. 

Although the  operation i s  manual at  these  low l eve l s ,  t he  system 

w i l l  probably requi re  t h a t  t h e  operator  choose an automatic cont ro l  mode 

of operation which w i l l  take over when the  lower demand l i m i t  i s  reached. 

I n  short ,  the  automatic rod con t ro l  system (servo system) w i l l  never be 

turned o f f ,  but  i n  low-level operation, t he  regula t ing  rod w i l l  be sta- 

t i ona ry  a t  i t s  withdrawn l i m i t  and t h e  servo w i l l  not i n t e r f e r e  with 

manual operation. 

I f  the  r eac to r  i s  t o  be taken t o  power, t h e  manual operat ion w i l l  
proceed u n t i l  t he  servo system takes  over and cont ro ls  t he  r eac to r  a t  

the  minimum servo s e t  po in t .  A t  t h i s  time t h e  operator  may choose t o  

e s t a b l i s h  a llrunll mode of operation, i n  which it i s  possible  f o r  him t o  

r a i s e  the  servo demand s e t  po in t .  Before the  operator  can i n i t i a t e  t h e  

"run" mode, t h e  con t ro l  system must be required t o  check i t s e l f  by the  

usual i n t e r locks  which ind ica t e  proper functioning of the  servo system. 

These check r eac to r  period and regula t ing  rod posi t ion,  and v e r i f y  t h a t  

t h e  servo i s  cont ro l l ing  at t h e  proper l e v e l .  

The servo cont ro l  mode i s  one i n  which the  primary con t ro l  parameter 

i s  reac tor  o u t l e t  gas temperature. 

t e r i s t i c s  of t he  system, s t a b i l i z a t i o n  w i l l  be required.  A scheme has 

Because of t h e  time-response charac- 
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been suggested t h a t  w i l l  probably prove adequate.' 

perature  cont ro l  range desired i s  from 690 t o  1250°F, w i t h  flow adjustable  

by the  operator  from 20 t o  100% of design poin t .  

ac to r  power i s  var iable  from about 4 t o  100% of design point,  depending 

on the  conditions chosen by the  operator .  I n  t h i s  mode of operation, t he  

t r a n s i t i o n  between "start" and "run'' may occur at any point  between 4 and 

20% of design point f lux .  

trol of temperature p r o f i l e  and approximate pawer by the  operator .  

The o u t l e t  gas tem- 

I n  t h i s  scheme, the  r e -  

Such a system could provide independent con- 

Reactor system parameters and the  proposed methods of cont ro l l ing  

them i n  the  various operating regimes a r e  summarized below: 

Parameter Control Method 

Coolant pressure A l l  regimes: not d i r e c t l y  control led;  helium 
inventory se lec ted  so t h a t  t he  pressure i s  
G O O  p s i a  when t h e  average temperature i s  
900°F; inventory under operator control ,  not 
au t  omat i c  

Coolant flw A l l  regimes: no automatic control ;  blower 
speed s e t  manually t o  achieve des t red  op- 
e ra t ing  conditions 

Gas i n l e t  temperature Regime 1 ( R - 1 ) :  not automatically control led;  
manually s e t  by s e t t i n g  blower speed and 
helium inventory 

cont ro l led  by 
regulat ion of feedwater temperature 

G a s  o u t l e t  temperature R - 1  and R-2: uncontrolled but  subject  t o  
s a fe ty  l i m i t s  

manipulating regula t ing  rod 

Regimes 2 and 3 (R-2 and R - 3 ) :  

R-3: manual s e t  point ;  closed loop con t ro l l e r  

Flux l e v e l  R - 1  and R-2: 
pos i t  ions 

servo-controlled through o u t l e t  gas tem- 
perature  regula t ion  of con t ro l  rods;  operator 
manually s e t s  blower speed t o  achieve des i red  
combination of r eac to r  power and temperature 
r i s e  

manual con t ro l  by con t ro l  rod 

R-3: 

'A. P. Fraas  e t  al. ,  Preliminary Design of a l O - M w ( t )  Pebble-Bed Re- 
a c t o r  Experiment, pp. 11.1 f f ,  ORNL CF-60-10-63 (May 8, 1961). 

. 



Control rod pos i t ion  Shim rods: manually cont ro l led  i n  all regimes 
Regulating rods: servo-controlled as discussed 

i n  t e x t  

Steam pressure A l l  regimes: manual s e t  po in t ;  cont ro l led  by 
t h r o t t l e  valve 

Feedwater temperature All regimes: manual s e t  point ;  cont ro l led  by 

Feedwater flow r a t e  All regimes: l e v e l  con t ro l  i n  steam drum 

steam bypass valve 

It should be pointed out  t h a t  a good con t ro l  system, including a 

good automatic con t ro l l e r ,  can do much t o  ensure long uninterrupted runs 
by reducing t h e  p robab i l i t y  tha t  t h e  r eac to r  parameters ge t  i n t o  the r e -  

gion where sa fe ty  ac t ion  i s  required.  

The nuclear instrumentation channels t o  be provided, along with t h e i r  

functions,  a r e  t h e  following: 

1. Star tup  Channel. Two logarithmic counting channels, capable of 

continuously monitoring neutron f l u x  and r eac to r  period over the e n t i r e  

operating range of t h e  reac tor  are recommended. One of these  will be con- 

s idered an i n s t a l l e d  spare. The wide range w i l l  require  that the  de tec tor  

be movable during operation, e i t h e r  automatical ly  o r  under operator  con- 

t r o l  from t h e  ope ra to r ' s  s t a t i o n .  

such a channel be capable of ind ica t ing  absolute  r eac to r  power, bu t  may 

only be required t o  ind ica t e  r e l a t i v e  r eac to r  power f o r  any one chamber 

pos i t ion .  

It is not necessar i ly  required that  

2.  Wide Range Logarithpic Channel. There w i l l  be a "log N" cha.n- 

nel ,  using a compensated ion iza t ion  chamber, tha t  w i l l  provide continuous 

f lux - l eve l  and reactor-per iod monitoring over about t h e  upper s i x  decades 

of t he  operating range of t h e  r eac to r  without chamber movement. The corn- 

peiisating mechanism and chamber pos i t ion  w i l l  be ad jus tab le  from outs ide 

t h e  containment vesse l .  

3. Wide Range Linear Channel. A l i n e a r  current  channel, u t i l i z i n g  

a compensating ion iza t ion  chamber with range change mechanisms i n  the 

amplif ier  c i r c u i t s ,  w i l l  be used t o  provide monitoring of t he  f l u x  l e v e l  

over approximately t h e  upper s i x  decades of t h e  operating range of t h e  

r eac to r  without chamber movement. The compensating mechanism and chamber 

pos i t ion  w i l l  be adjusta'ble from outs ide the  containment vesse l .  The range 
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change w i l l  be accomplished by the  r eac to r  operator  from h i s  operating 

posi t ion.  This channel will not be connected i n t o  the  cont ro l  system ex- 

cept through t h e  operator.  

4.  Automatic Control (Servo) Channel. This channel, using an ion i -  

zat ion chamber, w i l l  provide neutron-flux information f o r  servo cont ro l  

of t h e  reac tor  i n  the  ''power'' range. 

ab le  from outs ide t h e  containment vesse l .  The automatic cont ro l  mode 

described above w i l l  use information f r o m t h i s  l i n e a r  f l u x  channel and 

various nonnuclear channels, such as flow, gas temperatures, e t c .  The 

servo w i l l  use one of t h e  shim rods as the  regulat ing rod, with l imi ted  

servo-controlled span. The span w i l l  be adjustable  i n  posi t ion,  but  not 

The chamber pos i t ion  will be ad jus t -  

i n  length, by the  operator f o r  shim cont ro l .  The techniques f o r  using a 

shim-regulating rod a r e  wel l  known and appear t o  be s a t i s f a c t o r y  f o r  t h e  

PBRE . 

System Control Charac t e r i s t i c s  

A preliminary analog ana lys i s  of a model of t he  PBRE reac tor  system 

has been made, but fu tu re  rev is ion  of the model used w i l l  undoubtedly 

change some of the r e s u l t s .  The important r e s u l t s  of t he  ana lys i s  a r e  

d iscus  sed below: 

1. The " fue l  time constant," defined as the  t i m e  required f o r  63% 

response of t he  core mid-point f u e l  surface temperature t o  a s t ep  change 

i n  power, w a s  50 sec at  design flow. This va r i e s  approximately inversely 

as t h e  coolant flow r a t e .  

2 .  On scram from f u l l  power at f u l l  coolant flow, the  gas o u t l e t  

t e m p r a t w e  and mean f u e l  temperature both had a maximum r a t e  of change 

of about 350"F/min. 

port ion of the  core would be grea te r .  

The temperature r a t e  of change f o r  f u e l  i n  t h e  upper 

3. Blower coastdown on a IO-sec time constant and blower seizure 

caused about t h e  same t r ans i en t .  Without any rod motion and with a mini- 

mum f u e l  temperature coef f ic ien t ,  t he  o u t l e t  gas temperature reached al- 

most 1800"F, and the  mean f u e l  temperature reached about 1550°F, i n  both 

cases .  With 

scram a f t e r  10 sec, t he  o u t l e t  gas temperature f o r  blower seizure reached 

Convection flow r a t e s  of 4 t o  5% of design-point resu l ted .  

. 



only about 1425'F e 

t o  1200°F. 

4 .  Very slow 

150 

The mean f u e l  temperature, with scram, rose from 1100 

ramp reduction i n  coolant flow w i t h  constant rod posi-  

t i o n  resu l ted  i n  shutdown of t he  reactor ,  with some increase i n  gas tem- 

perature  and a s l i g h t  decrease i n  mean f u e l  temperature. The l a t t e r  de- 

crease i s  due t o  heat ing up of t he  r e f l e c t o r .  Damped o s c i l l a t i o n s  of t he  

temperatures and reac tor  power on very long (>5 min) per iods were ob- 

served * 

5. Step and rampincreases in  r e a c t i v i t y  were run, w i t h  the  o u t l e t  

gas temperature peak always delayed behind the mean f u e l  temperature peak. 

A s  would be expected the  delays were much loriger f o r  low flow conditions.  

The analog model w i l l  be ref ined as t h e  design progresses, and more 

spec i f ic  cont ro l  problems w i l l  be invest igated.  

Reactor Safety System 

The function of t h e  r eac to r  s a fe ty  system i s  t h a t  of sensing the  

departure of c e r t a i n  c r i t i c a l  paramet.ers from some previously defined 

region of s a fe ty  and the  actuat ion of mechanisms t o  r e tu rn  t h e  reac tor  

t o  a safe  condition. I n  many instances t h e  parameters t ha t  a r e  measured, 

and t o  which safe  l i m i t s  a r e  assigned, are not those t h a t  must be l imi ted  

f o r  sa fe ty  reasons. For example, neutron f l u x  i s  usual ly  considered t o  

be a reac tor  s a fe ty  parameter. However, high f lux,  per  se, does not 

necessar i ly  imply an unsafe condition. The sa fe ty  implication of high 

f l u x  arises from the  f a c t  tha t  when the  power generation exceeds the  

cooling r a t e  t h e  f u e l  temperature must r i s e .  I n  most cases,  the  choice 

as t o  what parameters a r e  measured f o r  s a fe ty  i s  d i c t a t ed  by the  a v a i l -  

a b i l i t y  of sensory information, t h e  time response c h a r a c t e r i s t i c s  of t he  

sensors and the  reac tor  system, and t h e  r e l i a b i l i t y  of these devices i n  

determining t h a t  the  reac tor  i s  indeed i n  or near an unsafe condition. 

The sa fe ty  system f o r  t he  PBRE w i l l  be required t o  p ro tec t  t h e  sys- 

tem against  excessive temperatures and excessive r a t e s  of change of tem- 

perature .  Preliminary analog analyses ind ica t e  tha t  t he  thermal time con- 

s t a n t s  i n  the  system a re  very l a rge  and t h a t  sensing temperatures alone 

would not su f f i ce  f o r  c e r t a i n  fast t r a n s i e n t s .  It i s  c l e a r  t h a t  the  f u e l  

'. 
- 
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temperature can increase only when t h e  r a t e  of cooling i s  exceeded by the  

r a t e  of heating. If the difference between these rates i s  held below some 

maximum value, the  r a t e  of change of f u e l  temperature can be l imi ted .  If, 

on the  b a s i s  of analysis ,  an upper 1 i m i t . i s  assigned t o  t h i s  rate of change 

of f u e l  temperature which ensures t h a t  no temperature i n  the  system in -  

creases  too  rapidly,  a "safe" excess of reac tor  power over cooling r a t e  

can be establ ished.  These two parameters a r e  measurable 'by f lux,  flow, 

and gas temperature instrumentation and can provide the  b a s i s  f o r  a sa fe ty  

system t o  pro tec t  aga ins t  excessive r a t e s  of change of temperature. 

slower t r a n s i e n t s  t he  temperature sensors alone can provide adequate s ig -  

na l s  f o r  t h e  sa fe ty  system. 

For 

The rapid change i n  the  r e l a t ionsh ip  between heating and cooling r a t e s  

can come about i n  the  PBRE a s ' a  r e s u l t  of rapid changes i n  f l u x  o r  coolant 

flow o r  both. The PBRE w i l l  operate a t  var ious flows from about 20 t o  

100% design poin t .  It i s  c l e a r  t h a t  t he  "safe" f l u x  l e v e l  f o r  20% flow 

i s  much lower than that f o r  100% flow. For t h i s  reason, it i s  not suf- 

f i c i e n t  t o  use a f l u x  s igna l  o r  a flow s igna l  f o r  s a fe ty  act ion,  but it 

i s  necessary t o  combine information from both these  t o  determine t h a t  a 

safe  condition e x i s t s .  

Preliminary analpg analyses have shown t h a t  very fast nuclear t r an -  

s i e n t s  s t a r t i n g  a t  low leve l ,  i f  terminated 'by scram a t  about 150% of de- 
/ 

' sign-point f lux ,  do not produce ser ious temperature t r ans i en t s ,  even i f  

T h i s  i s  apparently due ' t h e  coolant flow i s  is low as 10% design point .  

t o  t he  very narrow width of the  power peak and t h e  la rge  heat storage 

capaci ty  of t he  f u e l .  Although the  s t a r t u p  accident has not been simu- 

la ted ,  it appears reasonable a t  t h i s  time t o  consider a f l u x  sa fe ty  t r i p  

a t  near t he  150% design point  that  i s  not r e l a t e d  t o  coolant flow. 

I n  summary, t h e  PBRE should have a r e l i a b l e  nuclear s a fe ty  system 

capable of shut t ing  the reac tor  down on any of the  following: 

1. high coolant o u t l e t  temperature, 

2. some funct ion of r eac to r  neutron f l u x  and coolant flow which ensures 

t h a t  temperature r a t e s  of change w i l l  not be excessive. 

neutron f l u x  i n  excess of some f ixed  upper l i m i t  above design point,  

l o s s  of r eac to r  pressure,  which cons t i t u t e s  a loss  of coolant.  

3 .  

4.  

. 
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I n  addi t ion  t o  these  primary sa fe ty  requirements, t he re  a re  a t  least 

two more conditions which deserve consideration, s ince they ind ica te  t h a t  

one o r  more of t h e  four  conditions l i s t e d  above w i l l  e x i s t  unless  correc- 

t i v e  ac t ion  i s  taken. 

1. A very shor t  reac tor  period ind ica t e s  a f a i l u r e  of the r eac to r  

cont ro l  system and should produce a scram t o  l i m i t  t h e  seve r i ty  of t he  

t r a n s i e n t .  It should be noted tha t  t h e  mechanism f o r  producing such a 

scram i s  not usua l ly  considered t o  requi re  t h e  r e l i a b i l i t y  indicated by 

the  four  conditions l i s t e d  above on the  basis tha t  i t s  funct ion i s  t o  

prevent a f l u x  l e v e l  scram which i s  d isorder ly  but  t o l e rab le .  

2 .  The r eac to r  should not be s t a r t e d  (or- should be shut down) un- 

l e s s  t he  coolant flow i s  g rea t e r  than some minimum value,  This i s  not 

included as a primary sa fe ty  condi t ion because of t he  p o s s i b i l i t y  t h a t  

very low power runs of an experimental nature may be des i rab le .  It i s  

included i n  the  i n t e r e s t  of order ly  operation and could be considered a 

r eac to r  cont ro l  requirement. 

The r e l i a b i l i t y  of the  sa fe ty  system i s  of utmost importance. Re- 

dundancy, w i t h  monitoring or t e s t i n g  t o  de t ec t  f a i l u r e s  within t h e  sys- 

tem, w i l l  be used. A t  t h e  present time it i s  proposed t o  use auctioneer- 

ing log ic  i n  the sa fe ty  system. Three i d e n t i c a l  and independent s a fe ty  

channels w i l l  be i n s t a l l e d .  

these  channels must be presumed t o  be operating, on the  basis of t e s t s  

and monitoring, for operation of the r eac to r  t o  be permitted.  

channel , w i l l  be considered an instal-led and operating spare, preventing 

the  necess i ty  of stopping a run on detected f a i l u r e  of a s ingle  channel, 

Of course, many types of f a i l u r e  w i l l  automatically shut down the  reac- 

t o r .  It i s  hoped tha t  sound design, i n s t a l l a t i o n ,  and maintenance w i l l  

minimize f a i l u r e s  of a l l  types.  

A s  i n  ex i s t ing  r eac to r s  a t  ORNL, two of 

The t h i r d  

Four s h i m  s a fe ty  rods w i l l  be used t o  provide shutdown margin and 

r e a c t i v i t y  cont ro l .  

f l e c t o r  and symmetrically placed about the  r eac to r  v e r t i c a l  cen te r l ine  

on a 40-in.-diam c i r c l e .  

These w i l l  be located i n  holes  i n  t h e  graphi te  r e -  

The r e a c t i v i t y  balance i s  given i n  Section 6. 
I The sa fe ty  rods a re  supported and driven f r o m t h e  bottom. The poison 

sec t ion  cons i s t s  of a hollow B4C cylinder,  3 i n .  0.d. and 4 f t  long. 
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Below t h i s  i s  a graphi te  follower and a dr ive  tube coupling the  rod t o  

the  dr ive  mechanism through an electromagnet. 

closed i n  t h e  pressure ves se l  and a nozzle extension. The rods scram 

downward. The coupling t o  the  magnet i s  designed so t h a t  t he  rod can f a l l  

away from i t s  dr ive,  upon in t e r rup t ion  of the  magnet current ,  bu t  cannot 

be ra i sed  above t h e  pos i t ion  es tab l i shed  by t h e  dr ive  mechanism (as by 

a gas pressure d i f f e r e n t i a l ) ;  i n  addi t ion  a la rge  downward force can be 

exerted by the  dr ive  mechanism i n  the  event t h a t  t h e  rod fa i ls  t o  drop 

on scram. The arrangement of t he  con t ro l  rods and d r ives  i s  i l l u s t r a t e d  

i n  Section 3. 

ana ly t i ca l  work. 

Each rod mechanism i s  en- 

The maximum speed of t h e  rods w i l l  be determined i n  f u r t h e r  

Primary Coolant Sy s t, em I n  s t rument a t  ion  

Some unusual problems w i l l  be encountered i n  instrumenting t h e  PBRE, 

s ince the  coolant system w i l l  contain f i s s i o n  products which may contami- 

nate  the  primary measuring elements. 

primary elements could be necess i ta ted  by high radiakion leve ls ,  and pro- 

v i s ion  f o r  remote ca l ibra t ion ,  maintenance, and decontamination may be 

necessary (although it may be possible  t o  i n s t a l l  t r a p s  i n  the  pressure 

t a p s  t o  the  instruments t o  pro tec t  them from a c t i v i t y ) .  

Development of a spec ia l  group of 

Metallic-sheathed, MgO-insulated, Chromel-Alumel thermocouples w i l l  

be used f o r  a l l  temperature measurements during operat ion of t he  reac tor  

near design conditions;  thermocouples f o r  higher temperature operation 

are discussed i n  Section 16. 

number of thermocouples i n  t h e  primary system w i l l  be made replaceable 

by i n s t a l l i n g  w e l l s  o r  guide-tubes in s ide  of t h e  r eac to r ,  

Adequate spares w i l l  be provided, and a 

Moisture -detectors  w i l l  be used t o  de t ec t  a steam leak  i n t o  the  main . 
coolant st/ream. 

system t o  scram the  r eac to r  and i s o l a t e  the  heat  exchanger from the  steam 

system when a leak  i s  detected.  

These de t ec to r s  w i l l  be connected i n t o  the  r eac to r  s a fe ty  

Gross ac t iv i ty’depos i tTon at d i f f e r e n t  l e v e l s  i n  the  heat  exchangers, 

i n  the  blower, and a t  various o ther  po in ts  i n  the  system w i l l  be monitored 

by permanently ‘ in s t a l l ed  ion  chambers. I n  addi t ion,  spec t r a l  information 

. 
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permitting identification of the activities of specific nuclides w i l l  

measured during shutdown periods using scintillation detectors and a 

multichannel analyzer. A study is planned f o r  determining the feasib 

be 

lity 

of using either a data logger or  a combined data logging and computing 

system f o r  processing the experimental data. 

. 
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9. STRUCTURAL ANALYSIS OF SYSTEM 

Invest igat ions were made t o  determine the  s t ruc tura  i n t e g r i t y  of 

c r i t i c a l  regions i n  the  proposed system. Where applicable,  design evalua- 

t i o n s  were made i n  accordance with t h e  1959 ASME "Unfired Pressure Vessel 

Code," Section V I I I ,  and "Tentative S t r u c t u r a l  Design Basis f o r  Reactor 

Pressure Vessels and Direc t ly  Associated Components, " PB 151987, 1 December 

1958 Revision, Department of Commerce, Office of Technical Services.  These 

design bases w i l l  be re fer red  t o  as the  "ASME Code" and the "Navy Code" 

i n  subsequent discussions.  

Three separate types of s t r e s s e s  were considered i n  the design evalua- 

t ions :  these are primary, secondary, and thermal. The primary s t r e s s e s  

are d i r e c t  o r  shear s t r e s s e s  developed by t h e  imposed loading which a r e  

necessary t o  s a t i s f y  only the simple l a w s  of equilibrium of ex terna l  and 

i n t e r n a l  forces  and moments. Simple membrane pressure s t r e s s e s  i n  shells 

a r e  an example of primary s t r e s s e s .  

shear s t r e s s e s  developed by t h e  cons t ra in t  of adjacent p a r t s  o r  by s e l f -  

cons t ra in t  of t h e  s t r u c t u r e ,  These differ  from primary s t r e s s e s  i n  t ha t  

they may be relaxed by yielding of the mater ia l .  Bending s t r e s s e s  caused 

by s t r u c t u r a l  d i s c o n t i n u i t i e s  a re  an example of secondary s t r e s s e s ,  Ther- 

m a l  stresses a r e  i n t e r n a l  s t r e s s e s  produced by cons t ra in t  of thermal ex- 

pansion. Thermal s t r e s s e s  a r e  similar t o  secondary s t r e s s e s  i n  t ha t  they 

a r e  re l ieved  by yielding of the  mater ia l .  

Secondary s t r e s s e s  a r e  d i r e c t  or  

The ASME Code i s  general ly  accepted as the  basis f o r  evaluating p r i -  

mary membrane s t r e s s e s ,  However, t h e  Navy Code extends beyond t h e  ASME 

Code i n  t h a t  it considers secondary and thermal stress evaluat ions i n  ad- 

dit . ion t o  primary s t resses . .  When t,he ana lys i s  o? s t r e s s e s  i n  a member r e -  

vea ls  a b i a x i a l  o r  t r i a x i a l  s t r e s s  condition it i s  necessary t o  make some 

assumption regarding t h e  f a i l u r e  c r i t e r i o n  which i s  t o  be used. The Navy 

Code uses the maximum shear theory of f a i l u r e ,  The s t r e s s e s  upon whrEch 

l i m i t a t i o n s  are es tab l i shed  a r e  defined as t h e  "equivalent i n t e n s i t y  of 

combined s t resses"  and a r e  numerically equal t o  twice t h e  maximum shear 

stress, According t o  the Navy Code the  primary-plus-secondary s t r e s s  i n -  

t e n s i t i e s  must not exceed the smaller of 90% of t h e  y i e l d  s t rength  o r  60% 

\ 
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of t h e  ul t imate  s t rength .  N o  stress l imi t a t ions  a re  considered with r e -  

gard t o  thermal s t r e s s e s  except those which remain constant during any 

normal s teady-state  power operation; however, t h e  combined e f f e c t s  of a l l  

s t r e s ses ,  including thermal, must be evaluated i n  terms of res i s tance  t o  

cyc l ic  f a t igue .  

of a l l  t he  d i f f e ren t  types of s t r e s s e s  occurring i n  a region together  with 

an accurate knowledge of the  number of cycles  f o r  each operat ion which 

the system w i l l  be subjected t o ,  

herein,  only the  s t r e s s e s  i n  the  top  access nozzle, which i s  subjected t o  

la rge  thermal s t r e s ses ,  were evaluated i n  terms of cyc l i c  f a t igue ,  I n  

the  f i n a l  design a11 regions must be examined on a f a t igue  basis. 

This  l a t te r  evaluat ion requi res  a de ta i l ed  examination 

I n  the  preliminary evaluat ions described 

Since graphi te  i s  a b r i t t l e  material, stress analyses of graphi te  

s t ruc tu res  requi re  an e n t i r e l y  d i f f e r e n t  basis f o r  evaluat ion than t h a t  

used f o r  d u c t i l e  metal s t ruc tu res .  Further  discussion of t he  failure 

c r i t e r i o n  f o r  graphi te  i s  deferred t o  t h a t  port ion of t h e  s t r u c t u r a l  

analyses deal ing with the  r e f l e c t o r  graphi te  s t ruc tu re .  

I n  order t o  specify the  design f o r  the  r e f l e c t o r  graphi te ,  t h e  

mschanical proper t ies  and radiation-induced shrinkage data for nuclear 

grades of graphi te  must be ava i lab le .  

t he  thermal conduct ivi ty  and t h e  coef f ic ien t  of thermal expansion i s  also 

required, s ince the  thermal s t r e s s e s  are funct ions of these  proper t ies .  

From the ex i s t ing  evidence there  appear t o  be optimum combinations of 
mechanical proper t ies  and r ad ia t ion  shrinkage c h a r a c t e r i s t i c s  for obtain- 

ing maximum longevity before shrinkage cracking occurs. Shrinkage data 

a re  being obtained a t  Hanford on various grades of graphi te ,  and it i s  

proposed t h a t  these s tud ies  be augmented with a research and development 

program f o r  determining: 

1. 

Complete information r e l a t i n g  t o  

the  mechanical and physical  p roper t ies  of both i r r a d i a t e d  and uni r -  

rad ia ted  graphi te ,  

the  combined e f f e c t s  of s t r e s s  and shrinkage i n  graphi te ,  2.  
3. the  influence of geometry and extrusion s ize  upon the  usefu l  l i f e -  

time of a graphi te  s t ruc tu re .  

The de ta i l ed  program i s  out l ined i n  Section 16, Research and Develop- 

ment. 
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I n  order  t o  properly assess the  e f f ec t s  of thermal s t r e s s e s  i n  the  

f u e l  balls, appl icable  physical  and mechanical proper t ies  of fueled graphite 

must be ava i lab le .  Spec i f ica l ly ,  values of thermal conductivity,  coef- 

f i c i e n t s  of thermal expansion, and s t rength  are needed. 

signed t o  y i e ld  t h i s  required information i s  a l s o  out l ined i n  Sect ion, lG.  

The physical and mechanical proper t ies  of graphi te  a r e  dependent on such 

f a c t o r s  as temperature, t he  type of coke, t h e  type of binder, t h e  amount 

of graphi t iza t ion ,  t h e  method of fabr ica t ion ,  and t h e  o r i en ta t ion  of t h e  

grains .  I n  nuclear appl ica t ions  t h e  fast -neutron exposure, as wel l  as 

t h e  i r r a d i a t i o n  temperature, a f f e c t s  t h e  proper t ies .  When fue led  graphi te  

i s  considered, t he  e f f e c t s  of t he  f u e l  must be taken i n t o  account. Thus, % 

a l l  the  above f a c t o r s  must be considered i n  t h e  fueled-graphi te  invest%- 

gat ions i n  order t o  fu rn i sh  da t a  appl icable  t o  t h e  f u e l  balls. 

A program de- 

The s t r u c t u r a l  inves t iga t ions  a r e  discussed below i n  four  pa r t s :  t he  

r eac to r  pressure vessel ,  t he  pressure-vessel support system, the steam- 

generator  support system, and t h e  graphi te  r e f l e c t o r  s t ruc tu re ,  Each pa r t  

contains  a discussion of t h e  problems involved, statements of the appl i -  

cable design c r i t e r i a ,  summaries of t he  stress analyses, and in t e rp re t a -  

t i o n s  of t h e  results obtained. 

Pressure Vessel ,. 

I 

The r eac to r  pressure ves se l  material i s  type A212;grade B, carbon 

steel  p l a t e .  

respec t ive ly ,  I n  o r d e r ' t o  allow f o r  decontamination e f f e c t s ,  a corrosion 

allowance of 1/16 i n .  w a s  applied t o  a l l  s t r u c t u r a l  m e m b e r s  of t h e  vesse l .  

The design pressure and temperature are 625 p s i  and 650"F, 

This  allowance i s  the  minimum spec i f ied  by the  ASME Code when ac tua l  cor-  

ros ion  e f f e c t s  a r e  indeterminate. 

The r eac to r  pressure vesse l  i s  shown i n  Fig.  3,lQ. The s t ru-ctural  

analyses of the bas i c  s h e l l  (heads and cy l ind r i ca l  por t ion) ,  the nozzle 

attachment regions, t h e  l i n e r ,  and t h e  core  support p l a t e  are discussed 

below. 
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- Heads and Cyl indr ica l  Port ion of Vessel 

The necessary thicknesses  of t h e  c y l i n d r i c a l  port ion of t h e  pressure 

vesse l  and of the t o r i s p h e r i c a l  heads were determined i n  accordance with 

t h e  ASME Code. The code allowable stress f o r  type A212, grade B, carbon 

s t e e l  a t  650°F i s  17 500 p s i .  The minimum thickness  f o r  the c y l i n d r i c a l  

por t ion  of the vesse l  i s  given by 

m 
SE - 0.6P t =  

where 

P = design pressure,  625 ps i ,  

R = i n s ide  rad ius  of shell ,  54.5 in . ,  

+ c  I 

\ 

S = maximum allowable stress value, 17 500 ps i ,  

E = j o i n t  e f f ic iency ,  0.9, 

C = corrosion allowance, 0.0625 i n .  

Based on the above, t he  minimum required thickness  of t he  c y l i n d r i c a l  por- 

t i o n  of the  vesse l  i s  2.28 i n .  The next l a r g e r  standard p l a t e  s i z e  i s  

2.5 in . ,  which w a s  taken as the thickness  of the c y l i n d r i c a l  por t ion .  

minimum thickness  of t h e  t o r i s p h e r i c a l  heads i s  given by 

The 

pLM + c  , 2SE - 0.2P t =  

where, i n  addi t ion  t o  t h e  nota t ions  previously given, 

L = i n s ide  spher ica l  o r  crown rad ius  of t h e  t o r i s p h e r i c a l  head, 

M = (1/4>(3 +&I ,  
r = ins ide  knuckle r ad ius .  

The ASME Code f u r t h e r  spec i f i e s  t h a t  t h e  in s ide  crown rad ius  t o  which an 

unstayed head i s  dished s h a l l  not be g r e a t e r  than the  outs ide diameter of 

t h e  s k i r t  of t h e  head, and t h a t  t h e  in s ide  knuckle rad ius  of a t o r i s p h e r i -  

c a l  head s h a l l  not be less than 6% of t h e  outs ide  diameter of t h e  s k i r t  o r  

t h e  head but  i n  no case l e s s  than three times the  head thickness .  Based 

on these  considerations,  a crown radius ,  L, of 80 i n .  and a knuckle radius ,  

, 
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r, of 12  i n .  were chosen. The minimum required head thickness  i s  2.28 i n .  

A standard p l a t e  thickness  of 2.5 i n .  w a s  therefore  chosen for t h e  top  and 

bottom heads. 

The d iscont inui ty  s t r e s s e s  i n  the  v i c i n i t y  of t he  head-to-cylinder 

junction ( see  F ig ,  3.8) were analyzed' by assuming t h a t  the t o r i s p h e r i c a l  

head w a s  e l l i p s o i d a l  i n  shape with a minimum-to-maximum radius  r a t i o  of 

1/2. The s t r e s s  and stress i n t e n s i t y  indexes ( f ac to r s  by which the  c i r -  

cumferential  membrane s t r e s s  i n  the  cyl inder  i s  mult ipl ied t o  obtain t h e  

s t r e s s e s  and s t r e s s  i n t e n s i t i e s  of i n t e r e s t )  were obtained by in t e rpo la t ing  

between tabula ted  values given by Kraus e t  a1.l 

stresses, and maximum s t r e s s  i n t e n s i t i e s  are given i n  Table 9.1. 

c i rcumferent ia l  membrane s t r e s s  i n  the cyl inder  i s  13  940 p s i .  

s t r e s s  i n t e n s i t y  i s  20 800 ps i ,  and it occurs a t  t h e  inner  surface of t h e  

knuckle 

The indexes, maximum 

The 

The g rea t e s t  

Table 9.1. S t r e s s  Indexes, S t r e s s  I n t e n s i t i e s ,  and S t r e s ses  i n  
the  Head-to-Cylinder Junction Region Created by an 

I n t e r n a l  Pressure of 625 p s i  

Crown Knuckle Cylinder 

Maximum s t r e s s  index 1.24 1.40 1.10 
Maximum s t r e s s  i n t e n s i t y  index 1.24 1.49 1.10 
Maximum s t r e s s  17 300 (xo)" 19 500 ( x i )  15 300 (co)  
Maximum stress i n t e n s i t y  17 300 ( 0 )  20 800 (i) 1 5  300 ( 0 )  

?Ge t t e r s  i n  parentheses following t h e  stress ind ica t e  t h e  loca t ion  of 
t h e  stress; x ind ica t e s  ax ia l ;  c, c i rcumferent ia l ;  0, outer  surface; i, 
inner  surface.  

The maximum allowable primary-plus-secondary stress i n t e n s i t y  given 

by the  N a v y  Code f o r  type A212, grade B, carbon s t e e l  a t  a temperature of 

650°F i s  24 000 p s i .  Since t h e  maximum stress i n t e n s i t y  i n  t h e  vesse l  

(20 800 p s i )  i s  less than t h e  allowable value, the  vesse l  without nozzle 

attachments i s  adequately designed. 

'H. Kraus, G .  G .  Bilodeau, and B. F. Langer, S t r e s ses  i n  Thin-Walled 
Pressure Vessels with E l l ip so ida l  Heads, Journa lof  Engineering f o r  Industry,  
pp. 29-42 (February 1961) 



Nozzle Attachment Regions 

The nozzle attachment regions 5-n the heads a re  re inforced by l o c a l l y  

increased nozzle s tub and she l l  thicknesses .  The l o c a l  increases  i n  s h e l l  

thickness  a re  not shown i n  Fig.  3.10. The t r a n s i t i o n  f r o m t h e  heavy w a l l  

of a s tub t o  the  th inner  nozzle region i s  made using a tapered sec t ion  i n  

accordance with ASME Code procedures. 

Lhe thickness  i s  uniform throughout t h e  e n t i r e  length.  The pertinent,  noz- 

z l e  dimensions a r e  given i n  Table 9.2.  The thicknesses  of t h e  con t ro l  rod 

and top  access nozzles d i f f e r ,  as follows, from those shown i n  F ig .  3.10. 

I n  t h e  case of t h e  t o p  access  nozzle, 

From From 
Fig.  3.10 Table 9.2 

Control rod nozzle thickness,  i n .  1 .25  1.50 
Top access  nozzle thickness,  i n .  3.0 3.25 

The model used f o r  analyzing t h e  l o c a l  bending and membrane s t r e s s e s ,  

i n  t he  nozzle regions of t he  heads vas a s ingle  nozzle r a d i a l l y  a t tached 

t o  a spher ica l  shel l .  Although the  con t ro l  rod nozzles a r e  not r a d i a l l y  

attached, the ana lys i s  made i s  acceptable f o r  design pui*poses. The gas 

i n l e t  nozzle i s  at tached t o  the c y l i n d r i c a l  w a l l  of t h e  ves se l  and an 

exact ana lys i s  i s  not  ava i lab le .  Hence, t h i s  nozzle w a s  designed on the  

b a s i s  of the Navy Code procedure of a rea  replacement. With the  exception 

of t he  t o p  access nozzle, which i s  12 in .  long, t h e  nozzles were assumed 

t o  be semi- inf ini te  i n  length,  and all the nozzles were taken as th in -  

walled cyl inders .  The pressure s t r e s s e s  a t  t h e  nozzle- to-shel l  juncl;ions 

f o r  the con t ro l  rod, fuelremoval,  and t o p  access  nozzles a re  given i n  

Table 9.3. 

From Table 9.3 t h e  maximum primary-plus-secondary s t r e s s  i n t e n s i t y  

f o r  a cont ro l  nozzle i s  24 900 p s i .  Although t h i s  value i s  s l i g h t l y  above 

the  24 000-psi l i m i t ,  t he  thin-walled cy l inder  representa t ion  f o r  t h e  

nozzle i s  conservative and the  design i s  acceptable.  

remaining nozzles are below the  l i m i t  given. 

The gas i n l e t  nozzle w a s  designed using t h e  procedures out l ined i n  

The values  for t h e  

t h e  Navy Code. 

and the required nozzle thickness  i s  0.25 i n .  

The required thickness  of t he  vesse l  w a l l  i s  2.04 in . ,  

The corresponding a rea  



a a .', a b 

Table 9.2. Nozzle Dimensions Per t inent  t o  the  Analysis" 

Inside Nominal Reinforced Length of Length of Total  

( i n . )  ( i n . )  ( i n . )  ( i n .  ) ( i n . )  ( i n .  ) 
Nozzle Diameter . Thickness Thickne s s Reinforcement Taper Length 

~- 

Control  rod 4.026 0.237 1.5 3.75 5.0 Long 
G a s  i n l e t  13.126 0.437 2.5 6.25 9.0 Long 
Fuel removal 15.0 0.50 2.5 6.25 8.0 Long 
Top access  30.0 3.25 12.0 None 12.0 

~~ 

%he thickness of t he  vessel  w a s  assumed t o  be 3 i n .  f o r  t h e  ana lys i s  of t h e  control-rod, gas- 
i n l e t ,  i d  fuel-removal regions; f o r  t he  t o p  access nozzle region it w a s  taken as 3.25 i n .  

Table 9.3, Pressure Stresses  at Junctions of Nozzles and Vessel and at  Top Access-Nozzle Flange 
P -  c n .  
P 

Nozzle S t r e s ses  ( p s i )  Vessel S t r e s ses  ( p s i )  

Axial Circumferential  Meridional Circumferential  Nozzle 

Outer Inner- .  Outer Inner  Outer Inner  Outer Inner 
Surface Surface Surface Surface Surface Surface Surface Surface 

Control rod 17 800 -16 600 18 600 8 300 6 600 -800 12 400 15 900 
Fuel removal 13 700 -11 500 18 000 10 500 11 700 -5100 15 300 14 500 
Top access  (a t  junct ion)  15 000 -11 800 18 700 10 700 16 400 -9700 17 500 12 900 
Top access  (at  f lange)  -9 100 12 300 -2 700 3 700 
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replacement needed, i s  27.03 in. ' ,  

nozzle, taking i n t o  account t h e  1/16-in. corrosion allowance, i s  27.34 

i n . 2 ,  and the ava i lab le  replacement a r e a  i n  t h e  vesse l  w a l l  i s  11.80 i n V 2 ,  

The t o t a l  a r e a  f o r  replacement is ,  therefore ,  39.14 in .2 ,  and t h e  nozzle 

i s  ade quately de signed. 

The replacement a rea  avai lable  i n  the  

The thermal s t r e s s e s  i n  the  nozzles w i l l  be low as a result of main- 

t a i n i n g  the  pressure envelope a t  a uniform temperature. 

be des i rab le  t o  l i m i t  the  temperature of t h e  f lange on the  t o p  access 

nozzle t o  about 300°F f o r  seal ing purposes. I n  order t o  evaluate t h e  

s t r e s s e s  associated with the  temperature d i s t r i b u t i o n ,  an exponentiaL 

funct ion t h a t  has the  value of 550°F a t  t h e  nozzle- to-shel l  junction and 

300°F at the t o p  flange w a s  used t o  describe the  d i s t r i b u t i o n .  The t e m -  

perature function i s  given by 

However, it may 

vhere x i s  the  axial distance along t h e  nozzle. This  expression gives  a 

g r e a t e r  decay of temperature with dis tance along t h e  nozzle than doe:; t h e  

so-called "fin" equation. The s t r e s s e s  a t  t h e  two endscof the  nozzle a r e  

given i n  Table 9.4.  

The maximum s t r e s s  i n t e n s i t i e s  corresponding t o  the  combined thermal 

and pressure s t r e s s e s  are 24 100 p s i  a t  the  s h e l l  end and 49 000 p s i  i n  

Table 9.4 .  Thermal S t resses  at Junction of Top Access Nozzle 
and Vessel and at Flange . 

- 

Axial o r  Meridional Circumferential  
S t resses  ( p s i )  S t resses  ( p s i )  

Outer Inner Outer Inner 
Surface Surface Surface Surface 

Locat ion - 

A t  junction, nozzle 9 100 -9 100 -2 800 -8 300 

A t  junction, vessel  9 500 -8 300 -8 400 -2 500 

-36 700 36 700 -11 200 10 800 A t  flange, nozzle 
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t h e  f lange region of the  nozzle. The maximum s t r e s s  i n t e n s i t y  i n  the  shel l  

i s  28 400 p s i .  

;he Navy Code, and a modification i n  length o r  thickness  o r  both w i l l  be 

The maximum value exceeds the  42 000-psi l i m i t  given by 

required i f  the 300°F l i m i t  i s  imposed. 

A f a t igue  ana lys i s  w a s  a l s o  made. The stress concentration f a c t o r  

applied t o  the  bending component of the  thermal s t r e s s e s  i n  the nozzle i s  

1.75 f o r  a f i l l e t  rad ius  of 1.0 i n .  The s t r e s s  summary i s  given i n  Table 

9.5. 

nozzle and the  corresponding mean values a r e  given i n  Table 9.6. 

ab le  a l t e rna t ing  stress of 66 000 p s i  w a s  adopted based on 500 cold start- 

up cycles  and a usage f a c t o r  of 0.4. The appl icable  f a t igue  diagram i s  

shown i n  Fig.  9.1, where it may be seen t h a t  t h e  stress values l i e  within 

the  safe region. 

The th ree  stress i n t e n s i t i e s  on the  outer  surface a t  t h e  ends of t he  

An allow- 

Stresses may be induced i n  the gas i n l e t  nozzle and the adjacent 

s h e l l  region as a r e s u l t  of r e l a t i v e  v e r t i c a l  displacement of the two en& 

of t h e  gas i n l e t  l i n e .  This  r e l a t i v e  displacement i s  due t o  thermal ex- 

pansion e f f e c t s  i n  the system and t o  probable misalignment of t he  pres-  

sure vesse l  r e l a t i v e  t o  the  steam generatori  during e rec t ion .  Displace- 

ments from four  separate  sourees combine t q  produce t h e  t o t a l  r e l a t i v e  

displacement from thermal-expansion e f f e c t s .  

Fig.  3.10) a re  described below: 

These four  sources (see 

1. V e r t i c a l  displacement of pressure ves se l  as a r e s u l t  of ro t a t ion  

of the  support p l a t e s  as t h e  r eac to r  i s  heated from room temperature t o  

operating temperature. This  displacement i s  discussed i n  t h e  sec t ion  of 

t h i s  chapter on the  pressure ves se l  support system, and it i s  shown that. 

the v e r t i c a l  displacement i s  0.024 i n .  

2. V e r t i c a l  movement of t h e  steam generator support platform because 

of curvature i n  the  support columns. T h i s  displacement i s  discussed i n  

the  sect ion of t h i s  chapter deal ing with t h e  steam-generator support system 

and i s  equal t o  0.019 in . ,  assuming that t h e  steam generator moves t o  one 

s ide of t h e  normal pos i t i on  as t h e  system i s  heated from room temperature 

t o  the operating temperature. 

3.  V e r t i c a l  displacement of steam generator as a r e s u l t  of ro t a t ion  

of the  members which support t he  steam generator  from t h e  support platform. 
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Table 9.6. S t ress  I n t e n s i t i e s  and Associated Alternating and Mean S t r e s s  I n t e n s i t i e s  
f o r  Top Access Nozzle 

S t r e s s  I n t e n s i t y  Alternating S t r e s s  Mean S t r e s s  In tens i tya  
(Psi  1 Intensi ty"  ( p s i )  (Ps i  Loc a t  ion 

512 s2 3 s31 s12 s2 3 s3 1 s12 s2 3 s3 1 

t-l 
0 .  A t  v e s s e l  13 100 17 $00 30 900 6 600 8 900 15 500 6 600 8 900 15 500 w l .  

A t  f lange 51 100 22 200 73 000 25 600 11 100 36 700 16 400 11 100 5 300 

%he -.nnUri"c,all subscripts 1, 2, and 3 on S ( s t r e s s  i n t e n s i t y )  r e f e r  t o  t h e  ax ia l ,  circumferen- 
t ia l ,  and radial direct ions,  respect ively.  
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4.  A x i a l  thermal expansion of t h a t  port ion of t h e  steam generator 

between i t s  support plane and t h e  plane of t h e  concentric gas ducting, 

By proper design the  movements described i n  items 3 and 4, together  ' 

w i t h  those described i n  items 1 and 2, can be made self-compensating so 

t h a t  t h e  ne t  r e l a t i v e  v e r t i c a l  displacement of t he  ends of t h e  gas i n l e t  

l i n e  will be negl ig ib le .  

v e r t i c a l  misalignment might occur during e rec t ion ,  This e f f e c t  i s  l e s s  

ser ious than t h e  thermal e f f ec t s ,  which would be cyc l i c  i n  nature,  be- 

cause the  associated s t r e s s e s  may be re l ieved  through deformation with- 

out de l e t e r ious  e f f e c t s .  

There remains the  p o s s i b i l i t y  that a s l i g h t  

The e f f e c t s  of a r e l a t i v e  displacement, 6, were examined by consider- 

ing the  gas i n l e t  l i n e  t o  be a beam f ixed  against  ro t a t ion  a t  both ends 

and subjected t o  a displacement, 6, a t  one end. Each half of the  l i n e  

thus behaves as a can t i l eve r  beam subjected t o  an end displacement of 

6/2. 

of t h e  misalignment i s  given by 

The force,  i n  lb ,  a t  the  end of t he  can t i l eve r  beam as a funct ion 

F =  , 
l 3  

where 

E = modulus of e l a s t i c i t y ,  p s i  

I = moment of i n e r t i a ,  i n .  

I = length,  i n .  

4 

For a 14-in.  sched.-40 pipe, 6 f t  long, 

F = 41 380 6 , 

and t h e  moment, i n  in . - lb ,  a t  t h e  junction of the nozzle and s h e l l  i s  

M = 248 300 6 . 
The s t r e s s  values i n  the  nozzle and s h e l l  corresponding t o  t h i s  

moment loading were evaluated.2 The a x i a l  s t r e s s  ( p s i )  i n  the  nozzle i s  

2P. P. B i j l a a r d ,  Welding Research Council Bu l l e t in  Ser ies ,  No. 50 
(May 1959). 
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t h e  g rea t e s t ,  and i t s  value i s  94 730 6. Thus, a r e l a t i v e  displacement 

of 0.10 in .  gives  a s t r e s s  of 9473 p s i ,  which c l e a r l y  ind ica t e s  t h a t  only 

a s m a l l  amount of misalignment can be to l e ra t ed .  

Liner 

The pressure vesse l  l i n e r  i s  made of type 304 s t a i n l e s s  s t e e l .  The 

configurat ion i s  a cy l ind r i ca l  s h e l l  with a head i n  the  form of a conical  

sect ion and a spher ica l  upper por t ion  (see Fig.  3.3).  
t i o n s  f o r  t h e  l i n e r  a r e  an ex terna l  pressure of 3 p s i  a t  1250°F. 

working pressure w i l l  a c t u a l l y  be approximately 2 p s i  and the  temperature 

w i l l  be nearer  550°F (because of t he  in su la t ion  on the  upper por t ions  of 

t h e  l i n e r ) .  

The design condi- 

The 

The minimum l i n e r  thickness  w a s  determined i n  accordance with the  

ASME Code requirements f o r  s h e l l s  subjected t o  ex terna l  pressure.  How- 

ever, t h e  code r u l e s  a r e  l imi ted  t o  spher ica l  and c y l i n d r i c a l  s h e l l s .  The 

code s t a t e s  t h a t  ves se l s  intended f o r  service under ex terna l  working pres-  

sures  of 15 p s i  or less, which a r e  t o  be designed i n  compliance wi th  t h e  

r u l e s  f o r  ex terna l  pressure,  shall be designed for a maximum allowable 

ex terna l  pressure of 15 p s i  or 25% more than the  maximum possible  ex te rna l  

pressure,  whichever i s  smaller.  Thus, s ince the  a c t u a l  ex te rna l  pressure 

on t h e  l i n e r  w i l l  be approximately 2 ps i ,  t h e  3 p s i  design value meets 

code requirements. 

which, a f t e r  allowing f o r  corrosion, gives  an e f f ec t ive  thickness  of 3/8 

i n .  

the  cy l ind r i ca l  por t ion  i s  8.8 ps i ,  and the  value f o r  t h e  spher ica l  port ion 

i s  20.2 ps i .  

of the  l i n e r  w i l l  have a g rea t e r  r e s i s t ance  t o  buckling than the  c y l i n d r i c a l  

portion, t he  l i n e r  i s  adequate from the  standpoint of r e s i s t ance  t o  ex- 

t e r n a l  pressure.  

The l i n e r  thickness  w a s  a r b i t r a r i l y  chosen as 1/2 in .  

The Code cha r t s  ind ica te  t h a t  t h e  allowable ex te rna l  pressure f o r  

Since it i s  reasonable t o  assume that t h e  conical  port ion 

During normal operation, d i f f e r e n t i a l  thermal expansion between t h e  

l i n e r  and the  pressure ves se l causes the  l i n e r  end of t he  gas o u t l e t  l i n e  

t o  move v e r t i c a l l y  0.19 i n .  r e l a t i v e  t o  t h e  gas i n l e t  nozzle. 

port ion of t h e  l i n e r  i n  the  upper plenum reached a temperature of 1250°F, 

t h i s  r e l a t i v e  displacement would become approximately 0.86 i n .  I n  e i t h e r  

If t h e  



event, l a rge  s t r e s s e s  may occur i n  the  regions of the gas o u t l e t  nozzle 

attachment t o  the l i n e r .  These stresses could be appreciably-reduced by 

using an expansion jo in t ,  which would allow ro ta t ion  at  t h e  steam generator 

end of the l i n e .  The stress ana lys i s  of such a nozzle-to-conical s h e l l  

attachment does not lend i t s e l f  t o  accurate theo re t i ca l  analysis ,  and an 

experimental stress ana lys i s  w i l l  be required f o r  t he  f i n a l  design. The 

required experimental ana lys i s  i s  discussed further i n  Section 16. 

The pressure ves se l  l i n e r  i s  welded t o  t h e  support p la te ,  and thus  

thermal stresses corresponding t o  the  d i f fe rence  i n  the  coe f f i c i en t s  of 

expansion f o r - t y p e  304 s t a i n l e s s  s t e e l  and type A212, grade B, carbon 

s t e e l  w i l l  be induced upon heating. 

t h e  l i n e r ,  t h e  r a d i a l  expansion w i l l  be d i c t a t ed  by the p l a t e .  

Since t h e  p l a t e  i s  more r i g i d  than 

The lower 

port ion of t h e  l i n e r  w i l l ,  therefore ,  behave as a cyl inder  with the  end 

f ixed  aga ins t  r o t a t i o n  and subjected t o  a radial def lec t ion .  

Using t h i s  model t he  stresses i n  the l i n e r  were calculated3 f o r  a 

temperature of 550°F. The mean coef f ic ien ts  of expansion were taken as 

9.45 X 

and carbon steel, respect ively,  giving a d i f fe rence  i n  radial e q a n s i o n  

of 0.058 i n .  

52 500 and 44 700 ps i ,  respect ively.  

needed t o  br ing  these values within acceptable limits. 

duction can be achieved by construct ing the  lower sect ion of the l i n e r  

from a material with a coef f ic ien t  of expansion ly ing  between the values 

for type 304 s t a i n l e s s  steel and type A212, grade B, carbon s t e e l  o r  by 

in . / in .*"F and 7.15 X i n . / i n .*"F  for t h e  s t a i n l e s s  s t e e l  

The comesponding a x i a l  and circumferent ia l  s t r e s s e s  a re  

Hence a design modification i s  

The required r e -  

using a s t a i n l e s s  steel  support p l a t e .  

Core Support P l a t e  

The carbon steel  p l a t e  t h a t  supports t h e  core and r e f l e c t o r  rests on 

lugs at tached t o  the cy l ind r i ca l  por t ion  of the pressure vesse l .  

s t r e s s  magnitudes given below a re  based on t h e  assumption t h a t  t h e  f u e l -  

removal mechanism extends up i n t o  the  fue l  cav i ty  through a 12-in.-diam 

The 

3F. J. W i t t ,  Thermal S t r e s s  Analysis of Cyl indr ica l  Shel ls ,  ORNL 
CF-59-1-33 rev.  (January 1959). . 
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hole at the  center  of t he  p l a t e ,  and the re  are 296 holes  3/4 i n .  i n  d i -  

ameter on a 1 1/2- in .  t r i angu la r  p i t c h  between t h e  edge of t h e  12- in . -  

diam hole and a c i r c l e  with a rad ius  of 30 i n .  t o  allow f o r  the  passage 

of coolant gas from the  lower plenwr i n t o  the  f u e l  bed ( see  Fig.  3.10). 

For a graphi te  dens i ty  of 1.7, the  d i s t r i b u t e d  load on t h e  p l a t e  i s  7.4 

p s i .  

Based on these data ,  t he  maximum stress i n  the  unperforated port ion 

of the  p l a t e  w a s  found t o  be -4300 p s i .  

d i r ec t ion  and i s  located a t  the  outer  edge. The s t r e s s  concentration 

f a c t o r 4  at t h e  edge of one of t he  s m a l l  holes  i s  -2.0, while t he  value 

midway between holes5 i s  -1.7. 
t i o n s  i n  the  perforated region are -10 000 and -7700 ps i ,  respec t ive ly .  

From these  da t a  it i s  apparent t h a t  a margin of s a fe ty  e x i s t s  i n  t h e  de- 

s ign of the  p l a t e  t o  allow f o r  i r r a d i a t i o n  e f f e c t s  and accident condi t ions.  

This  stress i s  i n  the  t angen t i a l  

Thus t h e  maximum s t r e s s e s  a t  these  loca-  

Pressure Vessel Support System 

The pressure ves se l  support system i s  designed t o  permit d i f f e r e n t i a l  

r a d i a l  growth between t h e  pressure ves se l  and supporting s t ruc tu re .  The 

system i s  depicted i n  Fig.  3.7, which shows both the  pressure ves se l  and 

the  steam generator support system, and i n  Fig.  3.9, which i s  a p i c t o r i a l  

drawing of one of t he  supports. The 11 support p l a t e s  bear  aga ins t  p l a t e s  

a t tached t o  the  pressure vesse l  and t o  the  support frames which, i n  tu rn ,  

a r e  supported from the  b io logica l  sh ie ld .  F l a t  bearing surfaces  were 

chosen f o r  t h e  pressure vesse l  lugs and p l a t e s  a t tached t o  t h e  b io log ica l  

sh ie ld  because d i f f i c u l t  machining and alignment problems are associated 

with o ther  forms. The gear rack and pinion too th  arrangement at the  t o p  

and bottom of each support p l a t e  a r e  designed t o  absorb t h e  hor izonta l  com- 

ponents of force  i n  the  system. The s ide  t h r u s t  p l a t e s  prevent r o t a t i o n a l  

4R. E. Peterson, S t r e s s  Concentration Design Factors,  John Wiley and 
Sons, New York, 1953. 

%. C .  Wilson and R .  L. Maxwell, An Experimental Inves t iga t ion  of 
t he  S t resses  and Deflect ions of a Perforated P l a t e  i n  Bending, P a r t  1, 
University of Tennessee Engineering Experiment Stat ion;  Department of 
Mechanical Engineering, Report No. ME-61-1 (June 1961). 

c 

. 
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and t r a n s l a t i o n a l  motion of t h e  pressure vesse l  w i t h  respect  t o  the  

b io logica l  sh ie ld .  .. 

As the r eac to r  i s  heated from room temperature, radial thermal ex- 

pansion of t he  pre'ssure vesse l  causes t h e  support p l a t e s  t o  ro t a t e ,  w i t h  

t h e i r  cy l ind r i ca l  ends r o l l i n g  on the bearing p l a t e s .  A t  t he  same t i m e ,  

t h e  gear t e e t h  r o l l  i n  the  gear racks according t o  t h e  fundamental charac- 

t e r i s t i c s  of spur gearing. The e n t i r e  support system must be designed t o  

withstand seismic loadings without permitt ing t r a n s l a t i o n s  o r  ro t a t ions  

of t h e  pressure vesse l  r e l a t i v e  t o  the  support framework. 

The design and stress analyses of t he  support system f o r  each of t he  

above requirements a r e  presented below i n  two pa r t s .  The f i r s t  pa r t  i s  

concerned w i t h  t h e  design and ana lys i s  of t h e  system f o r  normal operating 

conditions;  t he  second p a r t  considers the e f f e c t s  of seismic loadings. 

Design and S t r e s s  Analysis for Normal Operating Conditions 

. 

. 

. 

\ Under normal conditions it i s  assumed t h a t  t he  weight of t he  pressure 

vesse,l  and contents  (145 000 l b )  i s  equal ly  supported by 11 support members, 

which are each 36 i n .  long. 

support member i s  thus 824 lb per  inch of support p l a t e  length.  

s ince the  support members a re  not equal ly  spaced around the e n t i r e  c i r -  

cumference of t he  vesse l  (see Fig.  3 . 8 ) ,  t he  two supports nearest  t he  gas 

i n l e t  nozzle w i l l  c a r ry  approximately 985 lb / in .  and t h e  support opposite 

t h e  gas i n l e t  l i n e  w i l l  ca r ry  only 672 lb / in .  

t he  ends of the support members were s ized so t h a t  t h e  contact s t r e s s e s  

would be within acceptable l i m i t s .  For a r o l l e d  s t e e l  r o l l e r  on a f l a t  

p l a t e  of the  same material, t h e  maximum acceptable load per  inch i s  given 

The v e r t i c a l  load normally ca r r i ed  by each 

Actually, 

The r o l l i n g  surfaces  on 

by6 ' 

P' = 700 d , 

where Pt i s  the load per inch and d i s  the  rol le ' r  diameter. 

diam r o l l e r  t he  maximum acceptable load i s  1400 lb / in .  

s t r e s s e s  developed i n  the  r o l l e r s  and i n  the  f l a t  bearing p l a t e s  are ,  

For a 2-in.-  

Thus, t h e  contact 

6S. Timoshenko, Strength of Materials,  P a r t  11, p. 343, D. Van 
Nostrand, New York, 1956. 

\ 
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during normal conditions,  within acceptable l i m i t s .  

t he  formula for t he  allowable load i s  unchanged f o r  temperatures up t o  

550°F. 

It i s  assumed tha t '  

The upward t h r u s t  on a support lug  at tached t o  the  pressure vesse l  

induces bending i n  t h e  she l l .  The load i s  applied at  a d is tance  of about 

3.25 i n .  w i t h  a r e s u l t i n g  moment of approximately 42 000 in . - lb .  No ac-  

cura te  model f o r  evaluat ing the  s t r e s s e s  i s  ava i lab le ;  however, an e s t i -  

mate of the  maximum s t r e s s  may be made by using methods developed f o r  

analyzing s ingle  nozzle- to-shel l  attachments7 when i n t e r a c t i o n  between 

adjacent attachments does not e x i s t .  The v a l u e ' i n  t h i s  case w a s  found 

t o  be -1200 ps i ,  which i s  almost i n s ign i f i can t .  However, add i t iona l  i n -  

ves t iga t ion  i s  required i n  t h e  v i c i n i t y  of the  gas o u t l e t  nozzle where 

the  in t e rac t ions  and combined s t r e s s e s  m y  be important. 

The t o t a l  a x i a l  load (per inch)  t ransmit ted by the  suppoyt p l a t e s  i s  

830 lb / in .  

Thus the  support p l a t e s  a r e  more than adequate from the  standpoint of 

s t a b i l i t y  during normal operation. 

The c r i t i c a l  buckling load f o r  t h e  p l a t e s  i s  18 500 l b / i n .  

The thickness  of t h e  gear t e e t h  w a s  es tab l i shed  on the  basis of bend- 

ing  s t r e s s e s  i n  the  t e e t h .  A thickness  of 1/2 in .  w a s  found t o  be satis- 

factory,  assuming t h e  gear mater ia l  t o  be forged carbon s t e e l  (SAE 1030). 

A s  t he  pressure vesse l  expands r ad ia l ly ,  t he  r o t a t i o n  of t h e  support 

p l a t e s  causes a v e r t i c a l  displacement of t h e  e n t i r e  pressure ves se l  as- 

sembly. 

temperature t o  the design operating temperature i s  0.216 i n .  The cor-  

responding v e r t i c a l  movement of t h e  pressure vesse l  a t  t h e  support l e v e l  

i s  0.024 i n .  upward. T h i s  displacement can be balanced by a corresponding 

displacement of t h e  steam generator ,end of the  gas i n l e t  l i n e .  

Ef fec ts  of Seismic Loads 

The radial expansion of t he  pres,sure vesse l  i n  going from room 

1 

I n  the  design of the  PBRE, t he  maximum hor izonta l  and v e r t i c a l  ac- 

ce l e ra t ions  r e s u l t i n g  from earthquake loadings a re  taken, respect ively,  

as 10% and 5% of tha t  due t o  grav i ty .  These values a r e  twice those used 

\ 

b 

~~ 

70p. c i t  . , B i  jlaard. 

I 
\ 
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d 
3 ' 1 -  i- F2 - F4 -*Fg - F6 - r (0.2 w )  = 0 , 

i n  t h e  design of t he  EGCR. 

a r e  designed t o  r e s i s t  downward loads only, and it i s  e s s e n t i a l  that ,  a t  

no time during an an t ic ipa ted  seismic disturbance i s  the  vesse l  t ipped 

off  of any support member. 

The reac tor  pressure vesse l  support members 

The 11 support members are spaced a t  30-deg i n t e r v a l s  around t h e  

pressure vesse l  (see Fig.  3 . 8 ) .  

t he  presence of t h e  gas i n l e t  nozzle; hence, t he re  i s  a 60-deg i n t e r v a l  

between t h e  members i n  t h i s  v i c i n i t y .  The center  of g rav i ty  f o r  t he  pres-  

sure vesse l  and the  i n t e r n a l  components l i e s  on t h e  r eac to r  center  l i n e  

approximately 62.4 i n .  below the  support c i r c l e .  The e n t i r e  supported 

weight, w, w a s  assumed t o  be 145 000 l b .  

A twe l f th  member w a s  omitted because of 

The case i n  which downward load (ca l led  pos i t ive  i n  the remaining 

discussion)  on one member i s  a minimum w i l l  occur when the  horizontal  

force  through the center  of g rav i ty  a c t s  i n  the  d i r ec t ion  opposite t o  that  

of the gas i n l e t  l i n e .  

t h e  support members a re  numbered i n  a clockwise d i rec t ion ,  when viewed 

from above, with number one being located a t  an i n t e r v a l  of 30 deg from 

t h e  center l ine  of t he  gas i n l e t  nozzle. From symmetry, t h e  force  on 

member number one, F1, equals t h a t  on member number 11, F11, e t c .  .There- 

fore ,  s i x  r e l a t ionsh ips  a re  needed t o  determine t h e  reac t ion  forces .  Two 

of these a re  determined from s t a t i c  re la t ionships .  Assuming that  t h e  

m a x i m u m  hor izonta l  and v e r t i c a l  acce le ra t ions  occur simultaneously 

For i d e n t i f i c a t i o n  purposes, it i s  assumed tha t  

i s  t h e  expression obtained from ZE' 

a diameter perpendicular t o  the one through the  gas i n l e t  nozzle equals 

zero, o r  

= 0. The summation of moments abou t ,  
V 

m = o  . 
Thus, 

where d i s  the  d is tance  t o  the center  of g rav i ty  and r i s  the rad ius  

t o  the  support p l a t e .  The other  four  r e l a t ionsh ips  can be obtained by 
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considering t h e  s t r a i n  i n  each of t h e  supports.  The support r i ng  w i l l  

d e f l ec t  downward and t i p  through a small angle, 4. 
plane a f t e r  deformation, expressions may be wr i t t en  f o r  t h e  ind iv idua l  

def lect ions,  Ei, and the  force  r e l a t i o n s  follow f r o m t h e  de f l ec t ions  i n  

each support. Thus 

Since planes remain 

F5 = 11 - ~ / 2 ) l F 3  + (fi/2)Fg ( 6 )  

The solut ion of these  s i x  equations gives  t h e  force  on the support member 

opposite t he  gas  i n l e t  nozzle: 

T h i s  force  i s  pos i t ive ,  so t h e  vesse l  w i l l  remain seated on i t s  support 

s t ruc tu re  during the seismic disturbance postulated.  The l a r g e s t  force '  

on a member i s  

F1 = +21 070 l b  . 
The v e r t i c a l  de f l ec t ions  caused by these  loads are 

66 = 0.30 x i n .  

61 = 1.28 x i n .  

The maximum force  on a support p l a t e  corresponds t o  a load of 1320 lb / in .  

which i s  wel l  below the  18 500 lb / in .  value required f o r  buckling. 

deformations are a l s o  s m a l l  and t h e  e f f e c t s  upon t h e  stresses i n  the  gas  

i n l e t  piping should be negl ig ib le .  

The 

I n  order t o  f u l l y  study t h e  c h a r a c t e r i s t i c s  of the  system under 

earthquake conditions,  a v ibra t ions  study should be m a d e  t o  determine t h e  

. 

. 
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fundamental frequencies. Thus, an invest igat ion f o r  t h i s  purpose i s  out- 

l ined  i n  Section 16, 

S t  e a m  Generator Support System 

A f l e x i b l e  support system i s  proposed f o r  t h e  steam generator.  The 

system w i l l  allow the steam generator t o  move f r e e l y  i n  a s ingle  horizontal  

d i rec t ion  and thus accommodate the  thermal expansion of the  pressure ves- 

s e l ,  the  steam generator s h e l l ,  and t h e  primary coolant piping between the 

steam generator and the  pressure vesse l ,  A 1/8-scale model of the pro- 

posed support system i s  shown i n  Fig. 9.2. The support system c o n s i s t s  

of beam columns (beams subjected t o  a x i a l  compression while simultaneously 

supporting l a t e r a l  1oads) 'with small moments of i n e r t i a  corresponding t o  

the desired d i rec t ion  of motion. The ends are f ixed against  ro ta t ion .  I n  

order t o  allow f o r  radial expansion of the  steam generator s h e l l ,  the 

steam generator i s  supported from the support platform by bars.hinged a t  

both ends. To f a c i l i t a t e  removal of the steam generator from above, t h e  

bars  w i l l  probably be mounted above the  platform, as shown i n  Fig:  3.7, 

r a t h e r  than below the  platform as i n  Fig.  9.2. 

horizontal  motion which the  support system i s  capable of absorbing, a 

t r i p l e  exposure photograph of the model i n  the  normal posi t ion and i n  a 

pos i t ion  t o  e i t h e r  s ide of the  normal i s  shown i n  Fig.  9.2. The range 

of motion shown corresponds t o  approximately 7 i n .  i n  the ac tua l  support 

system. 

I n  order t o  depict  the  

A displacement of approxima.tely 1 1/2 i n .  w i l l  occur during a 
normal reactor  power cycle. 

The l a t e r a l  force required t o  d.isplace the  steam generator horizontal ly  

depends on t h e  r a t i o  of the compressive load car r ied  by each beam column 

t o  the  c r i t i c a l  buckling load f o r  esch column. 

equal t o  one, zero l a t e r a l  force i s  required t o  move the steam generator 

through,a  s m a l l  hor izontal  displacement.8 

diagramatically i n  F ig ,  9.3a. Figure 9.3b depic t s  the  column i n  i t s  

If t h i s  r a t i o  becomes 

One of the  columns i s  shown 

'By def in i t ion ,  the  c r i t i c a l  load i s  the a x i a l  compressive force 
which i s  j u s t  s u f f i c i e n t  t o  maintain the  column i n  a s l i g h t l y  bent form 
when the l a t e r a l  force i s  removed. 
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Fig. 9.2. Scale Model of t he  PBRE Steam Generator Flexible  Support 
System Depicting Horizontal Movement of t h e  Steam Generator. Original re -  
duced 18%. 
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a 

deformed shape. The c r i t i c a l  load i n  t h i s  case i s  given by 

where E i s  the  modulus of e l a s t i c i t y ,  I i s  t h e  moment of i n e r t i a ,  and I 

i s  t h e  column length.  

t h e  column .is l imi ted  t o  a small value (or  t o  zero, as shown i n  Fig.  9 . 4 ) , ,  

If the  r e l a t i v e  displacement of t he  two ends of 

t h e  c r i t i c a l  buckling Mad, 'cr, i s  

o r  grea te r .  Thus i f  the  r e l a t i v e  lateral displacements of t he  ends of 

t h e  beam-column supports are l imi ted  by s tops  and by t h e  coolant pipe, 

each beam-column support could ca r ry  an a x i a l  load equal t o  i t s  c r i t i c a l  

load and ye t  be supporting only one-fourth, o r  less, of t h e  load necessary 

t o  ac tua l ly  produce f a i l u r e .  

I n  order t o  properly design a support system of t h e  type proposed, 

r e l a t i o n s  between t h e  l a t e r a l  load, Q, on each beam column, and the  l a t e r a l  

and axial r e l a t i v e  displacements of t he  ends of a beam column are needed. 

The following equations, derived from s t r a i n  energy considerations,  ex- 

press  these  r e l a t ions :  

~ Q P  1 nT 
s in2  - 

E I T ~  n= l  n2(n2 - a) 2 
c 6 = -  

and 

4Q215 co 1 n r  
s in2  - . 

2 
x =  c 

( E I ) ~ +  n = l  n2(n2 - a ) 2  

Here 6 and X are t h e  r e l a t i v e  l a t e r a l  and a x i a l  displacements of t he  ends 

of a beam column, respect ively,  and a i s  the  r a t i o  of t he  a x i a l  load, P, 

t o  t h e  c r i t i c a l  load and i s  given by 

P 22 
a = -  ~ 

E 1 9  
. 
. 
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Fig. 9.3. Buckling Form of Steam Generator Support Columns When 
Lateral Deflection is  Permitted. 
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Fig. 9.4. Buckling Form of Steam Generator Support Columns When 
Lateral Deflection is  Prevented. 



1 

. 

The preliminary design of the support system w a s  based on the use of 
s i x  i d e n t i c a l  beam columns. I n  the absence of f i n a l  steam generator de- 

sign, the columns were examined by using an a r b i t r a r y  steam generator 

weight of 26 000 l b .  

8 i n .  wide. 

c r i t i c a l  load were considered: 

The columns were assumed t o  be s t ee l ,  6 f t  long, and 

Three r a t i o s  of t h e  compressive load on each column t o  the  

a = P/Pcr = 1.0, 0.75, and 0.5 . 

The horizontal  load, Q, required t o  displace t h e  steam generator 1 1/2 i n .  

from t h e  v e r t i c a l  posi t ion,  the v e r t i c a l  displacement of t he  tops of t he  

beam columns, h, and t h e  required column thickness,  t, a re  given i n  Table 

9.7 f o r  each value of a. It should be remembered that Table 9.7 i s  based 

on an estimated steam generator weight and will be corrected when a f i n a l  

steam generator design i s  selected.  

ness, (or  P/Pcr r a t i o )  will depend on the allowable a x i a l  load which the 

gas i n l e t  l i n e  can t r a n s m i t  without producing excessive s t r e s s e s  i n  the 

l i n e  or i n  t he  pressure vesse l  o r  steam generator attachment regions.  

The f i n a l  se lec t ion  of a column th ick-  

Table 9.7. Design Parameters f o r  t he  Steam 
Generator Beam-Column Supports f o r  Three 

Rat ios  of the  Axial Load t o  the  
C r i t i c a l  Load 

a = P/Prcr t ( i n . )  x ( i n . )  
-~ 

0.5 0.61 0.019 663 
0.75 0.533 0.019 . 221 
1.0 0.485 0.019 0 

Graphite Reflector  Structure  

The rapid decay of t he  radial fast-neutron f l u x  i n  the  inner  port ion 

of t h e  graphi te  r e f l e c t o r  w i l l  produce s ign i f i can t  d i f f e r e n t i a l  r ad ia t ion  

shrinkage i n  t h e  r e f l e c t o r .  On t h e  b a s i s  of ava i lab le  shrinkage and rup- 

ture-elongation da ta  and t h e  present knowledge concerning graphi te  be- 

havior, it must be assumed tha t  s t r a i n s  induced by fast-neutron i r r a d i a t i o n  
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w i l l  cause f a i l u r e  a f t e r  some exposure i n t e r v a l .  This i n t e r v a l  depends 

on the  graphi te  configurat ion and on the  a b i l i t y  of the  graphi te  t o  w i t h -  

stand deformation without rupture .  

The c y l i n d r i c a l  port ion of t he  graphi te  r e f l e c t o r  i s  96 in .  i n  out-  

side diameter and 30 i n .  i n  ins ide  diameter. I n  order  t o  gain an in s igh t  

i n t o  the  seve r i ty  of t he  problem, an an iso t ropic  e l a s t i c  ana lys i s  w a s  used 

t o  pred ic t  t he  ax ia l ,  c i rcumferent ia l ,  and r a d i a l  s t r e s s  d i s t r i b u t i o n s  i n  

the f irst  1 2  i n .  of the  r e f l e c t o r ,  assuming tha t  this port ion of t he  r e -  

f l e c t o r  i s  made up of a s ingle  thick-walled cyl inder .  Generalized plane 

s t r a i n  condi t ions were assumed. 

exponential  function, and the  r e s u l t i n g  exposure equation i s  

The f l u x  da ta  were approximated by an 

where d i s  i n  inches f r o m t h e  co re - r e f l ec to r  i n t e r f ace  and 4 i s  i n  Mwd/AT 

per year .  

of f u e l  i n  the  Hanford r eac to r s  because shrinkage data a r e  o rd ina r i ly  

given i n  terms of t h i s  u n i t .  

a t  t he  mid-plane of the  reac tor .  It w a s  assumed t h a t  t h e  longi tudina l  

axis of t he  cyl inder  coincides with the  d i r e c t i o n  of ex t rus ion  and t h a t  

the  mechanical p rope r t i e s  and shrinkage r a t e s  a r e  t h e  same i n  the  radial 

and t angen t i a l  d i r ec t ions .  

The exposure i s  expressed i n  megawatt days per  adjacent  tonne 

The e-xposure d i s t r i 5 u t i o n  represents  tha t  

The mean temperature of the  r e f l e c t o r  a t  the  mid-plane of the  reac tor  

w a s  assumed t o  be 1000°F. 

graphi te  t o  be needle-coke AGOT, the  shrinkage r a t e s  were taken as 

3.4 x and 1 .5  x 
lar  d i rec t ions ,  respect ively.  The modulus of e l a s t i c i t y  w a s  taken as 

1 .5  X lo6 p s i  i n  t he  ax ia l  d i r e c t i o n  and 1.1 X lo6 p s i  i n  t h e  perpendicu- 

lar d i r ec t ion .  

Based on t h i s  temperature and assuming the  

(in./in.)/(Mwd/AT) i n  the  a x i a l  and perpendicu- 

The r e s u l t s  of t he  ca l cu la t ion  f o r  t h e  thick-walled cyl inder ,  12 in .  

thick,  a r e  presented i n  Fig.  9.5, where the  axial, r ad ia l ,  and t angen t i a l  

s t r e s s e s  a r e  p lo t t ed  as a funct ion of the  r a d i a l  dis tance from the  core- 

r e f l e c t o r  i n t e r f ace .  The s t r e s s e s  shown represent  those occurring a f t e r  

one year of f u l l  power operat ion of t h e  reac tor .  The maximum t e n s i l e  
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Year of F u l l  Power Operation, Assuming a Single Cyclinder 12  i n .  Thick. 
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s t r a i n s  (only those port ions of t he  s t r a i n s  which a r e  associated with 

s t r e s s e s  a r e  considered) occur a t  the inner  surface and are given by 

E 

per year of f u l l  power operation, where 8 and z correspond t o  the'circum- 

f e r e n t i a l  and a x i a l  d i rec t ions ,  respec t ive ly .  

= 1230 p in . / i n .  per  year of f u l l  power operation and E z = 2820 y in . / in .  e 

The rupture proper t ies  of graphi te  vary widely from specimen t o  

specimen and even within the  same specimen. Thus, f r a c t u r e  pred ic t ions  

can be made on a s t a t i s t i c a l  basis only. A t y p i c a l  s e t  of rupture da,ta 

from uniaxia l  t e n s i l e  t e s t s  on needle-type AGOT graphi te  performed a t  

ORNL' a r e  given i n  Table 9.8. Not enough data were obtained t o  provide 

Table .9 .8 .  Uniaxial Tensi le  Data f o r  
Needle-Type AGOT Graphite 

, Rupture Fracture  
S t r e s s  S t r a i n  

Axial d i r ec t ion  

Minimum 
Average 
Maximum 

2270 0.16 
2310 0.19 
2360 0 .21  

Perpendicular d i r ec t ion  

Minimum 1650 0.30 
Average 1790 0.35 
Maximum 1890 0.41 

a s t a t i s t i c a l  basis f o r  pred ic t ing  f r a c t u r e .  Minimum, average, and maxi- 

num values of rupture stress and f r a c t u r e  s t r a i n  i n  t h e  d i r ec t ions  para l -  

l e l  and perpendicular t o  the extrusion a x i s  a r e  presented. Other sets of 

t e s t s  at ORNL have yielded much lower minimum values.  

t u r e  s t r a i n s ,  i n  the  a x i a l  d i rec t ion ,  as low as 0.0868 have been reported." 

The National Carbon Company obtained f r a c t u r e  s t r e s s e s  f o r  a l a rge  number 

of samples from the  EGCR moderator blocks.  

For instance,  f r a c -  

Enough da ta  were obtained t o  

. 

- c 

. 

9GCR Quar. Prog. Rep. June 30, 1960, ORNL-2964, p. 99. 

- 
1961, Subject:  Engineering Test S t a tus  Report f o r  EGCR-Sect. 1. 

"Letter t o  L. H .  Jackson, AEC, from R .  A. Charpie, ORNL, dated Apr i l  15, 
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form a s t a t i s t i c a l  basis f o r  predict ing f r ac tu re  s t r e s ses .  The f r ac tu re  

data included very low f r ac tu re  s t r e s ses .  For example, t he  p r o b a b i l i t y '  

tha t  a specimen (taken perpendicular t o  the  extrusion a x i s )  will f a i l  be- 

fo re  a stress of 700 p s i  i s  reached i s  0.25. 

Based on t h e  above discussion of f r ac tu re  da ta  f o r  needle-type AGOT 

graphite,  it i s  possible  t o  make some inference about the exposure times 

f o r  the 12-in.- thick cyl inder  before cracking occurs. Using the  minimum 

f rac tu re  values given i n  Table 9.8, the  predicted t i m e  t o  cracking w a s  

determined based on both the p r inc ipa l  stress theory of failure and the  

pr inc ipa l  s t r a i n  theory of f a i l u r e .  These t imes are given below: 

\ 

Life  based on p r inc ipa l  s t r a i n  theory 
Li fe  based on p r inc ipa l  stress theory 

30 weeks 
22 weeks 

For the  f r ac tu re  s t r a i n  of 0.086$, t h e  exposure t i m e  before cracking oc- 

curred would be only 16 weeks. For t h e  f r ac tu re  stress of 700 ps i ,  it 

would be only 13 weeks. 

ca lcu la ted  stresses w i t h  f r ac tu re  s t r e s ses .  This  i s  due t o  the nonline- 

a r i t y  of t he  s t r e s s - s t r a i n  diagrams f o r  graphi te .  Since s t r a i n s  a re  the  

appl ied conditions,  it i s  only co r rec t  t o  compare ca lcu la ted  s t r a i n s  with 

uniax ia l  f r ac tu re  s t r a i n s .  Therefore, the p r inc ipa l  s t r a i n  c r i t e r i o n  f o r  

Actually, it i s  meaningless t o  compare e l a s t i c a l l y  

rupture i s  believed t o  be the more r e a l i s t i c .  -. 

The graphi te  r e f l e c t o r  s t ruc ture ,  shown i n  Fig.  3.4, i l l u s t r a t e s  t he  

general  type of arrangement which might be used i n  t h e  f i n a l  design t o  

f a c i l i % a t e  removal. 

on obtaining a maximum graphi te  l i f e t ime  before replacement becomes neces- 

sary because of excessive deformation or cracking. Several  graphi te  con- 

f igu ra t ions  have been proposed'to reduce s t r e s s e s  r e su l t i ng  from radia t ion  

shrinkage. 

por t  .I1 

of t h e  r e f l e c t o r .  These th inner  cyl inders  were subjected t o  rad ia t ion  

shrinkage s t r e s s e s  which were appreciably smaller than those f o r  t h i cke r  

cyl inders  i n  t h e  same region. Such a so lu t ion  has not been used i n  the  

present case because of t he  l a rge  diameters required f o r  t h e  cylinders.  

However, t he  f i n a l  design of t he  core w i l l  be based 

A discussion of one such method w a s  given i n  a previous re- I .  

Concentric cyl inders  were proposed f o r  t he  first severa l  inches 

' I I A .  P. Fraas  e t  al., Preliminary Design of a l O - M w ( t )  Pebble-Bed 
Reactor Experiment, ORNL-CF-60-10-63 rev., sec. 9 (May 8, 1961). 
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However, t h i n  segmented concentric cy l inders  might be used. Cuts i n  the  

segments would f u r t h e r  reduce the  stresses. With present  methods,12 as- 

suming plane s t r a i n  conditions, it i s  possible  t o  inves t iga t e  general  c 

f igura t ions ,  and such inves t iga t ions  a r e  i n  progress.  It i s  e n t i r e l y  

p laus ib le  t o  assume t h a t  a graphi te  configurat ion could be found which 

will extend t h e  l i f e  of the  inner  por t ion  of t h e  r e f l e c t o r  t o  severa l  

years of f u l l  power operation. 

12Robert F. Redmond, Lewis E.  Hulbert, and Richard W .  Clark, Numerical 
Solution of Reactor S t r e s s  Problems, BMI-1503 (February 1961). " 



lo. F'UEL ELEMENTS AND GRAPHITE COMPONENTS 

Fuel Elements 

Considerable information concerning t h e  behavior of f u e l  elements 

of t h e  type required for t h e  PBRE has been generated s ince t h e  i n i t i a l  

design study on t h i s  subject. '  The purpose of t h i s  sec t ion  i s  t o  review 

t h e  f u e l  element problem i n  the  l i g h t  of t h i s  information and t o  discuss 

the  reference configuration which has been se lec ted  for t h e  PBRE. 

The approach used i n  a r r iv ing  a t  a reference f u e l  element has been 

a conservative one. This approach is f e l t  t o  have been appropriate i n  

view of t h e  uncer ta in t ies  which surround t h e  a c t u a l  requirements of t h e  

PBRE f u e l  elements and because per t inent  data  on t h e  behavior of fueled 

graphi te  simply a r e  not avai lable  f o r  t h e  l imi t ing  conditions of reactor  

operation which a r e  ant ic ipated.  Research and development programs de- 

signed t o  c l a r i f y  t h i s  s i t u a t i o n  are described i n  Section 16 of t h i s  re- 

port .  

Reauirements and O-Derating Conditions 

The required f u e l  element c h a r a c t e r i s t i c s  and per t inent  operating 

conditions f o r  t h e  PBRE a r e  tabulated below: 

Sphere 

S ize '  (diameter), in. 1 112 
Number of spheres i n  core 11 700 

Fuel loading, wt % of U + Th i n  f u e l  5 
sphere 

Thorium-to-uranium atom r a t i o  0.61 

Enrichment of uranium i n  U235, % 93 

Carbon density, g per cm3 of net  

Average power density, w/cm3 

graphite volume 

Reactor core 
Fuel spheres 

1.70 

9 
14.8 

. ,  . 

'A. P. Fraas e t  a l . ,  Preliminary Design of a l O - M w ( t )  Pebble Bed 
Reactor Experiment, ORNL CF-60-10-63 rev. (May 8, 1961). 
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Mean surface heat f lux,  Btu/hr.ft '  

Sphere operating temperatures, OF 

Average volumetric 

Average center-to-surface temperature 

Estimated hot-spot conditions 

difference 

Surface 
Center 

I r r a d i a t i o n  exposure (burnup) 

Fiss ions p e r  cm3 of f u e l  sphere 

Mwd per ton of U + T h  

Atom per cent of i n i t i a l  U t- Th 

I' 

29 700 

1090 

120 

-1900 
-2100 

3.1 x 1019 
130 000 

13.6 

Fission-Product Retention 

The major requirement f o r  the  f u e l  elements i s  associated w i t h  f i s -  

sion-product re lease  from the standpoints of both hazards and system 

maintenance. 

3)  adequate fission-product re ten t ion  i n  the  present appl icat ion,  the 

c r i t e r i o n  most f requent ly  c i t e d  i s  with regard t o  the i n e r t  gas species, 

such as K r 8 7  (78 m ) ,  K r 8 8  (2 .8  h) ,  

Although it i s  d i f f i c u l t  t o  define prec ise ly  what i s  meant 

(9.20 h) ,  Kr85m ( 4 . 4  h) ,  and 

(126 h )  which are r e a d i l y  measured i n  i r r a d i a t i o n  experiments. R e -  

l ease  fac tors ,  defined as the s teady-state  r a t i o  of re lease  r a t e  t o  b i r t h  

rate (R/B), i n  the range of lom6 t o  lom4 f o r  these species appear t o  

represent reasonable design goals i n  the development of a s a t i s f a c t o r y  

f u e l  element f o r  a pebble bed reac tor .2  

a rea  a re  due t o  inadequate experimental data on t h e  t ranspor t  and deposi- 

t i o n  c h a r a c t e r i s t i c s  of troublesome f i s s i o n  products and the e f f e c t - t h e s e  

c h a r a c t e r i s t i c s  w i l l  have on the  maintenance problem. 

The major uncer ta in t ies  i n  th i s  

I n  order Eo f u l f i l l  the  major requirement c i t e d  above, the  graphi te-  

base sphere i n  the  PBRE must include one or more f e a t u r e s  which serve t o  

r e t a i n  o r  hold up f i s s i o n  products under the  mechanical, thermal, chemi- 

c a l ,  and i r r a d i a t i o n  environments which w i l l  e x i s t  i n  service.  Since I 

2A. P. Fraas e t  al . ,  Design Study of a Pebble-Bed Reactor Power Plant ,  
GRNL CF-60-12-5 rev.  (May 11, 1961). 
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normal molded graphi te  matrices are not s u f f i c i e n t l y  impermeable, t he  r e -  

t e n t i v e  character  required f o r  both v o l a t i l e  and nonvolat i le  species must 

der ive from su i tab le  coat ings on the  f u e l  p a r t i c l e s ,  impregnation of t he  

matrix, o r  coatings on t h e  f u e l  spheres themselves. The ex ten t  t o  which 

recourse must be taken t o  these three methods of approach i s  not completely 

c l e a r  a t  t h e  present t i m e .  

thorium-uranium carbide pa r t i c l e s ,  as present ly  conceived, it w i l l  be nec- 

essary  t o  provide p a r t i c l e  coatings f o r  handling purposes during fabr ica-  

t ion ,  and a p o t e n t i a l  f ission-product b a r r i e r  would thereby be b u i l t  i n t o  

the  f u e l  element, Accordingly, t he  development of impermeable pyrolyt ic-  

carbon coat ings which are s t ab le  w i t h  respect  t o  the  environmental condi- 

t i o n s  c i t e d  above has been a matter of major emphasis during Ckie past  year.  

If, however, t he  f u e l  i s  t o  be i n  the  form of 

If ex i s t ing  experimental programs indica te  t h a t  oxidizing impuri t ies  

i n  the  helium coolant require  a pro tec t ive  coating, such as s i l iconized-  

i 

s i l i c o n  carbide (S i -S ic)  on the  sphere t o  prevent mass t ranspor t  of car -  

bon t o  t h e  cooler  port ions of t he  system, another method f o r  r e t a in ing  

f i s s i o n  products would be incorporated i n t o  the  design. 

pregnation techniques %re ava i lab le  and have been used i n  o the r  programs. 

T h i s  method of approach may receive a t t e n t i o n  i f  t he  method of p a r t i c l e  

coating appears t o  be inadequate. 

Graphite i m -  

Resul ts  on graphi te  f u e l  elements containing bare f u e l  p a r t i c l e s  

have indicated tha t  the r a t e s  of r e l ease  of t he  var ious rad ioac t ive  species  

a re  dependent on the half l i f e .  

f o r  t he  various species versus t h e  logarithm of the half l i f e  has shown 

a slope of one-half .  This co r re l a t ion  suggests that f o r  bare  p a r t i c l e s  

t he  cont ro l l ing  re lease  mechanism i s  t h e  d i f fus ion  of r e c o i l s  through 

the  graphi te  matrix or  f iss ion-product  d i f fus ion  i n  the f u e l  p a r t i c l e s .  

A p l o t  of the logarithm of t h e  R/B r a t i o  

For reference purposes, the r e s u l t s  obtained i n  t h e  Sanderson & P o r t e r  

program3 on the  FA-23 specimen i n  the  SP-5 sweep capsule are usefu l .  The 

FA-23 specimen was a 1 1/2-in.  -diam molded-graphite sphere containing un- 

coated uranium carbide pa r t i c l e s ,  with a 1/8-in.  unfueled shel l  and a 

0.008-in, coating oft Si-Sic.  The specimen operated a t  surface and c e n t r a l  

3Fuel Element Development Program f o r  t h e  Pebble Bed Reactor - Fina l  
Report, NYO-9064, Apr i l  30, 1961. 
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temperatures of 1300 and 1500°F, respect ively,  and t h e  sphere coating 

€a i led  a f t e r  about 21 days during s t a r tup  of the t h i r d  r eac to r  cycle ,  

A f t e r  the  coating f a i l e d ,  the R/B f a c t o r s  increased by a f a c t o r  of lo5  
and remained e s s e n t i a l l y  constant f o r  a period of 11. days. 

some four  months l a t e r ,  a f t e r  a burnup of approximately 5 at .  % U235, 

showed tha t  fur ther  increase i n  the re lease  rate had occurred. The data 

obtained during the f i n a l  15 days of t h e  170-day experiment a re  p lo t ted  

as a function of half l i f e  i n  Fig.  10.1. Since operating conditions i n  

the  SP-5 capsule were s i m i l a r  t o  the average conditions proposed f o r  t he  

PBRE, uncoated PBRE f u e l  elements containing bare f u e l  p a r t i c l e s  would 

be expected t o  give about the  same release rates as those observed f o r  

the  FA-23 specimen. 

Samples taken 

It seems reasonable t o  assume t h a t  w i t h  whatever f ea tu res  are b u i l t  

i n t o  t h e  PBRE f u e l  element t o  r e t a r d  t h e  re lease  of f i s s i o n  products, 

the  re lease  rates could be reduced by a f a c t o r  of 50 r e l a t i v e  t o  the 

r a t e s  from f u e l  elements containing bare p a r t i c l e s .  Thus, a reasonal3le 

estimate f o r  t he  maximum R/B r a t i o  f o r  a given species i n  the  PBRE i s  

provided by the re la t ionship  
- 

.where T1 /2  i s  t h e  h a l f - l i f e ,  i n  seconds, f o r  t he  given species.  This 

re la t ionship  i s  p lo t t ed  i n  Fig.  12.5. As shown in .Sec t ion  12, the r e -  

lease  f ac to r s  computed from t h i s  eqllation a re  more than adequate from the  

standpoint of normal leakage of a c t i v i t y  from the PBRE. Uncertaint ies  i n  

the  behavior of non-volati le f i s s i o n  products i n  the  coolant system ?re,- 

elude a s imi l a r ly  c lear -cu t  stateme:it with regard t o  maintenance problems. 
$ 

Mechanical Ef fec ts  

During fabr ica t ion ,  coated p a r t i c l e s  a re  subjected t o  mechanical 

damage during blending and molding. I n  addition, coated p a r t i c l e s  a t  

the  surface of a molded graphi te  sphere a re  subjected t o  more o r  less 

severe mechanical damage by abrasive ‘action, impact, and compressive 

forces  during handling i n  fabr icat ion,  during loading and unloading i n  

the  reactor ,  and during reac tor  operation. Because of the po ten t i a l  



8 .. * .' . 

UNCLASSIFIED 
ORNL-LR-DWG 68065 

10-1 

5 

2 

10- 3 

103 104 105 106 

Relationship Between R/B and H a l f  L i f e  f o r  Fueled Graphite Con- 

1Ialf L i f e  (sec ) . 

Fig. 10.1. 
ta ining Uncoated Uranium Carbide Par t ic les  at  1300'F. 
SP-5 capsule of Sanderson & Porter program as described i n  t e x t . )  

(Data f o r  FA-23 specimen i n  



1?C! 

damage t o  surface p a r t i c l e s  by these mechanical e f f e c t s ,  it i s  evident 

t h a t  p ro tec t ion  i n  the  form of an unfueled graphi te  s h e l l  must be i n -  

cluded i n  the  reference design. Whether adequate pro tec t ion  aga ins t  t h i s  

mechanical damage would be provided by an oxidat ion-resis tance coating, 

p a r t i c u l a r l y  f o r  coated p a r t i c l e s  which p a r t i a l l y  protrude from the  sur- 

face, i s  doubtful, bu t  t h i s  possibi l - i ty  deserves inves t iga t ion .  

attempts a t  f ab r i ca t ing  unfueled-she11 configurat ions i n  the  Sanderson & 

Por t e r  program3 were regarded as unsuccessful because cracks developed 

i n  the  s h e l l s  during capsule i r r a d i a t i o n  t e s t s .  Improved f ab r i ca t ion  

techniques may be required t o  overcome this l imi t a t ion .  

F i r s8 t  

Notwithstanding the  e f f e c t s  on surface p a r t i c l e s ,  t he  PBRE f u e l  

spheres must r e t a i n  t h e i r  i n t e g r i t y  under the  s t r e s s e s  imposed during 

loading and unyoading and during r eac to r  operat ion.  

Section 5, a s e t  of unfueled graphi te  spheres w i l l  be used f o r  t e s t i n g  

t h e  fuel-handling system and w i l l  be ava i lab le  f o r  use during the  loading 

of fue led  spheres i n  the  r eac to r .  

minimal and no problem i s  an t i c ipa t ed  during t h i s  phase of t he  operation. 

The abrasive a c t i m  of b d l s  i x  con+,act dmicg xcvement of the  bed as 

A s  discussed i n  

Thus, impact loads are expected t o  be 

f u e l  i s  ex t rac ted  pe r iod ica l ly  may c rea t e  a dust  problem. 

pressive loads during operat ion may a r i s e  from thermal expansion, a l -  

though preliminary t e s t s  performed i n  the  Sanderson & Por t e r  program4 

ind ica t e  t h a t  t h e  pebble bed would expand on heat ing with no change i n  

the  f r a c t i o n a l  void volume and, the-efore, no s ign i f i can t  generation of 

l a t e r a l  compressive s t r e s ses .  The maximum v e r t i c a l  compressive load on 

a ba l l  on the  bottom of a 4-f t -high bed would be l e s s  than 4 lb .  

La te ra l  com- 

Thermochemical E f fec t s  

Requirements f o r  chemical s t a b i l i t y  of t he  f u e l  element include not, 

only oxidation r e s i s t ance  but  a l s o  phase s t a b i l i t y  within the  f u e l  purti-cle 

and compatibi l i ty  of the  f u e l - p a r t i c l e  coat ing with the  f u e l  p a r t i c l e  arid 

the  matrix graphi te .  Possiblecatast 'ropNic reac t ions  i n  case. of a steam 

leak must a l s o  be considered. From the  standpoint of thermochemical 

4Progress Report on Pebble-Bed Reactor f o r  Period June 1, 195+ 
October 31, 1960, Sanderson & Porte:r, NYO-9071. 
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s t a b i l i t y ,  a f u e l  element containing ppolyt ic-carbon-coated uranium- 
thorium dicarbide p a r t i c l e s  appears t o  be the  most a t t r a c t i v e  of several  

which have been considered. 

y i e ld  the sesquicarbide, U2C3, and graphi te  under,PBRE hot-spot conditions 

has b e e n r e ~ p r ~ t e d , ~ ' ~  although evidence f o r  t h i s  reac t ion  has not been seen 

i n  experiments involving coated uranium carbide p a r t i c l e s  . 

Disproportionation of uranium dicarbide t o  

While t h e  . 
equilibrium phase s i t u a t i o n  i n  the  ThC2-UC2 system i s  not prec ise ly  known, 

it i s  possible  tha t  t h e  addi t ion  of thorium would tend t o  have a stabi- 

l i z i n g  e f f e c t  on t h e  disproport ionat ion r eac t ion  under consideration. 

I n  any case, it i s  conceivable t h a t  i f  phase i n s t a b i l i t y  of t h i s  type 

presents  a problem, an appropriate heat treatment could be used p r i o r  t o  

t h e  t i m e  t h e  f u e l  elements a r e  inser ted  i n  t h e  reac tor .  The added e f f e c t s  

of i r r a d i a t i o n  must be studied, however, before f i n a l  decis ions can be 

made. 

i s  not e n t i r e l y  out  of the, question. 

f u e l  p a r t i c l e s  can be compatible i f  the coat ings do not crack and allow 

re lease  of t he  gaseous products of t he  reac t ion  between these phases. I n  

addition, t he  oxide f u e l  par t ic1e)concept  w i l l  be preferred i f  experiments 

now i n  progress show that severe a t t ack  of carbide p a r t i c l e s  w i t h  damaged 

coatings would occur i n  case of a steam leak.  Oxide coatings, such as 

A1203 and BeO, on oxide f u e l  p a r t i c l e s  have not - been removed from con- 

s idera t ion  en t i r e ly ,  although based on ex i s t ing  information t h i s  concept 

does not appear as a t t r a c t i v e  as that involving carbon-coated carbide 

The use of Th02-UO2 so l id  solut ion mater ia l  f o r  the f u e l  p a r t i c l e s  

Pyro ly t ic  carbon coatings on oxide 

f 

f u e l  p a r t i c l e s .  

I r r a d i a t i o n  Ef fec t s  

The i r r a d i a t i o n  e f f e c t s  of concern are those which would render the  

f u e l  element mechanically and chemically unstable and thereby promote 

the re lease  of f i s s i o n  products. Cracking of p a r t i c l e  coat ings during 

5M. W. Mal le t t ,  A. F. Gerds, a i d  He R.  Nelson, The Uranium-Carbon 

6W. Chubb and F. A. Rough, An Evaluation of Data on Nuclear Carbides, 

7M. W. Mallet t ,  A. F. Gerds, and D. A. Vaughan, Uranium Sesquicarbide, 

System, J. Electrochem. SOC., 99: 197-204 (May, 1952). 

BMI-14.41 (May, 1960). 

PECD-3060 (December, 1951). 



192 

i r r ad ia t ion ,  as discussed i n  subsequent sect ions,  can be a t t r i b u t e d  to '  

t h e  s ingular  or combined e f f e c t s  of p a r t i c l e  swelling, neutron-induced 

shrinkage of t he  p a r t i c l e  coating; and pressure buildup from f i s s i o n  

gas.es within the coated p a r t i c l e .  There i s  a need f o r  b e t t e r  understand- 

ing of why p a r t i c l e  coat ings f a i l  so t h a t  modifications t o  t h e  f ab r i ca t ion  

procedures can be made i n t e l l i g e n t l y .  For example, t he  m e r i t  of providing 

a subs t an t i a l  void volume within the coated p a r t i c l e  and of incorporat ing 

a porous intermediate coating between the  p a r t i c l e  and the outer ,  i m -  

pervious coating may deserve c a r e f u l  evaluation. 
\ 

The Reference Fuel Element ' 

Based on ex i s t ing  knowledge and the  considerat ions discussed i n  t h e  

T h i s  e l e -  previous section, a reference f u e l  element has been selected.  

ment i s  a molded, 1 1/2-in.-diam graphi te  sphere containing a uniform 

dispers ion of pyrolytic-carbon-coated uranium-thorium carbide p a r t i c l e s ,  

a 1/16-in.-thick unfueled graphi te  she l l ,  and a 0.006-to 0.008-in.-thick 

coat ing of Si-Sic.  

180 k 20pand  the coating thickness  i s  80 k 20 p. Other proper t ies  such 

I 

The riominai diameter. of i h e  f u e l  p a r t i c l e s  i s  

as t h e  thorium-to-uranium r a t i o  and f u e l  loading a r e  tabula ted  i n  t h e  

previous sect ion.  

The choice of t he  unfueled s h e l l  thickness  w a s  based on optimization 

w i t h  respect  t o  pro tec t ion  aga ins t  mechanical damage t o  coated p a r t i c l e s  

arid thermal stress s t a t e s  which cou.ld promote separat ion a t  t h e  i n t e r -  

face between the fue led  and unfueled port ion.  The p a r t i c l e  diameter i s  

f e l t  t o  be optimum w i t h  respect  t o  p a r t i c l e  separat ion f o r  a given f u e l  

lcading and fission-product r e t en t ion  within the  p a r t i c l e .  The coat ing 

thickness  was chosen because of t h e  s ign i f i can t  drop i n  alpha count (due 

t o  uranium contamination) which has been reported a t  a coat ing thickness  

of 50 t o  60 p. 

Sta tus  of Coated P a r t i c l e  Fuel Element Develomment 

Development work on f u e l  elements based on the  coated p a r t i c l e  con- 

cept .  Ts, being conducted a t  Oak Ridge National Laboratory (ORNL), B a t t e l l e  
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Memorial I n s t i t u t e  (BMI), General Atomic (GA), and i n  varying degrees by 

severa l  p r iva t e  i n d u s t r i a l  concerns. The major emphasis by far  has been 

on t h e  preparat ion of pyrolytic-carbon-coated carbide f u e l  p a r t i c l e s  and 

evaluat ion of these p a r t i c l e s  both i n  the unsupported condition and as 

incorporated i n t o  graphi te  bodies. 

Inves t iga t ion  of oxide-coated UO;! p a r t i c l e s  has been r e s t r i c t e d  f o r  

t h e  most pa r t  k o  preparation and evaluat ion s tudies  a t  BMI; s i m i l a r  s tud ies  

on pyrolytic-carbon coated thorium-uranium carbide p a r t i c l e s  has been the  

i tem of p r inc ipa l  i n t e r e s t  at GA. The emphasis a t  ORJXL has been on the  

evaluat-ion of commercially 'produced, pyrolytic-carbon-coated uranium 

carbide p a r t i c l e  mater ia l s  i n  an extensive i r r a d i a t i o n  tes t  program. 

cently,  some l imi ted  f ab r i ca t ion  s tudies  have been i n i t i a t e d  a t  ORNL. 
Considerable information concerning the  techniques used i n  a l l  phases of 

PBRE-type-fuel element f ab r i ca t ion  has been accumulated .by commercial 

suppl iers .  

Re- 

, 

The summarizing comments l i s t e d  below a r e  intended t o  convey the  

more important features of the  development work which are per t inent  t o  

the  PBRE f u e l  element problem. 

terms of t h e  several  types of coated p a r t i c l e s  under consideration. 

of a preliminary nature  are not included i n  the  discussion. 

Pyrolyti'c-Carbon-Coated Uranium Carbide P a r t i c l e s  

The mater ia l  has been categorized i n  

Data 

The uranium carbide p a r t i c l e s  which have been s tudied represent  

multiphase systems containing UC2 as t h e  major phase, UC as Widmanstxtten- 

type p l a t e l e t s ,  and varying amounts of graphi te  flakes. Under c e r t a i n  

r e s t r i c t e d  condi t ions it i s  apparently possible  t o  prepare p a r t i c l e s  

which a re  e s s e n t i a l l y  a l l  UC2. All p a r t i c l e s  of t h i s  type which have 

been examined a r e  high-density spheroids, 150 t o  300 1-1 i n  diameter, I 

covered w i t h  5 t o  15 1-1 of a porous graphi te  l aye r  which p e r s i s t s  as an 

intermediate l aye r  during the pyro ly t ic  coating process. 8 

Uranium carbide p a r t i c l e s  have been coated with carbon by t h e  pyroly- 

Depending s is  of hydrocarbons a t  temperatures ranging from 950 t o  20OO0C. 

8C. K.  H. DuBose and R.  J. Gray, The Metallography of Pyrolyt ic  
Carbon Coated U r a n i u m  Carbide Spheres, ORNL-TM-91, i n  publ icat ion.  

, 
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upon t h e  deposi t ion temperature and r a t e ,  t he  microstructure 'of t h e  coating 

assumes a smooth, laminar appearance o r  a columnar, more granular  appear- 

ance. High temperatures and low r a t e s  favor  t h e  columnar form. 

ing dens i ty  passes through a minimum i n  t h e  temperature i n t e r v a l  from 950 

The coat-  

t o  1 8 0 0 " ~ .  9-12 

Alpha-counting and acid-leaching techniques have shown tha t  conl;amL- 

nation of the coat ings prepared by i2 var i e ty  of techniques can be kept 

t o  acceptable l eve l s .  Thermal cycling of coated p a r t i c l e s  between room 
temperature and 1400 t o  1600°C r e s u l t s  i n  a s l i g h t  increase i n  t h e  amount 

of exposed f u e l  due, presumably, t o  f u e l  migration through the  coat ings,  

When these  p a r t i c l e s  a re  heated t o  temperatures higher than 2100°C f o r  

prolonged periods, extensive reac t ions  are detected a t  t h e  carbide-coatlng 

in t e r f ace  and the amount of exposed f u e l  increases  by a f a c t o r  of 
I 

Fission-gas r e l ease  s tud ies  us ing neutron-act ivat ion techniques have 

shown t h a t  t h e  f r a c t i o n a l  r e l ease  of Xe133 from unsupported coated par-  

t i c l e s  i s  approximately 1 X 

ORNL laminar-type coat ings were observed t o  spontaneously rupture  a t  

2350°C; c o l m i a r - t - y p  eoatliigs d id  not r q t u r e  zt 218OoC, biLt d i f fus ion  

of Xe133 through the  coat ings w a s  o'aserved after 20 hr. I n  no case d id  

thermal cycl ing between room temperature and 1800°C cause rupture  o r  r e -  

l ea se  of s ign i f i can t  quan t i t i e s  of Release of Ba14' has been de -  

t ec t ed  a t  temperatures g rea t e r  than 1400°C i n  neutron ac t iva t ion  t e s t s .  l3  

a f t e r  3 hr at  1400°C. I n  s tud ie s  ax 

Stat ic-capsule  i r r a d i a t i o n  t e s t s  t o  approximately 8 a t .  % burnup 

(zpproximately 3000 hr) have been perfohned on both laminar- and columnar- 

type coated uranium carbide p a r t i c l e s  i n  the  temperature range 2000 50 

2500°F. I n  both 'cases ,  0.1 t o  0.2% of the K r 8 5  generated w a s  de tec ted  

9R. W. Dayton and C .  R .  Tipton, Jr., Progress Relat ing 

'OR. W.  Dayton and C. R. Tipton, Jr., Progress Relat ing 

l l R .  W. Dayton and C. R. Tipton, Jr., Progress Relat ing 

12R.  W .  Dayton and C.  R .  Tipton, Jr., Progress Relat ing 

I3GCR Quar. Prog. Rep. Tor Period Ending Dec. 31, 1961, 

Applications During July, 1961, BMI -1534. 

Applications During August, 1961, BMI-1541. (C las s i f i ed )  

Applications During September, 1961, BMI -1546. 

Applications During October, 1961, :3MI-1549. (C las s i f i ed )  

t o  C iv i l i an  

t o  C iv i l i an  

t o  C iv i l i an  

t o  C iv i l i an  

ORNL-3254. 

. 
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i n  t h e  gas af ter  the  tes ts  and from 2 t o  4% of the p a r t i c l e  coatings were 

cracked. , 
A t  ORNL, fueled-graphite specimens containing coated uranium carbide 

p a r t i c l e s  have been obtained from two commercial sources. It has been 

shown by acid-leaching and neutron-activation tes ts  that,  w i t h  one ex- 

ception, damage t o  t h e  p a r t i c l e s  occurred during f ab r i ca t ion  of t h e  speci-  

mens, Fract iQnaLrelease of Xe133 a f t e r  20 hr a t  approximately 1000°C i n  

neutron-activation t e s t s  has ranged from 2 x lo'* t o  8 x with the  

lower value being associated with lower molding pressure. 

exception t h i s  value w a s  2 X 10-7.13 

d i s t r i b u t i o n  of p a r t i c l e s  has been observed by radiographic techniques 

t o  be poor. 

p a r t i c l e s  a r e  i n  varying states of progress and, except f o r  the ORNL-MTR- 
48-5 experiment, l4 only preliminary r e s u l t s  have been obtained. 

For the  one 

I n  many cases  the uniformity of 

Sweep t e s t s  on fue led  graphi te  bodies containing coated 
I 

I n  the M!I'R-48-5,experiment, a cy l ind r i ca l  specimen 1 in .  i n  diameter 

A by 1 1/2 in .  long containing laminar-type coated p a r t i c l e s  w a s  tested.  

molding pressure of 30 000 p s i  w a s  used i n  f ab r i ca t ing  t h e  specimen, and 

t h e  f r a c t i o n a l  r e l ease  'of Xe133 from a s i m i l a r  specimen i n  neutron-act i -  

va t ion  tes ts  w a s  5 X i n  22 hr at 1000°C. Estimated c e n t r a l  f u e l  

temperatures and approximate times i I t  temperature during the  t e s t  were 

as follows: 1750°F f o r  99 hr; 2600°F f o r  880 hr; 2350°F f o r  24 hr ;  2050°F 

f o r  247 hr ;  1600°F f o r  875 hr; and 1750°F f o r  275 hr. The i n i t i a l  r e -  

l ea se  f a c t o r s  f o r  Kr88 were i n  the  order of 

t i a l l y  during the  2600°F exposure. 

creased but  were higher than the  i n i t i a l  values by f a c t o r s  of 2 t o  6. 

They remained e s s e n t i a l l y  constant during the 1600°F exposure. 

up i n  t h i s  experiment w a s  estimated t o  be 15 a t .  % of U235. 

have been in te rpre ted  t o  ind ica te  tha t  i n  the  as-fabricated condition 

from 1 t o  5% of the  p a r t i c l e  coat ings were damaged and tha t  addi t iona l  

damage t o  t h e  p a r t i c l e s  occurred during the  t e s t .  

nat ions have not been performed. l 3  

but  increasdd exponen- 

A t  1600°F, t he  re lease  f a c t o r s  de- 

The burn- 

The r e s u l t s  

Pos t i r r ad ia t ion  e,xami- 

14GCR Quar. Prog. Rep. fo r .Pe r iod  Ending Sept. 30, 1961, ORNL-3210. 

\ 

\ 

. 
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Pyro l y t  i c -C arbon -Coated Uranium -Thor i u m  Carbide P a r t i c l e  s 

Development i n  t h i s  a r ea  has been ca r r i ed  out at GA ir?connection 

with the  HTGR. It i s  important t o  note t h a t  because of t h e  i n t e r n a l  purge 

system and low-permeability graphi te  sleeve i n  the  HTGR f u e l  element, 

f ission-product r e t en t ion  by p a r t i c l e  coat ings w a s  not a primary object ive 

i n  the  GA program. 

subs t an t i a l ly  higher than those proposed fo r  the  PBRE, 

. 

I n  addi t ion,  t h e  HTGR fuel-element temperatures a r e  

Techniques have been developed a t  GA f o r  producing pyrolytic-carbon- 

coated spheroidal (Th,U)C2 p a r t i c l e s  and f o r  incorporat ing these  p a r t i c l e s  

i n t o  c y l i n d r i c a l  g raphi te  bodies by hot -molding methods. The pro tec t ion  

afforded by the  coat ings i s  measure<. by exposure t o  moist air  a t  50°C. 

For example, a f t e r  20 hr ,  a v a r i e t y  of coated p a r t i c l e s  showed a weight 

gain of 0.1 t o  0.3% as compared with 11 t o  20% f o r  uncoated p a r t i c l e s -  

The pyro ly t ic  coat ings a re  laminar i n  s t ruc tu re  and a r e  deposited a t  

i400"C. The f r a c t i o n a l  re lease  of i s  of t he  order of i n  24 

hr  a t  1000°C i n  neutron-act ivat ion tests.  

High-burnup (approximately 20 a t  
f 

$ U2 ) low-temperature t e s t s  ( l e  ss 

than 100°C) have been performed using compacts containing low-density 

coated p a r t i c l e s  of 105 t o  250 t~ p a r t i c l e  diameter and a nominal coating , 

thickness  of 30 p.15,16 The thoriuni-to-uranium r a t i o  w a s  2.25:l. Post- 

i r r a d i a t i o n  heating experiments ind ica ted  t h a t  approximately 17% of the  

coated p a r t i c l e s  had f a i l e d  during i r r a d i a t i o n .  

a t  temperatures of 960 t o  1550°C on bodies of t h i s  type showed t h a t  R/B 

r a t i o s  f o r  Kr8' ranged between 1 X 

20 a t .  $ burnup of the  U235. 

Sweep-capsule t e s t s 1 5  

and 12 x a f t e r  approximately 

Pyrolytic-Carbon-Coated Uranium Dioxide P a r t i c l e s  
I 

Carbon coat ings have been applied i n  the  temperature range of 1200 
t o  1700°C t o  uranium dioxide p a r t i c l e s  by t h e  same methods used on uranium 

'%. V .  Goeddel, The Development and Evaluation of Graphite Matrix 
Fuel Compacts f o r  t h e  HTGR, GA-2289, Aug. 8, 1961. 

1640 Mw(E) Prototype High-Temperature Gas-Cooled Reactor Research 
and Development Program, Quar. Prog. Rep. f o r  Period Ending March 31, 196$, 

- GA-2204. 
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carbide p a r t i c l e s  and w i t h  similar r e s u l t s  f o r  coat ing 

ceptable surface contamination, as determined by alpha 

L 

9 

density.”,  Ac- 

assay, has .been 

obtained. 

a c t i v i t i e s ,  and, i n  one run, an unexplained high porosity,  as evidenced 

by t h e  1 .2  wt % U02 removed by ac id  leaching. 

Coatings applied a t  1700°C have shown higher surface alpha 

AlzO3-Coated Uranium Dioxide P a r t i c l e s  \ 

Aluminum oxide has been applied t o  uranium dioxide p a r t i c l e s  by d i -  

r e c t  hydrolysis of gaseous AlzCl6 with water vapor and by i n d i r e c t  hy- 

d ro lys i s  w i t h  a mixture of hydrogen and carbon dioxide gases.17 

applied a t  500 t o  900°C tend t o  be porous and amorphous, but  a t  1000°C 

they are  near ly  of t h e o r e t i c a l  dens i ty  and a r e  t ransparent .  

t u r e s  between 900 and l l O O ° C ,  the  a-A1203 s t ruc tu re  becomes pronounced. 

Uranium oxide p a r t i c l e s  coated w i t h  aluminum oxide a t  1000°C a re  es-  

s e n t i a l l y  unaffected by heat ing i n  air at  650°C. 

aluminum oxide coat ings t o  temperatures above t h e i r  appl ica t ion  tempera- 

t u r e  promotes gra in  growth and may lead t o  s t r e s s e s  tha t  w i l l  cause f a i l -  

ure of the  coating. 

t u r e  i s  conducive t o  f a i l u r e  by oxidation. 

Coatings 

A t  tempera- 

Heating of fine-grained 

There i s  some evidence t h a t  a course-grained s t ruc -  

The d i f fe rence  i n  thermal expansion of aluminum oxide and uranium 

dioxide can a l s o  cause coating f a i l u r e .  Coatings applied a t  1000°C under- 

go cracking when heated t o  approximately 1400°C. 

sought i n  higher appl ica t ion  temperatures. 

were similar i n  appearance t o  those obtained at 1000°C but  gave i n f e r i o r  

response t o  ac id  leaching whether i n  the  as-produced, heat t rea ted ,  o r  

oxidized condition. I n  addi t ion,  the  crushing s t rength  f o r  1400°C alumi- 

num oxide i s  about 50% of tha t  f o r  1000°C coat ing.  

A solut ion has been 

Coatings applied a t  1400°C 

A preferred c r y s t a l  o r i en ta t ion  of one type w a s  obtained for app l i -  

A preferred o r i en ta t ion  w a s  a l s o  ca t ion  temperatures of 1000 t o  1250°C. 

found f o r  1400°C coatings,  but  t he  o r i en ta t ion  w a s  ro t a t ed  a t  90 deg t o  

t h a t  obtained at  the  lower temperatures. 

17M. F. Browning e t  al., Alumina Coating of U02 Shot by Hydrolysis 
of Aluminum Chloride Vapor, BMI-1471, Oet . 25, 1960. 
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Results of i n p i l e  t e s t s  i n  t h e  SP-5 sweep capsule on aluminum-oxide- 

coated uranium dioxide supported i n  a graphi te  matr ix  (Spec. No. FA-22)l 

have become a ~ a i l a b l e . ~  

f -me t ion  of f i ss ion-gas  decay constant,  X. An analys is  of t h e  form of 

t h e  data p l o t  suggests t h a t  t h e  mechanism of f iss ion-product  escape t o  

the  sweep gas w a s  not d i f fus ion  through t h e  p a r t i c l e  coating. 

re lease  by par t ic le -sur face  contamination w a s  observed, but  t he  p r i n c i p s l  

r e l ease  mechanism involved par t ic le -coa t ing  cracking. Some coating crack- 

ing  GCCuTred a t  less than 1% burnup and much more a t  3 t o  5% burnup. 

Pos t i r r ad ia t ion  examination disclosed t h a t  about 3.6% of the  p a r t i c l e s  

i n  the  sphere possessed cracked coat ings.  

with cracked coat ings were loca ted  within 10 p a r t i c l e  diameters of the  

surface of t he  sphere. 

An addi t iona l  sweep capsule experiment has been performed using a 

Frac t iona l  r e l ease  data have been p l o t t e d  as a 

Some r e -  

About 86% of t h e  p a r t i c l e s  

sample machined from a prototype of t h e  FA-22 sphere.12 

perature  was:  1O7O0C, and acceptable f iss ion-product  r e t en t ion  (R/B f o r  

Kr85m of 

w a s  f o r  a period of 201: hr. 
nat ion of t h e  sweep t e s t .  

The sample tem- 

w a s  observed during -the f i rs t  cycle of operation, which 

A capsule le& a t  t h a t  timz required termi- 

BeO-Coated U r a n i u m  Dioxide P a r t i c l e s  

Beryllium oxide coat ings have been applied a t  BMI at  temperatures 

between 1000 and 1400°C t o  uranium dioxide p a r t i c l e s  by hydrolysis  of 

gaseous BeC12. Dense, t ransparent ,  and nonporous coat ings were obtainea 

for.Be0 having up t o  1% Si02 o r  A1203 impuri t ies .  

p u r i t i e s  t o  100 ppm gave a porous and opaque coat ing i n  t h e  range 700 t o  

1100°C. E f f o r t s  t o  improve the  qua l i t y  of high-purity Be0 coat ings have 

thus far been unsuccessful. l2 

Lowering these  i m -  

Sphere Surface Coatings and Low-Permeability Graphite 

Sphere Surface Coatings 

I so t rop ic  grades of graphi te  coated with Si-Sic t h a t  are completely 

oxidation r e s i s t a n t  i n  air  at 1000°C a r e  ava i lab le  from commercial sources,  

. 
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Coatings of t h i s  type have been appl ied t o  molded, fueled graphi te  spheres 

as discussed i n  the previous PBRE design report. '  Coating failures during 

i r r a d i a t i o n  have been s u f f i c i e n t l y  frequent, however, that it i s  c l e a r  that  

without f u r t h e r  development work, Si-Sic coatings alone cannot be depended 

upon t o  provide t h e  fission-product r e t en t ion  required i n  the  PBRE. 

Low -Pe rmeabili  t y Graphite 

Tests designed t o  evaluate the ef fec t iveness  of low-permeability 
\ 

graphi te  s leeves have been performed i n  the O m - M T R - 4 %  f a c i l i t y . 1 4  

permeabi l i t ies  of t he  specimens ranged between 

a t  room temperature and a pressure difference of 1 a t m .  

periments have been plagued w i t h  f a i l u r e s  i n  the s i l icon-base brazes used 

The 

and lo-' f o r  helium 

While these ex- 

t o  s e a l  t h e  bo t t l e s ,  it i s  reasonable t o  conclude tha t  re lease  f a c t o r s  

of the order of can be achieved. The measured temperatures within 

the  s leeves ranged between 1050 and 1500°F i n  these  tests. 

Graphite Components 

The PBRE r e f l e c t o r  and a boronated thermal-neutron sh ie ld  w i l l  be 

fabr ica ted  of graphi te .  

i n  Section 3. 

ft-diam, lo-f t -high r igh t - c i r cu la r  cyl inder  containing a c e n t r a l l y  -located 

2 1/2-ft-diam, 4 f t -h igh  cy l ind r i ca l  cav i ty  f o r  the-pebble  bed. Addi- 

t i o n a l  graphi te  w i l l  be located i n  t h e  upper hemispherical head of the  

pressure vesse l .  

t o  serve as a thermal neutron shield. I n  order  t o  f a c i l i t a t e  handling 

and t o  reduce the  coolant gas leakage from t h e  core, it i s  des i rab le  t o  

minimize the  number of graphi te  pieces  used; that is, la rge  components 

are desired.  

Detai led design of these components i s  discussed 

Essent ia l ly ,  t he  graphi te  s t ruc tu re  cons i s t s  of an % 1/2- 

The outer  layer of graphi te  w i l l  contain 1/2 w t  % boron 

Under normal operation, the graphi te  w i l l  be subjected t o  tempera- 

t u r e s  of 550 t o  1250"F, flowing helium at  500 p s i  containing impurit ies,  

fas t -neutron bombardment, and mechanical loads. 

pated der ive l a r g e l y  from the  nonuniformity of t h e  environment. 

t u r e  gradients  w i l l  induce thermal s t r e s s e s  and, i n  combination with 

' 

The major problems a n t i c i -  

Tempera- 

. 
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flowing impure gas, can lead t o  carbon and possibly boron mass t r a n s f e r .  

The fast-neutron f l u x  gradient  through’the g raph i t e  sec t ions  w i l l  cause 

d i f f e r e n t i a l  shrinkage, which, i n  turn,  w i l l  l ead  t o  s t r e s s e s  which even- 

t u a l l y  can exceed the  f r a c t u r e  s t r e s s  unless  re l ieved  by creep. 

these conditions,  t he  graphi te  must not f r a c t u r e  o r  undergo major dimen- 

s iona l  changes. The coolant flow passages, con t ro l  rod channels, and the  

f u e l  element feed and discharge channels a r e  a l l  p a r t  of t h e  graphi te  

s t ruc tu re .  

Under 

, 

Altho&h the  operat ing requirements of t h e  r e f l e c t o r  graphi te  and 

boronated thermal-neutron sh ie ld  grzphi te  a r e  similar i n  many respects ,  

c e r t a i n  problems a r e  unique t o  one clr the  other .  

sion w i l l  consider t h e  two types of graphi te  separately.  

Therefore, t h i s  discus-  

. 

Ref lec tor  Graphite - 
. Consideration of the  design and operat ing requirements of t he  PBRE 

r e f l e c t o r  graphi te  i nd ica t e  tha t  the  major problems a r e  concerned w i t h  

cracking from radiation-induced shrtnkage and oxidation. Similar  prcblems 

a r e  faced -in t he  EGCR. Fur-’-’ Lriwrmre, t he  E G T  needle -coke graphi te  used 

i n  the  EGCR moderator columns and the  i so t rop ic ,  coatable  901 RYL grade 

used i n  the  fuel-element support s leeves of t h e  EGCR a re  l o g i c a l  candidates 

f o r  t he  PBRE r e f l e c t o r .  

these  grades of EGCR graphi tes  a re  therefore  presented f o r  reference i n  

Table 10.1. 

Typical physical  and mechanical p rope r t i e s  of 

Radiation Shrinkage Cracking. Fast-neutron bombardment of graphi te  

induces dimensional changes which depend on exposure, temperature, type 

of graphite,  and d i r ec t ion  w i t h  respec t  t o  the  extrusion a x i s  of t he  

graThite.  A t  the  temperatures of the  PBRE r e f l e c t o r ,  t he  dimensional 

changes w i l l  be negative, t h a t  i s  shrinkage w i l l  occur. Because of t.he 

fast -neutron f l u x  gradient  through tjhe graphi te  sect ions,  d i f f e r e n t i a l  

shrinkage w i l l  be induced. The s t r e s s e s  generated thereby can eventual ly  

exceed t h e  rupture s t r e s s  unless  re l ieved  by creep. The considerat ion of 

r ad ia t ion  shrinkage cracking i s  important because it may l i m i t  t he  op- 

e ra t ing  l i f e  of the  graphi te  components. 

. 

. 
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Table 10.1. Propert ies  of EGCR Graphites 

Fuel Element Support Sleeve 
Graphite, 901 RYLb AGW Moderator Graphitea 

Property 

Average Maximum Minimum Average M a x i m u m  Minimum 

i 

~~ ~~ ~ 

Bulk density, g/cm3 1.71 1.73 1.68 1 .71  1.75 1.67 

(Tensile strength,  p s i  
Longitudinal' 1080 1270 840 1670 1980 1200 
Transverse' 750 930 650 1190 1530 850 

3540 2320 Longitudinal' f lexure 2150 2480 1830 2850 

Young's modulus, p s i  

s t rength,  p s i  

Longitudinal' 1.60 x lo6 1.75 x l o 6  1.39 x lo6 1.53 x lo6  (e )  (e )  
Transverse' 0.85 X lo6  0.96 X lo6  0.71 X lo6  ( e )  (e )  ( e )  

Coeff ic ient  of thermal 
expansion, 

LongitudinalC 0.71 0.89 0.58 4.55 ( e )  (e) 
Transverse' 2.36 2.66 2.14 5.50 (e )  ( e )  

Rat i o  3.32 2.99 , 3.69 1.22 (e )  ( e )  

Thermal conductivity, 
cal/cm. sec 

Longitudinal' 0.532 0.599 0.401 0.39 (e )  (e) 
Transverse' 0.359 0.430 0.293 ( e )  ( e )  ( e )  

Thermal-neutron ab- 3.94 4.10 3.87 3.90 4.03 3.76 
sorpt ion cross 
section, mb 

Boron content, ppm 0.27 0.5 0.1 0.55 0.94 0.24 

Ash content, ppm 160 240 80 26 110 <lo 

Oxidation ra teg  a t  0.015 (e )  ( e )  0.015 (e) (e) 
6OO0C, g/g- h r  

a 

bExtrusion s i z e  approximately 5 1 / 2  in. i n  diameter. 

CDirections a r e  with respect  t o  the  extrusion axis. 

'Temperature range of measurement: 

eNot determined or not reported. 

fFor neutrons with an average ve loc i ty  of 2200 m/sec. 

g&termined i n  a i r  a t  a pressure of 1 atmosphere. 

Extrusion s ize  1 8  in. X 18 in. 

AGOT, room temperature t o  100°C; 901 RYL, 100 
t o  600°C. 

. 

. 
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The radiation-damage c h a r a c t e r i s t i c s  of t he  EGCR graphi tes  are  being 

It has been shown t h a t  at 475"C, the  AGOT moderator s tudied a t  Hanford.18 

graphi te  con t r ac t s  0.36% i n  the  p a r a l l e l  d i r e c t i o n  and 0.18% i n  the  per- 

pendicular dire 'ct ion a f t e r  an exposure of 17 000 Mwd/AT. 

lower than those based on e a r l i e r  r e s u l t s  which form the  basis f o r  the  

ca l cu la t ions  i n  Section 9. The contxaction r a t e  w a s  observed t o  increase 

w i t h  exposure; however, there  were not enough data t o  e s t a b l i s h  an ac- 

curate ,  quant i ta t ive  r e l a t ionsh ip  i n  t h i s  regard.  

These r a t e s  a re  

After  an exposure of 3000 Mwd/AT a t  5OO0C, a cont rac t ion  of 0.034% 

w a s  observed f o r  samples of 901 RYL graphi te  i n  a d i r e c t i o n  p a r a l l e l  t o  

the  ax i s  of extrusion.  Other samples were i r r a d i a t e d  a t  1200 t o  1400°C 

t o  an exposure of 5000 Mwd/AT.lg 

graphi te  w a s  approximately equal t o  tha t  f o r  t he  AGOT moderator graphi te  

fn t he  p a r a l l e l  d i r ec t ion .  

t ion ,  however, w a s  s i x  times as la rge  as tha t  of t he  moderator graphi te .  

The cont rac t ion  observed i n  the  901 RYL 

The conLraction i n  the  perpendicular d i rec-  

No da ta  have been reported f o r  t he  e f f e c t  of i r r a d i a t i o n  on the  

s t rength  proper t ies  of graphi te  i r r a d i a t e d  a t  temperatures of i n t e r e s t  

t o  the  FERE. The m t - o f - p i l e  ci-eep p rope r t i e s  of t he  EGCR m d e r a t o r  

graphi te  have been s tudied at ORNL a.t temperatures up t o  1100°F and EL 

t e n s i l e  s t r e s s  . level  of 1800 ps i .2o  

than 0.015% during t h e  f i r s t  10 t o  30 hr  of t he  experiments, no f u r t h e r  

creep w a s  detected f o r  per iods as long as 2000 hr. Based on the  l i m i t s  

of detect ion,  it w a s  estimated, thei-efore, that a f t e r  the i n i t i a l  s t r a i n s  

thz  creep r a t e s  were l e s s  than 5 X IO-'/hr. 

After  s m a l l  i n i t i a l  s t r a i n s  of l e s s  

Experiments2' have shown creep of var ious grades of nuclear-grade 

graphi te  when s t ressed  under i r r a d i a t i o n  at  temperatures up t o  300°C. 

18Preliminary Resul ts  of Second I r r a d i a t i o n  of EGCR Graphite, L e t t e r  
Report from J. M. Davidson, GE-HAPO, t o  W .  J. Larkin, OROO, Ju ly  18, 1961. 

IgPr iva te  communication from D. R .  de Halas, Hanford, t o  Fred L.  
Carlsen, Jr., ORNL, December, 1961. 

20GCR Quar. Prog. Rep. March 31, 1961, ORNL-3102, p. 116. 

21N. C .  F i e lde r  e t  al., I r r a d i a t i o n  Induced P l a s t i c i t y  i n  Graphite, 

-. 

Paper presented a t  the  F i f t h  Biennial  Conference on Carbon, University 
Pmk, Pa., June 19-23, 1961. 

. 
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I n  some cursory experiments, creep constants  of approximately 2 x 10-6/psi 

per  1000 Mwd/T were observed. 

specimens i r r a d i a t e d  between room temperature and 300°C at  s t r e s ses  up t o  

500 ps i .  

This value appears t o  be appl icable  f o r  

The exposures f o r  these experiments were l e s s  than 1000 Mwd/T. 

The thermal conductivity of graphi te  has been observed t o  decrease 

under i r r ad ia t ion .22  

temperature thermal conductivity of samples of grade CSF w a s  reduced by 

about a f a c t o r  of 3 .  

After an exposure of 4500 Mwd/AT at  5OO0C, the  room- 

The e f f e c t  of neutron i r r a d i a t i o n  on Young's Modulus has been studied 

by a number of workers e23-27 For room-temperature i r r ad ia t ions ,  t h i s  prop- 

e r t y  increases  and appears t o  reach a constant value, on extended exposure, 

t h a t  i s  two t o  t h r e e  times the  unirradiated value.  For higher i r r a d i a -  

t i o n  temperatures, the e f f e c t  of i r r a d i a t i o n  i s  l e s s  pronounced. For 

example, a t  350°C, the modulus w a s  found t o  be 1.4 times t h e  unirradiated 

value a f t e r  an exposure of approximately 700 Mwd/AT .24 

22R. E. Nightingale e t  al. ,  Damage t o  Graphite I r r a d i a t e d  up t o  1000°C, 
Proceedings of t h e  Second United Nations In t e rna t iona l  Conference on the  
Peaceful Uses of Atomic Energy, Geneva, 1958, Vol. 7, pp. 295360, United 
Nations, New York, 1958. 

23J. H. W. Simmons, -The Effec'ts of I r r a d i a t i o n  on the  Mechanical 
Proper t ies  of Graphite, i n  Proceedings of t he  Third Conference on Carbon 
Held at  t h e  University of Buffalo, pp. 559-568, Pergamon Press; New York, 
1959. 

24J. H. W. Simmons, The Ef fec t s  of Neutron I r r a d i a t i o n  on the  Physi- 
c a l  Proper t ies  of Graphite, i n  I n d u s t r i a l  Carbon and Graphite, Papers Read 
at the Conference Held i n  London, Sept. 24-26, 1957, pp. 511-518, Society 
of Chemical Industry,  London, 1958. 

25G. H. Kinchin, The Ef fec t s  of I r r a d i a t i o n  on Graphite, i n  Proceed- 
ings of t he  In t e rna t iona l  Conference on Peaceful Uses of Atomic Energy, 
Geneva, 1955, V o l .  7, pp. 472478, United Nations, New York, 1956. 

Proceedings of the In t e rna t iona l  Conference on Peaceful Uses of Atomic 
Energy, Geneva, 1955, V o l .  7, pp. 455-471, United Nations, New York, 
1956. 

t i o n  on the  Mechanical Proper t ies  of Graphite, I n  Proceedings of t h e  ' 
Second United Nations In t e rna t iona l  Conference on the  Peaceful Uses of 
Atomic Energy, Geneva, 1958, Vole 7, pp. 307-314, United Nations, New Yock, 
1958. 

26W. K.  Woods e t  al,, I r r a d i a t i o n  Damage t o  A r t i f i c i a l  Graphite, i n  

27H. W .  Davidson and H. H. W. Losty, The Effec t  of Neutron I r r a d i a -  

* 



It i s  c l e a r  that many add i t iona l  data a r e  required t o  accura te ly  as- 

cess  t he  graphite-cracking problem. 

vide these da ta  i s  out l ined  i n  Secti.on 16. 

A research program designed t o  pro- 

Oxidation. The reac t ions  between graphi te  and the  impur i t ies  i n  the  

helium coolant stream a r e  discussed i n  d e t a i l  i n  Section 7. The behavior 

of var ious grades of graphi te  when heated i n  air, including the  e f f e c t s  

of pro tec t ive  coatings,  has been inves t iga ted  and the  r e s u l t s  a r e  of i n -  

t e r e s t  f o r  comparative purposes i n  connection with p o t e n t i a l  PBRE gra.phite 

components. 

Experiments conducted i n  flowing air  ind ica t e  t h a t  t h e  oxida t ior  

r a t e s  of the  two types of EGCR graphi te  a r e  e s s e n t i a l l y  t h e  same a t  t8000C. 

The temperature dependence of t h e  oxidation r a t e s  f o r  both grades a r e  

a l s o  similar, and i n  t h e  approximate temperature range of 500 t o  700°C 

tke  "ac t iva t ion  energy" w a s  determined t o  be approximately 50 kcal/mole . 
A s  discussed i n  Sections 7 and 12, pro tec t ive  coat ings on the  r e -  

f l e c t o r  graphi te  do not  appear necessary i n  the  PBRE. 

not c l e a r  tha t  acceptable coat ings cf  Si-Sic  could be appl ied t o  t h e  la rge  

graphi te  corrponents. The degree t o  which Si-Sic  coat ings m e  p ro tec t ive  

depends upon the  i so t ropy  of the  gruphi te  upon which they  a r e  applied.. 

For example, coat ings of t h i s  type on EGCR moderator graphi te  components 

develop cracks on cooling f r o m t h e  appl ica t ion  temperature and these  crzcks 

provide d i r e c t  contact  with the  oxidizing environment. More spec i f i ca l ly ,  

t h i s  cracking i s  r e l a t e d  t o  t h e  low coe f f i c i en t  of thermal expansion f o r  

the graphi te  i n  the  perpendicular d i rec t ion ,  as compared w i t h  tha t  for 
the  Si-Sic coat ing.  

I n  addi t ion  it i s :  

Only preliminary information i s  ava i lab le  on the  e f f e c t s  of irrs,dis,- 

t i o n  on the  protect iveness  of coat ings on graphi te   specimen^.^^-^' 
one experiment s i x  grades of graphi te  coated w i t h  Si-Sic by t h r e e  mar>.u- 

f a c t u r e r s  were t e s t e d  f o r  oxidation r e s i s t ance  a f t e r  an exposure of EP- 

proximately 8 X lo2' neutrons/cm2 (E > 1 MeV) i n  an atmosphere of heliuni 

I n  

28Private  communication fromR. E.  Dahl, Hanford, t o  J. 0. Kolb, 

29GCR Quar. Prog. Rep. March 31., 1961, ORNL-3102, p. 110. 
30J. L. Jackson, The Effec t  of I r r a d i a t i o n  on Si l iconized-Si l icon 

ORNL, June 29, 1961. 

Carbide Coatings f o r  Graphite, HW-68494, February,.1961. 
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and carbon dioxide at  5OOOC. There w a s  no evidence of r ad ia t ion  damage 

t o  t h e  coatings and only one of the nine specimens of a coated i so t ropic  

grade f a i l e d  when heated i n  a i r  at 1000°C. 

Boronated Graphite for Thermal-Neutron Shield 

Questions r e l a t i n g  t o  the  a v a i l a b i l i t y ,  manufacture, propert ies ,  ir- 
rad ia t ion  e f fec ts ,  possible  boron loss, and cos t  of boronated graphi te  

are discussed i n  t h i s  sect ion.  Boronated graphi te  components are a v a i l -  

able  from a t  least three manufacturers. The material i s  not a stock i tem 

with any of these  manufacturers, but i s  made t o  order f o r  spec ia l  appl i -  

cat ions.  

and the  comments concerning ava i lab le  s i z e s  of t he  r e f l e c t o r  components 

i n  t h e  previous sec t ion  apply t o  the  boronated product as w e l l .  

Boronated graphi te  can be made by normal processing techniques, 

I n  general, the proper t ies  of 6;raphite with low boron content are 

about t h e  same as boron-free graphit,e manufactured i n  the  same manner. 

Some propert ies31 of graphi tes  with boron contents  of 0.2 t o  5 w t  % a re  

given i n  Table 10.2. The high s t rengths  of specimens of grade 8710 a re  

the  r e s u l t  of t he  l o w  f i r i n g  temperature. 

Specimens of t h e  grades described i n  Table 10.2 were i r r a d i a t e d  f o r  

two cycles i n  the  GETR at 1200"F, 
proximately 0.2% were observed based on measurements which were accurate 

t o  50.1%. 
neutron shield,  radiation-induced shrinkage should not present a problem. 

Negative dimensional changes of ap- 

Because of t he  low exposures an t ic ipa ted  f o r  the thermal- 

The lo s s  of boron.from boronated graphi te  i s  being s tudied by General 

Atomic.32 

graphi te  y i e lds  a vapor pressure of 

the loss  of boron under PBRE conditions would be small. However, t he re  

may be a . .s ignif icant  loss  of boron as a result of reac t ions  with impmi- 

t i e s  i n  the  helium coolant.  It can be shown tha t  even w i t h  p a r t i a l  

An extrapolat ion of the  boron vapor pressure over boronated 

a t m  a t  130OoF, ind ica t ing  that  

3140 Mw(E) Prototype High-Temperature Gas-Cooled Reactor Research and 
Development Program, Summary Report f o r  t he  Period Jan. 1, 1959 t o  Dec. 31, 
1959, and Quar. Prog. Rep., Oct. 1, 1959-Dec. 31, 1959, GA-1235, p. 25. 

3240 Mw(E) Prototype High-Temperature Gas-Cooled Reactor Research m d  
Development,Program, Quar. Prog. Rep. f o r  t h e  Period Ending Sept. 30, 1960, 
GA-1774, p. 15. 

. 
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Table 10.2. Proper t ies  of Some Boronated Graphite 

~~~ ~ 

Sample. designation 

Boron content, w t  % 
Fir ing  temperature," "C 

Density, g/cm3 

As received 
After  heating t o  2000°C i n  vacuum 

Weight l o s s  on heating t o  2000°C i n  

Crushing s t rength,  p s i  

vacuum, % 

Longitudinal 
Transverse 

Coeff ic ient  of thermal expansion, 1-0'6/"F 

Longitudinal 
Transverse 

8 710 

-0.3 

850 

1.64 
1.62 

1.95 

12 000 
8 100 

1 . 5  
2.6 

8 734 

-0.2 

>2 700 

1.69 
1.6% 

0.11 

8 100 
7 000 

1.0 
2.0 

8 736 

-5 

>2 700 

1.63 
1.56 

3 . a 

3 4-00 
4 700 

0.9 
1.1 

A s  reported by manufacturer. a 

bDirections a re  with reference t o  gra in  or ien ta t ion .  

pressures of hydrogen and CO of t h e  order of 

bor ic  oxides and bor ic  ac id  w i l l  be formed. I n  the  General Atomic experi-  

mental program boron lo s ses  at  2000°C were observed t o  be 100 times higher 

than the  lo s ses  predicted from t h e  boron vapor-pressure measurements. 

T h i s  e f f ec t  w a s  a t t r i b u t e d  t o  the more v o l a t i l e  boron compounds formed by 

react ions with impuri t ies .  The extent  t o  which impuri t ies  i n  the coolant 

would present a problem w i t h  regard t o  boron lo s s  a t  the  low temperatures 

i n  the  PBRE sh ie ld  i s  uncertain.  

a t m ,  the  very volat . i le 

The cos t  of boronated graphi te  components depends pr imari ly  on the  

boron content and t h e  machining requirements. 

ranges between $3 and $11 per lb, depending upon p u r i t y  and p a r t i c l e  

s i ze .  

mately $1 per l b .  

The cos t  of B4C powder 

Unmachined material containing 1/2 w t  $ boron would cos t  approxi- 

. 
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11. MAINTENANCE OF CONTAMINATED SYSTEMS AND COMPONENTS 

The ex ten t  and d i s t r i b u t i o n  of f i s s i o n  products throughout the  PBRE 

coolant-circulat ing system cannot be prec ise ly  predicted but, as discussed 

i n  Section 7, w i l l  be one of the  things t o  be determined i n  the course 

of the experiment. 

formed on a laboratory scale ,  the a b i l i t y  t o  e f f ec t ive ly  decontaminate 

components i n  s i t u  a t  PBRE conditions has y e t  t o  be demonstrated. The 

maintenance design is  therefore  predicated on the assumption t h a t  a l l  

components that are contacted by the coolant gas or that  handle exposed 

f u e l  elements w i l l  be too contaminated f o r  d i r e c t  approach; maintenance 

can be performed, however, i n  the  fashion successful ly  demonstrated on 

c i rcu la t ing- fue l  r eac to r s .  

Although removal of deposited a c t i v i t y  has been per- 

In  order t o  provide conditions most favorable f o r  r epa i r  o r  replace- 

ment, the  proposed p l an t  layout provides f o r  access from above t o  the  

majority of the operat ing components by the removal of modular sh ie ld ing  

blocks. A work shield s i m i l a r  t o  the one i l l u s t r a t e d  i n  Fig.  11.1 can 

be placed over the opening l e f t  by the removal of a sh ie ld ing  block, and 

maintenance can be accomplished through openings by semiremote techniques 

(see Fig.  11 .2 ) .  

replacement of components r a the r  than t h e i r  r e p a i r  i n  place.  

A decontamination f a c i l i t y  is  provided i n  the  secondary enclosure.  

The normal maintenance procedure w i l l  probably be the 

After examination t o  determine the  nature and ex ten t  of contamination, 

components and tes t  sect ions removed from the r eac to r  system can be de- 

contaminated by the methods described a t  the end of t h i s  sec t ion  and then. 

repa i red  by conventional methods. 

design of the  PBRE for the  decontamination of some components i n  place.  

The information gained w i l l  a i d  i n  designing fu tu re  reac tors  f o r  in-place 

decontamination which w i l l  permit d i r e c t  maintenance of most components. 

Provision w i l l  a l s o  be made i n  the 

The major components and aux i l i a ry  systems are compartmentally shielded 

from each o ther .  In  the  event of a major system rev is ion  or the  replace- 

ment of a major component, the contaminated equipment can be disconnected 

and removed from dtsrcompartment bs remotei methods,L .With the  source thus 

removkd from-a’icompaxtment, the new equipment can be i n s t a l l e d  by d i r e c t -  
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UNCLASSIFIED 
ORNL-LR-DWG 46005R 

ECCENTRIC PLUG 

ECCENTRIC MODULE 

LIGHT HOLES 

MOTOR DRIVE 

Fig. '11.1. Work Shield f o r  Maintenance on Contaminated System. 
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approach methods. 

pieces of equipment i n  the coolant decontamination, offgas,  ,vent i la t ion,  

Concrete-block sh ie ld ing  w i l l  be stacked between major 

and other  contaminated systems t o  reduce the r ad ia t ion  l eve l s  encountered 

during maintenance of components. 

The cont ro l  rods and fuel-discharge machinery extend below the r e -  

ac to r  ves se l  i n t o  a shielded room. Gross par t i cu la t e  contamination of 

these components is possible ,  and pa r t i cu la t e  matter would be expected 

t o  f a l l  out when the closures  are opened. Hence access t o  t h i s  room f o r  

equipment maintenance seem unl ike ly .  The dr ives  for the  con t ro l  rods and 

f o r  the  fuel-discharge equipment are therefore  brought out through sh ie ld-  

ing so that the  dr ive  mechanisms can be repa i red  or replaced by d i r e c t  

approach. Other equipment i n  the room below the reac tor  vesse l  w i l l  be 

designed f o r  u n i t  replacement by the manipulation of as f e w  disconnects 

as possible ,  and a serv ice  machine capable of removing and replacing t h i s  

equipment w i l l  be provided. 

w i l l  permit an operator t o  view and assist the operation of the serv ice  

machine. 

t o  be used for changing tools on the serv ice  machine or t o  be moved i n t o  

A shielding window and manual manipulator 

The manipulator w i l l  be mounted on a r a i l  t h a t  w i l l  allow it 

the hot c e l l  f o r  use there .  

The spec i f i c  maintenance problems an t ic ipa ted  and the contemplated 

methods of handling them a r e  discussed i n  the  following sec t ions .  

Main Ci rcu la t ing  Blower 

. 

The main blower i s  described arid i l l u s t r a t e d  i n  Section 3. A s  shown, 

it is located i n  a shielded compartment t o  i s o l a t e  it from d i r e c t  rad ia-  

t i o n  or ig ina t ing  i n  the r eac to r  core or the  heat  exchanger. Access f o r  

maintenance is provided through the top  shielding.  The motor and r o t a r y  

element are contained i n  a housing having a flanged closure a t ’ the  end. 

E l e c t r i c a l  and instrument connections a r e  made through remotely operable 

disconnects, and any aux i l i a ry  services ,  such as cooling water, lube o i l ,  

or buffer  gas, are connected through mechanical j o i n t s .  

ment becomes necessary, the r eac to r  w i l l  be shutdown and depressurized, 

the  work sh ie ld  placed over the  blower, and the concrete sh ie ld ing  block 

removed. 

If blower replace- 

The mechanical j o i n t s  w i l l  be unbolted with long-handled wrenches 



1 
I 

i 
21i 

.W 

.) 

and the  e l e c t r i c a l  and instrument leads  disconnected. After  withdrawal 

from the  casing on a t rack,  the  blower can then be ra i sed  through the  

work sh ie ld  i n t o  a preplaced container  w i t h  t he  bui lding crane. With 

proper preparation made i n  advance and personnel excluded from the  areas 

involved, t he  blower can be t r ans fe r r ed  t o  e i t h e r  the  decontamination 

tank or t o  the remote-maintenance f a c i l i t y  on the  f i rs t  l e v e l  without use 

of a sh ie ld  cask; a shielded container  will be required i f  t h e  u n i t  i s  

t o  be removed from t h e  bui lding without decontamination. 

After  removal of t h e  blower i s  complete, a replacement u n i t  w i l l  be 

i n s t a l l e d  and connected, the  sh ie ld  block replaced, and the  work sh ie ld  

removed. .The r eac to r  system w i l l  then be ready t o  operate.  

Heat Exchanger 

The heat exchanger i s  i n s t a l l e d  i n  a shielded compartment with ac- 

cess  through the  t o p  shielding.  

welded, but  the water and steam l i n e s  a r e  connected by mechanical j o i n t s .  

A s  i l l u s t r a t e d  i n  Section 3, t he  heat exchanger drums and tube bundle 

a r e  supported f r o m t h e  flanged head. A spare head and bundle a r e  pro- 

vided. 

The helium coolant piping i s  completely 

I n  the  event tha t  tube-bundle replacement becomes necessary, the 

reac tor  w i l l  be shut down and depressurized, t he  work sh ie ld  s e t  over t he  

heat exchanger, a shield modular un i t  removed, and the  mechanical j o i n t s  

unbolted w i t h  long-handled wrenches. The bui lding crane, operated r e -  

motely by personnel i n  a shielded locat ion,  w i l l  be used t o  raise the 

bundle and place it i n  the  previously prepared decontamination tank. The 

replacement bundle w i l l  be in s t a l l ed ,  connected, and the  shielding r e -  

placed. 

the shop for d i r e c t  maintenance. 

The damaged bundle w i l l  be decontaminated and t r ans fe r r ed  t o  

Replacement of t he  e n t i r e  heat exchanger can be done i f  subs t i t u t ion  

of a un i t  of a d i f f e ren t  design i s  desired.  

bundle, the  pipe connecting t o  the blowers and t h e  reac tor  core w i l l  be 

cu t  with torches using long-handled t o o l s .  

then be plugged and t h e  s h e l l  flooded with decontamination f l u i d s  which 

After removal of t he  tube 

Openings i n  the  shel l  w i l l  
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can be added, ag i t a t ed ,  and removed through openings i n  t h e  work sh ie ld .  

The s h e l l  can then be removed with the  bui lding crane.  

ing, as needed, w i l l  then be put  i n  the  openings between the heat-exchanger 

compartment and the  blower and core compartments. The a c t i v i t y  l e v e l  i n  

Temporary sh ie ld-  

the  heat exchanger compartment should be s u f f i c i e n t l y  low a t  t h i s  point  

t o  permit i n s t a l l a t i o n  of a new u n i t  by d i r e c t  machining and welding of 
the  helium l i n e s .  Provision of space f o r  the  steam l i n e s  of t he  new ex- 

changer w i l l  have t o  be made a t  the  time the  s h i e l d  i s  b u i l t .  

Core Servicing , 

It i s  an t i c ipa t ed  t h a t ,  as a r e s u l t  of r a d i a t i o n  damage, some of 

t he  graphi te  r e f l e c t o r  may have t o  be replaced.  The graphi te  r e f l e c t o r  

blocks have therefore  been s ized  t o  pass through the  access  i n  the  top 

of the  vessel ;  they w i l l  be designed t o  be gripped by the  replacement 

too l ,  and w i l l  be keyed f o r  l oca t ion  and locking i n  the  assembly. A 

packaging f a c i l i t y  and conveyor can be provided t o  be placed above the 

r eac to r  ves se l  within the  b io log ica l  sh i e ld .  

removal of the  serv ice  too l ,  the  conveyer w i l l  operate through an opening 

m d e  by removal of s h i e l d  plugs i n  the  s ide  of the  s h i e l d  ( see  Sect ion 3 ) .  

A work sh ie ld  i s  provided f o r  use i n  core serv ic ing  operat ions.  If re- 

f l e c t o r  replacement becomes necessary, the  r eac to r  w i l l  be shut  down, de- 

pressurized,  and emptied of f u e l .  The work sh ie ld  w i l l  be placed over 

the r eac to r  vesse l ,  the  conveyor and packaging f a c i l i t y  i n s t a l l e d ,  and 

the  f lange and f u e l  charging mechanism removed (see F ig .  11.3). 

In  order t o  avoid frequent  

Tbe graphite-handling too l ,  containing conventional l i g h t i n g  and a 

The operator w i l l  suc- periscope, w i l l ' t hen  be lowered i n t o  the  ves se l .  

cess ive ly  g r i p  the  blocks t o  be removed, raise each block and place it 

i n  a container posi t ioned on the conveyor, and move it i n t o  a c a r r i e r  

located outs ide the  sh i e ld  for t r anspor t  t o  s torage .  The v e n t i l a t i o n  is 

arranged t o  prevent p a r t i c u l a t e  matter from f l o a t i n g  above the  b io log ica l  

sh i e ld  i n t o  the work a rea .  

the  replacement graphi te  w i l l  be conveyed through the sh i e ld  opening, 

picked up by the serv ic ing  too l ,  and stacked i n  the  vessel. 

When removal and examination are complete, 
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C ont r  ol-Rod and Fue 1 - D  i s  c har ge -Machine Drives 

The con t ro l  rods and the  r o t a t i n g  elements i n  the fuel-discharge ma-  

chine are actuated by pinions on the ends of shafts which extend through 

the sh i e ld  w a l l  i n t o  a serv ice  a rea .  This arrangement permits d i r e c t  

se rv ic ing  of the  dr ive  u n i t s .  Although, as shown i n  Sect ion 3, the rods 

and dr ives  a r e  enclosed within the  3rimary-system pressure envelope, there 

w i l l  be s e a l s  on a l l  the  pinion s h a f t s .  These seals w i l l  keep a c t i v i t y  

out  of the  dr ive  un i t s ;  i n  addi t ion,  by permit t ing maintenance on the  

dr ives  w i t h  low-pressure helium i n  the reac tor ,  they w i l l  e l iminate  the  

necessi ty  of completely removing the helium when serv ic ing  is  requi red .  

Control Rods 

The control-rod tubes, as mentioned e a r l i e r ,  terminate i n  a shielded 

room below the  r eac to r  ves se l  that contains a serv ice  machine and manipu- 

l a t o r  and can be viewed from the  serv ice  room through a sh ie ld ing  window. 

Access t o  t h i s  room i s  expected t o  be extremely l i m i t e d ,  and any mainte- 

nance needed w i l l  be performed by an operator using the  serv ice  machine 

and manipulator. I n  the  design described i n  Sect ion 3, con t ro l  rods 

would be separated i n t o  shor te r  sec t ions  and withdrawn and replaced re- 

motely from the bottom of the r eac to r  w i t h  t h i s  equipment. However, if 

the top  reactor vessel  access i s  enlarged as suggested i n  Sect ion 3, 

. f u l l  l ength  con t ro l  rods can be withdrawn upward and replaced from above. 

This s t e p  would d r a s t i c a l l y  reduce the  maintenance operations and equip- 

ment required below the 

The f ue 1 -discharge 

r eac to r  ves se l .  

Fue 1 - D i s  c har ge Machine 

machine, i l l u s t r a t e d  i n  Section 5 ,  extends i n t o  

. 

the  room below the  r eac to r  ves se l  and terminates i n  a mechanical c losure,  

The motor u n i t  and dr ive  s h a f t  can be removed through the  mechanical 

j o i n t  outs ide the  b io log ica l  sh i e ld .  With the  dr ive  s h a f t  u n i t  removed, 

the lower f lange  can be remotely removed and the  columnator u n i t  lowered 

out  of the r eac to r  by use of the serv ice  machine described i n  Sect ion 3 .  

. 
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The assembly containing t h e  b a l l  discharge gas locks can be removed, 
when necessary, with t h e  service machine'after t h e  two flanges have been 

opened using t h e  manipulator. Any of t he  u n i t s  from t h e  su6reactor room 

can be car r ied  t o  t h e  crane sha f t  o r  placed i n  the hot c e l l  by t h e  se r -  

vice machine. 

Auxiliary Equipment 

The components of aux i l i a ry  systems ' t ha t  a r e  exposed'to act ivi ty:  a r e  

located i n  funct ional ly  designed shielded compartments. Access t o  each 

of these  compartments i s  through i t s  top  shielding and t h e  work shield.  

Faulty components w i l l  be replaced with u n i t s  connected i n t o  t h e  system 

with mechanical j o in t s .  

repaired by d i r e c t  maintenance. 

Items t o  be repaired w i l l  be decontaminated and 

Decontamination Procedures 

Replacement of contaminated components would be considerably eas ie r ,  

. and r epa i r  i n  place perhaps feas ib le ,  i f  a c t i v i t y  l eve l s  could be reduced 

by i n  s i t u  decontamination. As discussed i n  Section 16, however, means 

f o r  hydraul ical ly  i so l a t ing  components and f o r  contacting surfaces  with 

reagents remain t o  be developed. Techniques f o r  decontaminating com- 

ponents af ter  removal from t h e  reac tor  a r e  b e t t e r  established, and a sys- 

tem t o  be used i n  preparing equipment f o r  repair ,  t r a n s f e r  t o  another 

area, o r  disposal  i s  described i n  Section 3. 

Contaminated components which a re  rem'oved from the  r eac to r  w i l l  be 

placed i n  a decontamination tank located within t h e  containment vessel .  

Unshielded (but  bagged) equipment can be t r ans fe r r ed  t o  t h e  tank with 

the  building crane a f t e r  evacuation of personnel. 

The procedure out l ined below w i l l  then be followed: 

1. The component w i l l  be sprayed or f i l l e d  with a so lu t ion  of hot 

non-foaming detergent t o  remove water-soluble contamination and wash away 

any graphi te  dust .  

w i l l  be monitored. 

The r i s e  and f a l l  of t h e  waste-line gamma a c t i v i t y  

2. If t h i s  decontamination is  adequate, t h e  component w i l l  then be 

r insed with water; i f  not, t h e  procedure i n  item 3, w i l l  be followed. 

. 

. 



3. The equipment w i l l  be sprayed or f i l l e d  with oxalate-peroxide 
1 so lu t ion .  

4 .  If 'decontamination is  adequate, the  component w i l l  be r insed  

with water; if  not,  the  oxalate  treatment w i l l  be repeated as i n  item 3. 

5. If f u r t h e r  decontamination is required,  the  so lu t ion  used w i l l  

depend on the  f i s s i o n  products remaining, as revealed by a gamma scan 

with the  spectrometer. Neutron-activation peaks such as those from Co6' 

. and Fe59 i n  the  s t ruc tu re  of the  metal cannot be reduced. Ruthenium and 

cerium may be decontaminated f u r t h e r  by a lka l ine  permanganate, followed 

by a water r i n s e  and a n  oxalate-peroxide treatment.  A broad spectrum of 

f i s s i o n  products may indica te  r e s idua l  dus t  containing i r r a d i a t e d  f u e l  

e i t h e r  i n  inaccessible  places or t i g h t l y  adhering t o  metal  sur faces .  

6 .  The decontamination cycle .is concluded with water r i n s i n g  unti:L 

the dra in- l ine  sample i s  free of chemical res idues .  The equipment i s  

then d r i ed  t o  minimize r u s t .  

These procedures should provide decontamination by a f a c t o r  of 50 

t o  10 000, depending on the i n i t i a l  a c t i v i t y  l e v e l  and on the  e f f ec t ive -  

ness of contact ing a l i  conmminated sur faces .  i n  most cases t h i s  should 

reduce the  a c t i v i t y  from the magnitndes estimated i n  Section 7 t o  l eve l s  

which permit d i r e c t  approach of components. 

'A. B. Meservey, Decontamination of EGCR and PBRE, Revised Procedures, 
CF 61-8-89 (Aug. 31, 1961). 

. 
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12. HAZARDS 

The PBRE is being designed, as far as possible ,  t o  minimize a l l  r e -  

l i ance  on the functioning of equipment t o  guarantee that no accident t o  
/ the  p l an t  w i l l  endanger the sa fe ty  of the  public,  operating persdnnel, 

or buildings and equipment. Thus, the approach i n  the hazard ana lys i s  ' 

is not only t o  show t h a t  various ser ious accidents  are unl ike ly  (every 

e f f o r t  w i l l ,  of couTse, be made t o  prevent them) but,  a l so ,  t o  .show t h a t  

even if they should occur, the consequences would be acceptable.  

amples of t h i s  approach a re  c i t e d  below. 

Ex- 

1. Completewombustionof the core i s  assumed, as wel l  as a high 

leakage rate from the  containment s h e l l ,  i n  evaluat ing o f f - s i t e  doses. 

The arrangement of the  sh i e ld  ven t i l a t ion  system should, however, prevent 

combustion by l imi t ing  the  amount of a i r  which can reach the-*core.  

2 .  Complete l o s s  of power is  assumed i n  assessing after-shutdown 

cooling requirements, and the design w i l l  provide f o r  na tura l -c i rcu la t ion  

heat  t r ans fe r  c i r c u i t s .  An emergency power supply w i l l ,  however, be 

provided. 

3 .  Conversion t o  steam of a l l  water i n  the  steam system is  assumed 

i n  evaluat ing the possible  pressure buildup i n  the containment s h e l l .  

Shutoff valves w i l l ,  however, be included i n  the  steam and feedwater l i n e s  

t o  limit the amount of w a t e r  t h a t  could leak i n t o  Qhe r eac to r .  . 
A preliminary ana lys i s  ind ica tes  t h a t  even with such conservative 

assumptions, operat ion of the  PBRE a t  an ORNL s i t e  would not present  any 

unacceptable hazards. \i 

In t eg r i ty  of the  Containment S h e l l  

The PBRE containment s h e l l  w i l l  be 66 f t  i n  diameter, and fabr ica-  

t i o n  considerations ind ica te  t h a t  i t s  thickness w i l l  be 5/8  i n .  

thus be capable of withstanding an i n t e r n a l  pressure of 15 psig. '  

s i b l e  causes of a pressure r i s e  i n  the s h e l l  are discussed below. 

It w i l l  

Pos- 

'Based on a 16 000-lb working stress, 80% weld ef f ic iency ,  and 25% 
reduct ion i n  allowable pressure t o  account f o r  ex te rna l  loads.  

. 

. 
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Helium Escape from System. The helium inventory i n  the primary 

system i s  approximately 11 000 scf or  1000 f t 3  a t  500 p s i a  and 900°F. 

Escape of t h i s  helium i n t o  the  containment s h e l l  volume ( 4  X lo5 f t 3 )  

without heat t r a n s f e r  would increase the  pressure i n  the  containment 

s h e l l  by only 1.25 p s i .  

Graphite Combustion. Although the  sh ie ld  v e n t i l a t i o n  system i s  de- 

signed t o  r e t a r d  t h e  access  of a i r  t o  the  primary system i n  the event of 

a rupture,  the  consequences of graphi te  combustion were examined. The 

containment s h e l l  volume of 4 X lo5 f t 3  has an oxygen content of 1 x lo5 
gram-moles. Combination with graphi te  t o  form C 0 2  (94 kcal/mole) would 

add 0.94 X lo1' c a l  (3.7 X l o7  Btu) t o  the  system. 

were absorbed only i n  the  containment s h e l l  atmosphere, t h e  temperature 

and pressure r i s e s  would be in to l e rab le .  It i s  not reasonable t o  assume, 

however, tha t  no o ther  heat capaci ty  would be ava i lab le ,  s ince consumption 

of a l l  t he  oxygen would take severa l  hours. This  can be shown by noting 

tha t  even if t h e  main helium blower i s  operating, it can c i r c u l a t e  a i r  a t  

atmospheric pressure only a t  t h e  r a t e  of 11 000 lb/hr; s ince the re  i s  

2.8 x lo4 l b  of air  i n  the  building, c i r c u l a t i o n  of a l l  the  a i r  through 

t h e  core would requi re  2.5 hr .  Estzblishment of the open loop necessary 

f o r  t h e  blower t o  c i r c u l a t e  a i r  through, the  core i s  i n  f a c t  un l ike ly  be- 

cause of t h e  concentric character  of t he  helium system; a break would have 

t o  occur i n  a l i n e  joining t h e  blower t o  t h e  steam generator or i n  t h e  

annular, cold duct between the  s t e a m  generator  and the r eac to r  ves se l  w i t h -  

out damage t o  the  inner  (ho t )  duct.  

would be l imi ted  by the  chemical r eac t ion  r a t e  t o  a value below t h e  c i r cu -  

l a t i o n  r a t e  at  graphi te  temperatures below 180O0F. Indeed, ca l cu la t ions  

ind ica te  t ha t  f o r  a uniform bed temperature of 1800"F, t he  f u l l  flow of 

air  a t  any temperature below 800°F would cool  t he  graphi te  and ext inguish 

the  f i re .  (The average bed temperature under normal operat ing condi t ions 

i s  llOO°F, ) 

If a l l  t h i s  energy 

Fina l ly ,  t he  oxygen consumption rate 

It i s  establ ished,  then, t h a t  even i f  combustion of the  graphi te  

could proceed t o  t h e  point  of complete oxygen consumption, it could not do 

so a t  a very rapid r a t e .  Much of t he  heat of combustion would therefore  be 

s tored i n  var ious so l ids ,  including t h e  containment s h e l l  i t s e l f .  The 

heat capac i t i e s  of some of these mater ia l s  are l i s t e d  i n  Table 12.1, along 

. 
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Table 12.1.  A i r  Temperature and Pressure Rises i n  
Containment S h e l l  Atmosphere 

rn 

. 

. 

Component 
Cumulative Heat 

Heat Capacity Capac i t y  GTair -6P 
I (isj.) (Btu/"F) (OF) 

(Btu/"F) 

A i r  (4  x lo5 f t 3 )  5.5 x io3 5.5 x io3  6700 200 

Containment s h e l l  X 1 / 2  0.38 x lo5  0.44 x 105 840 24 

Containment s h e l l  X 1 / 2  0.38 x lo5 0.82 x 105 450 13 

Graphite (5 .5  X lo4 l b )  0.22 fx lo5 1.04 x 105 355 10 
Primary system ( lo5 l b )  0.12 x lo5 1.16 x io5 318 9 
Concrete 

4000 f t 3  (a )  1 . 2  x io5  2.4  x 105 154 4.4 
8000 f t 3  ( b )  2 .4  x io5 3.6 x io5  100 2w8 
50 000 f t 3  ( c )  15 x 105 16 x io5 23 

a A l l  exposed surfaces  t o  a depth of 1 in . ;  ava i lab le  i n  about 1 hr. 
b A l l  exposed surfaces  t o  a depth of 2 i n .  ; avai lab le  i n  about 4 hr . 

A l l  concrete i n  bui lding (-2000 yd, of which approximately half  i s  C 

i n  b io log ica l  shield) ;  ava i lab le  only a f t e r  severa l  days. 

with the  temperature and pressure r i s e s  t h a t  would r e s u l t  i f  the  energy 

re leased  by complete oxygen consumption were s tored  i n  the  components i n  

proportion t o  t h e i r  capac i t i e s .  

l i s t e d  separa te ly  and, i n  addition, the combined capaci ty  i s  noted f o r  

The heat capaci ty  of each component is 

a l l  those i n  the  l i s t  down t o  and including the  one opposite which a 

given en t ry  appears i n  column 3;  it i s  f o r  t h i s  combined capacity tha t  

the pressure and temperature rises were computed. 

tainment s h e l l  is l i s t e d  as two components of equal capaci ty . )  

ana lys i s  is recognized as being r a t h e r  a rb i t r a ry ,  s ince the temperatures 

(The 630 000-lb con- 

This 

of the s o l i d  componer-ts a r e  i n i t i a l l y  qui te  d i f f e ren t ,  the  heat transfer 

rates a r e  by no means uniform, and the components a r e  not equal ly  acces- 

s i b l e  f o r  heat t r a n s f e r .  Nonetheless, the general  conclusion may be 

reached t h a t  s u f f i c i e n t  heat capacity is  ava i lab le  i n  any of severa l  com- 

binat ions t o  l i m i t  the  pressure r i s e  t o  safe values .  

The.calculat ions summarized i n  Table 12.1  do not allow for severa l  

add i t iona l  f ac to r s ,  some of which would operate t o  increase and some t o  

. 
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decrease the  pressures  given. These f ac to r s ,  discussed i n  subsequent 

paragraphs a re :  

1. 

2. 

3. 

4. 

sensible  heat  of reac tor  components ( increase) ,  

water leak, conversion t o  steam ( increase) ,  

l o s s  of heat  from containment s h e l l  (dFcrease),  and 

removal of heat by sh ie ld  cooler  (decrease) .  

Conversion of Water t o  Steam. The heat  dump f o r  the PBRE i s  a satu-  

rated-steam b o i l e r  operating t y p i c a l l y  a t  a temperature of 486°F and a 

pressure of 600 ps ia .  

l b .  

por t ion  of t h e  steam system i n  the  event of an i n t e r n a l  b o i l e r  leak t o  

t h e  helium c i r c u i t .  Although many a e t a i l s  of t h e  steam system remain t o  

be worked out, i4' does not appear tha t  t h e  e n t i r e  water inventory w i l l  

exceed 10 000 lb.  

The water content of the  steam drum i s  about 1000 

Valves a r e  provided i n  the  steam and feedwater ' l i nes  t o  i s o l a t e  t h i s  

Pressure increases  f o r  r e l ease  of these q u a n t i t i e s  of steam i n t o  

the containment ves se l  atmosphere have been computed. 

pera tures  indicated,  these  are 

A t  the  f i n a l  tem- 

6p = 1.3 p s i  f o r  1000 l b  of steam at  400°F, 
6p = 13 p s i  f o r  10 000 l b  of steam at 400"F, 
6p = 17 p s i  for 10 000 l b  of steam a t  700°F. 

The amount of heat  required t o  produce 1000 l b  of steam i s  roughly lo6 
Btu ,  and l o 7  B t u  i s  required for 10 000 lb. 

energy ava i lab le  may be seen from t h e  summary of ava i lab le  energy sources 

i n  Table 12.2. 

T h a t  there i s  p len ty  of 

Table 12.2. Available Energy 

. 

Source Energy (Btu) 

Graphite, sensible  heat above ambient 1.8 x 107 

lo4 lb of H2O a t  486°F 0.5 x 107 
Graphite combustion, lo5 moles a t  94 kca l  3.7 x 107 

Primary system, sensible  heat  above ambient 0.6 x 107 
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Heat Loss from Containment Shel l .  The surface area of t h e  contain- 

Calculations ment s h e l l  exposed t o  t h e  outer  atmosphere i s  -16 000 f t2 .  

of convective heat t r a n s f e r  show t h a t  about 2 x l o6  Btu/hr could be t r ans -  

f e r r ed  from t h e  surface a t  200°F, i f  uninsulated, or about 2 X lo5 Btu/hr, 

i f  insulated.  These r a t e s  a re  not s u f f i c i e n t  t o  prevent some i n i t i a l  pres- 

sure  r i s e  i n  t h e  accidents discussed above but, a t  l e a s t  i n  t he  uninsulated 

case, would drop t h e  pressure i n  a few hours following t h e  accident.  The 

higher t r a n s f e r  r a t e s  t h a t  would p reva i l  a t  higher temperatures ( f o r  ex- 

ample, 6 x l o6  Btu/hr a t  400°F, 8 x l o 6  Btu/hr a t  500°F, 1 x lo7 Btu/hr 

a t  600°F) would prevent occurrence of t h e  temperature and pressure ' r ises 

given i n  t h e  f irst  two or th ree  l i n e s  of Table 12.1. 
Although t h e  e f f e c t  of vaporizing l o 4  l b  of water i s  t o  increase by 

50% t h e  number of moles of gas and vapor i n  t h e  containment she l l ,  t h e  

energy required would reduce t h e  energy e f f e c t i v e l y  ava i lab le  from graph- 

i t e  combustion i n  p r a c t i c a l l y  the  same r a t i o .  Further ana lys i s  w i l l  be 

he lpfu l  i n  c l a r i fy ing  t h e  various possible  combinations of events, but 

it does not appear t h a t  any reasonable combination of steam and a i r  pres- 

sure  could exceed t h e  design pressure of t h e  containment she l l .  

Heat Loss t o  Shield Cooler. Heat t r a n s f e r  from t h e  uninsulated por- 

t i o n  of t h e  pressure vessel ,  by r ad ia t ion  and convection, w i l l  be on t h e  

order of 2 X lo5 Btu/hr. 

under "Emergency Cooling," t h i s  cooling r a t e  i s  too  small t o  be relevant  

t o  t h e  present discussion. 

While important f o r  some purposes discussed 

Hydrogen Formation. Hydrogen i n  a i r  i s  flammable i f  present i n  con- 

cent ra t ions  between about 4 and 74 vol  $. 
18 and 59 vol  $, detonation is possible.  I n  t h e  rapid-burning case, an 

upper l i m i t  t o  t h e  pressure r i s e  may be obtained by assuming t h a t  a l l  t h e  

heat  of combustion is  re ta ined  i n  t h e  atmosphere. I n  t h e  case of detona- 

t i on ,  peak pressures an order of magnitude higher may be reached. Tempera- 

t u r e  and pressure r i s e s  as  a funct ion of hydrogen concentration a r e  shown 

i n  Table 12.3. 

If t h e  concentration is  between 

If t h e  hydrogen formed by d issoc ia t ion  of 1000 l b  of steam (2 .5  X l o 4  
moles), t h e  maximum avai lab le  with the  shut-off valves i n  steam and feed- 

water l i n e s  closed, were d i s t r ibu ted  uniformly i n  t h e  building, i t s  
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Table 12.3.  mdrogen Combustion and Detonation 
,, (approximate values ) 

H2 Qa nr apb 
(kca l )  ("C) ( P s i )  

Concentration 
(mole $1 

5 2.9 580 28 
10 5.8 1160 57 
15 . 8 .7  1740 86 
20 11.6 2320 115 up t o  1400 p s i  

Per mole of atmosphere. a 

%ombustion. 

,Detonation, up t o  12 times combustion pressure .  C 

concentration would be about $7; t h i s  i s  wel l  below the detonat ion l i m i t  

and c lose  t o  the lower l i m i t  f o r  f l a m m a b i l i t y  (probably below t h a t  f o r  

downward flame propagation).  There is  no assurance, however, that  such 

hydrogen as i s  formed w i l l  be uniformly d i s t r ibu ted ,  and, s ince  H2 i s  

l i g h t e r  than other  gases, It m3.y be assumed t h a t  concentrations of hy- 

drogen above the  average would i n  f a c t  occur. Eventually, f o r  example, 

much of it might c o l l e c t  a t  the top of the containment s h e l l ,  or i n  other  

pockets, with high l o c a l  concentrat ions.  The p o s s i b i l i t y  e x i s t s ,  there-  

fore ,  t h a t  even much l e s s  than 2.5 :< lo4 moles of H2, by detonat ing i n  

a small confined space, could c rea te  a missile which could breach the  

cGntainment she l l .  

The hope tha t  d i f f i c u l t i e s  of t h i s  sort can be circumvented rests 

pr imari ly  i n  the  f a c t  that the  reac t ions  by which H2 is  formed w i l l  pro- 

ceed extremely slowly i n  the  PBRE. To i l l u s t r a t e  t h i s  point ,  rates f o r  

t he  r eac t ion  C + H2O --t CO + H2 under various conditions are given i n  

Table 12.4.  The bas ic  r eac t ion  rate da ta  employed are those of 

They were obtained-between 850 and 116OoC, wi th  specimens -0.82 i n .  i n  

diameter and 0.55 i n .  i n  length.  These specimens evident ly  have a much 

l a rge r  surface-to-volume r a t i o  than the f u e l  b a l l s  of t he  PBRE and very 

. 
I .  

2M. A .  Mayers, J .  Am. Chem. SOC., 56: 1879 (1934). 

8 

. 
I .  
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Table 12.4. Approximate Rates of Dissociat ion of H20 i n  the  PBRE" 

Quant i ty  o f -  
' Graphite 

P of 
Total  Pounds 

Temperature 
( O F )  

Steam' 
D i s  soc i a t ed  

( l b / k  3 
Heat, Required 

( B t u / k )  

17 000' ' 30 . 1300 1.1 

55 OOOd 100 

1 200e 2 

1300 
1400 
1500 
1600 
1700 
1800 

2 1600 
1700 
1800 

3.6 
13 

. 55 
1150 
370 

1500 

3.3 
8 

33 

0.1 x 105 
0.4 x 105 
1.8 x io5 

' 4 . 8  x io5 
1.2 x lo6 
4.8 x 106 
1 x 104 
2.6 x io4  
1 x 105 

8 
22 
55 

220 

.22 
55 

220 

a Reaction r a t e s  are those of Mczyers (ref 1) and a r e  for a steam 
pressure of about 1 a t m .  

bCooling rate of s t a t e d  quant i ty  of graphi te .  
C Top 3 f t  of graphi te ,  assumed (somewhat a r b i t r a r i l y )  t o  be 50°F 

above gas o u t l e t  temperature; reac t ion  of cooler graphi te  assumed negl i -  
g i b l e .  

1 

:A11 graphi te  assumed i so the rmd  a t  given .temperature; the  highest  
temperature (1800°F) i s  possible  wi th  a f t e rhea t  only after 20 days, - i f  
no heat is t r ans fe r r ed  away from the graphi te .  

e Fuel  graphi te .  \ 

much l a rge r  r a t i o  than the  r e f l e c t o r  blocks.  

should be made f o r  these differences i s  not c l ea r ,  and it is  not c l e a r  

whether the reac t ions  should be expected t o  proceed more rap id ly  i n  the  

presence of r ad ia t ion .  - 

W h a t  allowance, i f  any, 

It w i l l  be apparent from t h i s  discussion t h a t  t h i s  aspect  of the 

hazards evaluat ion requi res  much add i t iona l  work, both a n a l y t i c a l  and 

experimental. Since t h i s  appears t o  be the  primary t h r e a t  t o  the i n t e g r i t y  

cf the  containment s h e l l ,  it w i l l  be in tens ive ly  s tudied i n  preparing the 

hazards r epor t  f o r  the  PBRE. 

c 
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Fission-Product Leakage from Containment S h e l l  

Escape of f i s s i o n  products from the  containment she l l  is predicated 

on complete combustion of the f u e l  b a l l s ,  on a leakage rate of 1% per  

day of the’ containment she l l  atmosphere, and (as i s  customary) on the  

l e a s t  favorable weather conditions;  i n  addi t ion ,  r e l ease  a t  ground l e v e l  

i s  assumed. The leakage rate used i n  the ca lcu la t ions  is  higher than 

the  minimum rate tha t  can probably be achieved. 

has been t e n t a t i v e l y  adopted, and t h i s  implies tha t  t e s t i n g  equipment w i l l  

have t o  be provided that is capable of ver i fy ing  such a leak  rate.  

the ca lcu la t ions  f o r  the 1% per day rate, r e s u l t s  f o r  a lower rate can 

A design l e v e l  of O.4%/day 

Given 

be r ead i ly  inferxed.  

Release of f i s s i o n  products from the  f u e l  during combustion of the  

graphi te  matrix w a s  assumed t o  be 100% f o r  the noble gases, 50% f o r  t he  

halogens, and 5% for a l l  o thers .  I n  addi t ion,  50% of the halogens t ha t  

do escape a r e  assumed t o  be adsorbed on surfaces  within the  containment 

shel l ,  so  t h a t  25% i s  ava i lab le  f o r  escape from the  s h e l l .  

-poduct inventory i n  the  fuel  i s  based on two years  of operat ion a t  5 

lqw. The residence time of ind iv idua l  f u e l  b a l l s  may exceed two years ,  I 

but  the  average age i n  the r eac to r  a t  any time w i l l  be two years  or l e s s .  

The only important nuclide whose concentration i s  s i g n i f i c a n t l y  a f fec ted  

by the assumed exposure time i s  Si-’’. 

c l i d e s  t h a t  a r e  of importance i n  t h i s  connection is  ‘given i n  Table 12.5.  
Integrated doses from inha la t ion  of  the  contaminated atmosphere a r e  shown 

i n  Fig.  1 2 . 1  f o r  the  following conditions:  

1. 

2.  

The f i s s i o n -  

The inventory of the  severa l  nu- 

r e l ease  of. a c t i v i t y  (1% per  day) a t  ground l eve l ,  

continuous exposure f o r  8 hr, 

3. no allowance for decay during 8 Ir (would be a small downward correc- 

I, t i o n ) ,  

4 .  layge inversion condition: wind ve loc i ty  3 . 3  mph, atmospheric d i f -  

fusion constant c = 0.1, and 

la rge  lapse condition: wind ve loc i ty  F 5.1 mph, atmospheric d i f fus ion  

constant c = 0.3. 

5. 

I 
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Fig, 12.1. Integrated Dose t o  Bone and Thyroid Versus Distance From 
Release Point for an 8-hr Exposure. 
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Table 12.5.  Inventory of F iss ion  Products After Two 
Years of Operation a t  5 Mw 

Ac t iv i ty  va i l ab le  f o r  ,ii Activity" Nuc 1 ide 
. ( c u r i e s )  Leakage ( cur i e s  ) 

x 105 

1.22 
1 .85  
2.73 
3.18 
2.47 
2 .01  
0.13 
2.47 
2.68 
2 .,64 
2.52 
2.00 

x 104 
3.05 
4.63 
6.83 
7.9% 
6.18 
1.00 
0.065 
1.23 
1.34 
1.32 
1.26 
1.00 

a 

b25$ of iodines;  5% of bone seekers. 

Total  primary system a c t i v i t y ,  almost e n t i r e l y  i n  f u e l .  

These meterological conditions were employed f o r  the hazards analyses of 

the ARE and the EGCE(.3'4 

The reason f o r  computing the dose f o r  an 8-hr exposure is t h a t  This 

i s  presumed t o  be an adequate time ?or evacuating uncontrolled areas down- 

wind from the reactor:  Within the  cont ro l led  area, speedier  evacuations 

should be poss ib le .  Thus, the  doses a t  the s m a l l e r  d is tances  i n  Fig.  12 .1  

would be reduced t o  allow for faster evacuation, f o r  example, a 1-hr ex- 

posure would give one-eight of the ind ica ted  dose. A s  discussed i n  Sect ion 

14, e i t h e r  of the Oak Ridge s i t e s  considered i s  two miles from the nearest  

boundary of the Oak Ridge reserva t ion .  

doses of less than 10 r e m  t o  bone and t o  thyro id  a r e  t o  be expected. 

A t  t h i s  dis tance,  maximum 8-hr 

The doses shown i n  Fig.  12 .1were  computed on the  bas i s  of instantaneous 

r e l ease  of f i s s i o n  products from the  f u e l .  

the  f u e l  cannot be expected t o  burn very rap id ly ,  and it i s  therefore  of 

A s  discussed earlier, however, 

~~~ 

3The Ai rc ra f t  Reactor Experiment, ORNL-1407. 

4Exper imental Gas -Cooled Reactor Preliminary Hazards Summary Report, 
030-196 (May 1959).  

. 
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i n t e r e s t  t o  determine the e f f e c t  of continuous re lease  of the  f i s s i o n  

products from the f u e l  l i n e a r l y  over various periods of t i m e ,  

For instantaneous re lease ,  the dose accumulated i n  t i m e  t is 

where Do is the dose per 

the f i s s i o n  products are 

of time T, the  doses are 

D o t 2  
D ( t )  = - . .  . 

2T 

D ( t )  = D o t  , 
hour of exposure. It is e a s i l y  shown t h a t  if  

re leased from the f u e l  s t ead i ly  over an i n t e r v a l  

then 

f o r  t 6 T 

t 

f o r  t > T . = Do (t - 7  1 i  Ti 

The r e s u l t s  have been p lo t ted ,  i n  Fig.12.2,  i n  the form of the time 

i n  which evacuation must be accomplished t o  l i m i t  the  dose t o  25 r e m  as 

a funct ion of the dis tance from the  ground-level leakage poin t  and as a 

function of fue l - re lease  time, T.  The r e s u l t s  ind ica te ,  as one would ex- 

pect,  that a f i n i t e  re lease  time may make a g rea t  difference t o  persons 

close t o  the reac tor  a t  the  time of the postulated accident,  but it i s  

of much l e s s  s ignif icance t o  persons already severa l  thousand feet  away. 

In  order t o  see w h a t  doses would r e s u l t  i f  the ven t i l a t ion  valves 

on the containment s h e l l  should f a i l  t o  close,  ca lcu la t ions  were made 

based on the  assumption t h a t  the exposure time equals or exceeds the r e -  

lease  time from the fue l ;  thus the e n t i r e  inventory of re leased f i s s i o n  

products escapes from the bui lding and is  assumed t o  pass by the poin t  

of exposure; the person being exposed does not leave the  zone of maximum 

concentration during t h a t  time. Additional assumptions were tha t  the 

a i r  intake valve a t  the  top of the containment s h e l l  (e leva t ion  100 f t )  

and the o u t l e t  valve t o  the s tack (height  100 f t )  were open and that the 

s tack f i l t e r  e f f ic iency  f o r  iodine w a s  95% and f o r  other  f i s s i o n  products 

(except gases)  was 99.9%. 

ground-level dose occurs a t  a dis tance from the re lease  poin t  t h a t  in-  

creases  w i t h  increasing e leva t ion  of the re lease  poin t .  

along with the values of the maximum doses, are l i s t e d  i n  Table 12.6. 

For re lease  above ground leve l ,  a maximum 

These dis tances ,  
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Fig. 12.2, Evacuation Time Versus Distance. 

. 

i 



. 
229 

Table 1 2 . 6 .  Doses Following Uncontrolled Fission-Product Release 

Maximum Dose 
. Release Height F i l t e r  Meteorological Distance (rem 1 

Point ( f t )  Factor , Condition (f t  1 
Thyroid Bone 

Stack 150 0.05", Inver s ion 5500 104 1 . 9  
0.001b Lapse 964 s ,67 1 . 3  

Stack 150 1 . O C  Inversion' 5500 2070 1930 
Lapse 964 1345 1254 

Containment 100 1 . O C  Inversion 3380 ' 4655 4340 
she l l  top  Lapse 607 3044 2838 

a 

bFactor f o r  dose t o  bone marrow. 

Factor f o r - d o s e  t o  thyroid.  

Unfi l tered.  C 
c 

The f igu res  given i n  Table 12.6 show t h a t  discharge t o  the  s tack of 

a l l  f i s s i o n  products re leased  from the  f u e l  during complete combustion 

of the core would not lead t o  excessive doses t o  bone or thyroid,  provided 

the  e f f l u e n t  a i r  i s  f i l t e r e d ,  as assumed. Unfi l tered r e l ease  from e i t h e r  

the  s tack or the  top of the  containment , s h e l l  wduld .produc& iintolenable 

doses even a t  dis tances  of 2 m i l e s  or more from the reac tor ,  i f  there  were 

no evacuation. If, on the other  hand, evacuation were e f fec ted  i n  one- 

t e n t h  the time f o r  release of the  f i s s i o n  products from the  f u e l ,  even 

t h i s  extreme accident  would probably produce no casua l t i e s .  

Direct  Radiation Dose R a t e  

Even if  a l l  f i s s i o n  products that might be re leased  from the f u e l  

as the  r e s u l t  of an accident  a r e  confined within the containment s h e l l ,  

a s i g n i f i c a n t  r ad ia t ion  l e v e l  w i l l  e x i s t  i n  the  v i c i n i t y  of the reac tor  

because of the s t rong gamma-ray source i n  the s h e l l .  The gamma dose rate 

a t  a dis tance of 1000 f t  from the r eac to r  i s  shown i n  Fig.  12.3 as a 

- 

funct ion of time a f t e r  the  postulated accident  (primary system rupture ,  

core burns) .  Other conditions i n  the  ca lcu la t ion  are 
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Fig. 12.3. Dose from Direct Radiation at 1000 f t  for Exponential 
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1. f i s s i o n  product re lease :  

100% of Xe, ~r 

50% of I, C s ,  Br, Rb 

5% of a l l  other  f i s s i o n  products '  

2 .  gamma a t tenuat ion:  

i n t e r n a l  s t ruc tu res ,  f a c t o r  of 2 reduction 

containment she l l ,  5/8 i n .  

a i r ,  1000 f t  

3.  graphi te  burns a t  exponentially decreasing r a t e  with a mean l i f e  ( f o r  

burning) of 0, 1 hr, or  10 hr 
A s  indicated by Fig.  12.3,  d i r e c t  dose rates, e spec ia l ly  i f  s l o w  

burning i s  assumed, w i l l  be l imi ted  t o  a f e w  hundred mr/hr a t  1000 f t .  

In  t h i s  circumstance, the dose r a t e  1500 f t  away a t  the MSRE, f o r  example, 

might be s u f f i c i e n t  t o  requi re  temporary evacuation of t h a t  f a c i l i t y .  

The main Laboratory area would be shielded by Haw Ridge. 

Shie ld l  Vent i la t ion  Svstem 

Details of the  sh i e ld  ven t i l a t ion  system a r e  given i n  Sec t ion ,3 .  

Attent ion i s  drawn here merely t o  those aspects  of the  design that are 

important from the  viewpoint of s a fe ty .  

1. Graphite Combustion. Immersion of the  reac tor  primary system 

i n  an i n e r t  atmosphere i s  required only i n  the  event of a rupture  of the 

high-pressure c i r c u i t ,  which could be followed by a i r  flow t o  the  core .  

The guiding p r inc ip l e  i n  the design w a s  t o  use the  escaping helium t o  

d i s p l a c e , o r  d i l u t e  the  a i r  surrounding the  pressure c i r c u i t ,  and t o  pre- 

vent or r e t a r d  any flow of a i r  from the  atmosphere outs ide the sh i e ld .  

Pressure-relief valves,  which a r e  required i n  any case t o  l i m i t  pressure 

rise i n  the sh i e ld  space, w i l l  be located i n  each major compartment housing 

mmponents of the high-pressure c i r c u i t .  These w i l l  be loaded t o  c lose 

when the  pressure d i f f e r e n t i a l  between the atmospheres ins ide  and outs ide 

the sh i e ld  fa l ls  below a p rese t  value, f o r  example, s eve ra l  inches of 

water.  The considerable number of penetrat ions Tn th i s  envelope w i l l  be 

sealed with f l e x i b l e  boots su i t ab ly  supported t o  prevent blowout; these 
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a r e  intended t o  a c t  as d i f fus ion  b a r r i e r s ,  r a t h e r  than as t i g h t  seals. 

A s  the design progresses,  the  d e s i r a b i l i t y  of a c t u a l l y  making the sh i e ld  

a. p ressure- t igh t  enclosure w i l l  be considered, and the  d i f f i c u l t y  of 

doing so  w i l l  be assessed.  

The volume of a i r  i n i t i a l l y  present  i n  the  connected compartments 

composing t h i s  r eac to r  enclosure i s  estimated t o  be about 8000 f t 3 .  The 

volume of helium i n  the  reac tor ,  if computed a t  standard temperature and 

pressure,  is s l i g h t l y  l a rge r ,  so s i g n i f i c a n t  d i l u t i o n  of t he  air  may be 

expected. In  any case, the  a i r  ava i lab le  represents  less than 2% of the  

a i r  i n  the containment s h e l l .  

of the  graphi te  or a twent ie th  of t he  core could be oxidized, with the  

release of less than lo6 Btu of energy. This energy, d i s t r i b u t e d  over 

a l l  the  graphi te ,  would raise i ts  temperature 50°F. 

With t h i s  amount of a i r ,  about a thousandth 

Energenclr Cooling 
I 

It was  pointed out  above t h a t  the PBRE is being designed t o  avoid 

the  requirement f o r  a guaranteed power si-ipply as a sa fe ty  f a c t o r  (alzhough 

an emergency power supply w i l l ,  i n  f a c t ,  be provided).  The after-shutdown 

power l e v e l s  are s u f f i c i e n t l y  low, and the  hea t  capac i t i e s  ava i l ab le  suf-  

f i c i e n t l y  high, that the  r eac to r  could absorb a l l  i t s  a f t e r h e a t  f o r  a 

very long time without excessive temperatures being reached. 

r i s e s  as a funct ion of t i m e  after shutdown are shown i n  Fig.  12.4. Some 

of the s a l i e n t  f a c t o r s  are discussed below. 

Temperature 

1. If a l l  the  a f t e r h e a t  were r e t a ined  e n t i r e l y  i n  the  f u e l ,  the  

temperature r ise would be -600°F i n  the  f i rs t  hour and 1000°F i n  the  f i r s t  

2 hr. 
respec t ive ly .  

2. 
r e f l e c t o r s ) ,  the  temperature r ise would be about 500°F i n  the  f i r s t  week 

and 1100°F i n  a month. The average graphi te  temperature would r ise  from 

90 t o  1400 t o  2000"F, respec t ive ly .  

The average f u e l  temperature would r ise from 1100 t o  1700 or 210O0F,, 

If a l l  the  a f t e r h e a t  were r e t a ined  i n  the  graphi te  (core  plus  

A s  a matter of f a c t ,  the  a f t e r h e a t  cannot be r e t a ined  i n  the  graph- 

i t e  f o r  extended periods of t i m e ,  s ince  heat transfer by r ad ia t ion ,  

'. 

c 
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Fig. 12.4. Uncooled Temperature R i s e  of PBFU3. 
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conduction, and convection w i l l  inevi tably occur. The emergency cooler 

has ample capacity t o  remove a f t e rhea t  if the main heat exchanger f a i l s .  

On bo i l e r  f a i l u r e  without loss  of helium pressure,  convection cooling 

of the core w i l l  continue by na tura l  c i r cu la t ion .  This is discussed i n  
d e t a i l  i n  Section 4 .  
be t ransfer red  by r ad ia t ion  from the pressure vesse l  surface,  a port ion 

of which is l e f t  uninsulated f o r  t h i s  purpose. (This  is  a l s o  discussed 

a t  greater  length i n  Section 4 . )  
from one-half the pressure vesse l  surface w i l l  be 3 X lo5 Btu/hr, wi th  

the pressure vesse l  a t  600°F and the opposing surface ( sh i e ld  cooler )  a t  
212°F; t h i s e q u a l s t h e  a f t e rhea t  rate 25 min a f t e r  shutdown. (Afterheat 

f o r  the f irst  hour could be absorbed i n  the pressure vesse l  with a tem- 

perature r i s e  of only 45°F.) 

For the case of system pressure loss ,  the heat can 

The heat t r ans fe r  r a t e  by r ad ia t ion  

It i s  not y e t  c l ea r  what de t a i l ed  temperature d i s t r i b u t i o n  would r e -  

s u l t  under the postulated conditions (complete loss  of power and helium 

pressure) .  

w i l l  obviously be required t o  t r ans fe r  even the modest amounts of heat 

involved. More elaborate  calculat ions than those performed t o  date  w i l l  

be required t o  provide de ta i led  r e s u l t s .  Nonetheless, it is c l ea r  that 

both ample heat capacity and ample heat t r ans fe r  mechanisms are ava i lab le  

t o  accommodate a l l  a f t e rhea t  without excessive temperatures being reached. 

Sensible heat w i l l  be red is t r ibu ted ,  and temperature gradients  

It must be shown, of course, that c e r t a i n  c r i t i c a l  components do 

not exceed allowable working temperatures during these t r ans i en t  condi- 

t i ons .  The important cases a r e  the core support p l a t e  and the cont ro l  

rods.  Preliminary calculat ions of the  core support p l a t e  temperature 

indicate  t h a t  it w i l l  remain within safe  limits. The cont ro l  rods can 

withstand the maximum r e f l e c t o r  temperatures quoted above, although they 

would not be expected t o  reach these temperatures i n  normal se rv ice .  

Dissipation of the heat from the emergency bo i l e r  or from the sh ie ld  

cooler requires  addi t iona l  heat s inks .  I n  the case of the emergency 

boi le r ,  it is t en ta t ive ly  planned t o  condense i t s  steam i n  a supplemental, 

low-pressure bo i l e r  which may be vented t o  the outside atmosphere. I n  

t h i s  way, a r e l a t i v e l y  small quant i ty  of water can take care of a f t e rhea t  

f o r  many months, if necessary. For example, t h e t o t a l  a f t e rhea t  up t o  

. 
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100 days after shutdown w i l l  be about 4.8 x lo7 Btu. 

6000 g a l  of water would d i s s ipa t e  t h i s  heat .  

p resent ly  planned. A similar so lu t ion  may be employed f o r  the sh ie ld  

cooler,  but  de t a i l ed  design has not y e t  been undertaken. 

Boiling of about 

A 10 000 ga l  supply is  

Release of F iss ion  Products from Fuel 

Release of f i s s i o n  products from f u e l  during normal operation and 

subsequent leakage from the high-pressure helium system are not pr imari ly  

a matter of sa fe ty ,  s ince  f a r  grea te r  r e l eases  have already been examined 

i n  the core-combustion accident .  I n  normal operation, however, the f i s -  

s ion  products t h a t  do leak from the  pressure ves se l  w i l l  be discharged 

up the s tack (after some delay and f i l t e r i n g ) ,  and it is  therefore  worth- 

while t o  determine the  l eve l s  of r ad ioac t iv i ty  t h a t  may p r e v a i l  i n  the  

surrounding atmosphere. 

vious study of a 10-Mw Pebble-Bed Reactor Experiment. 

pend, of course, upon the  assumed c h a r a c t e r i s t i c s  of the f u e l ,  as w e l l  

as the  e f fec t iveness  of the  i n t e r n a l  helium cleanup system and the  as- 

sumed leakage rate from the  primary high pressure c i r c u i t .  

These l e v e l s  were reported as p a r t  of the  pre- 

The r e s u l t s  de- 

A t  the present  time, it i s  not possible  t o  charac te r ize  the f u e l  

w i t h  much assurance; many add i t iona l  f u e l - i r r a d i a t i o n  experiments w i l l  

be required,  and the  f u e l  spec i f ica t ions  w i l l  undoubtedly undergo s ign i f  i- 

cant  changes during t h i s  program. Nonetheless, some l imi t ing  leakage 

r a t e s  should be adopted as a design bas is ,  w i t h  the  expectat ion t h a t  ac- 

t u a l  operat ing experience w i l l  prove t o  be much more favorable .  

purpose, the  r e s u l t s  of the previous study a r e  probably as good a basis 

as any. They were derived, however,, from experimental r e s u l t s  obtained 

w i t h  alumina-coated U 0 2  p a r t i c l e s  r a t h e r  than w i t h  the present ly  planned 

pyrolytic-carbon-coated UC2 p a r t i c l e s .  Preliminary information from ex- 

periments w i t h  carbide p a r t i c l e s  suggests that grea te r  leakage may be 

expected f o r  shor t - l ived  nuclides and less leakage for long-lived nuclides 

than w a s  indicated by the  co r re l a t ion  employed i n  the previous study. 

For t h i s  

5A. P. Fraas e t  a l . ,  Preliminary Design of a lO-Mw( t )  Pebble-Bed 
Reactor Experiment, ORNL C F - 6 0 - 1 0 - 6 3  rev . ,  p .  19.12. 
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A co r re l a t ion  between r e l ease  rate and h a l f - l i f e  based on e x i s t i n g  data 

is  presented i n  Sect ion 10. 

l i f e  f o r  both U02 and uranium carbide a r e  shown i n  Fig.  12.5. The s t i l l -  

t e n t a t i v e  co r re l a t ion  f o r  carbide f i e 1  has been used t o  recompute f i s s i o n -  

product r e l eases  from the  f u e l ,  t he  primary system, and the s tack .  In  

these ca lcu la t ions ,  s eve ra l  assumptions employed i n  the  previous study 

were adopted: 

Correlat ions of r e l ease  rate t o  nuclide half- 

1. Only Br, Kr, Rb, Te, I, Xe, and C s  are a c t u a l l y  re leased  from 

the  f u e l .  Daughters of these may appear outs ide  the f u e l  as a resuli ;  of 

decay. 

2.  Where both a parent  and a daughter escape, the e f f e c t i v e  ha:Lf- 

l i f e  of the  daughter i s  taken as the  sum of the  h a l f - l i v e s  of both nucl ides .  

3 .  The f iss ion-product  cleanu:? system, with a flow rate equal  t o  

i$ of the  main helium flow, operates  on var ious chemical species  as Pol:L=ws: 

Kr held up 1/2 hr; X e  held up 6 hr; Te and I removed e s s e n t i a l l y  com- 

p l e t e ly ;  Sr not removed. 

In  computing the  concentrations of a c t i v e  nuclides i n  the s h i e l d  

v e n t i l a t i n g  system and the maximum ground l e v e l  concentrat ions outs ide 

the building, the  following add i t iona l  assumptions were made: 

1. The leakage rate from the  nelium pressure c i r c u i t  is  0.1% per  

day. 

2. The exhaust r a t e  up the  Sti3Ck is 250 cfm while the  volume of 
the enclosures designated as contaminated atmosphere zones is  60 000 ft3. 

This includes reac tor ,  bo i l e r ,  and blower vaul t s ,  se rv ice  machine vaul t ,  

contaminated helium storage room, helium cleanup equipment room, e t c .  

3. F i l t e r s  i n  the  r e c i r c u l a t i i g  v e n t i l a t i o n  system were assumed 

t o  be 95% e f f i c i e n t  f o r  I, n i l  for the  gases, and 99.9% e f f i c i e n t  f o r  Sr 

and Te. 

Table 12.7 l i s t s  the  following q u a n t i t i e s  f o r  se lec ted  nucl ides  t h a t  

make the  dominant contr ibut ions t o  the b io log ica l  doses : 

1. 

2. 

core a c t i v i t y ,  based on two years  of operat ion a t  5 Mw, 
R/B - release r a t e  of f i s s i o n  products from f u e l  divided by prodiiction 

r a t e  from f i s s i o n ,  

primary loop a c t i v i t y  without cleanup, 3 .  
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A Based on Effec t ive  H a l f - L i f e  f o r  Escape 
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Effec t ive  Decay Constant ( sec- l )  'err' 

Fig.  12.5. Fract ional  Fission-Product Releaser from Fuel Balls. (a) 
Alumina-Coated U02 (see ref. 5 ) .  (b) Pyrolytic-Carbon-Coated UC2 with 
2% of t h e  Coatings Assumed t o  be Cracked. 

I 



Table 12.7. Act ivi t ies  i n  Core, Helium, Building, and Outside Atmosphere 

Activity i n  Contami- Maximum Ground-Level Concentration 

Release (curies)  of occupational m)  Sent Activity up the (fract ion of nonoccupational MPC )" 
Fractional Primary Loop Act ivi ty  nated zones (fract ion f o r  Inversion Conditions 

Rate from Core 
Isotope Activi ty  

(cur ies  ) 
Stack 

Without With Unfiltered F i l t e r ed  (curies/day ) A B C 
(R/B) Cleanup Cleanup 

Kr'5 
X e i 3 i m  

~e~~~ 
xe135 
1131 
1132 
1133 
1135 

~r~~ 
srgO 
TelZrm 
TelZ9 
Te13' 
A4 

i..59 x io3 
1.26 x 103 
2.72 x 105 
2.60 x io5 
1.22 x 105 
1.84 x 105 
2.72 x io5 
2.47 x 105 
2.01 x io5 
1.19 x io4 
2.34 x 103 
1.42 x io4 
1.84 x 105 

1.80 X lo-' 
1.31 x 
7.28 x 10-~ 
2.39 x 10-4 
8.35 x 
5.35 x 
2.74 x 
1.55 x 
3.08 x 10-~ 
1.28 x 
2.79 x 
1.69 x 
5.26 x 

28.6 
1.. 65 

198 

102 
102 
75 
38 

62.2 

6.2 
0.15 
6.52 

24 
97 

20 

13.9 
0.14 

5.25 
0.16 

14.7 
1.1 
1 .7  
5.7 
0.11 

9.2 x 
9.3 x 

0.38 - 

0.66 
0.003 
0.45 
0.39 
'5.2 
6 .6  
9 .5  
3.0 

56 
109 

0.002 
0.09 
0.92 

573 

0.66 
0.003 
0.45 
0.39 
0.50 
1.22 
1.01 
0.38 
5.35 

10.2 

0.009 
0.09 

573 

2.0 x 10-2 

1 .4  x 1 . 2  x 
4 .0  x 1.1 x 
1 . 5  x 1 . 4  x 10-~ 
1.0 x 1 . 8  x 10-~ 
1.0 x 10-~ 2.6 x 
1 . 6  x 10-4 8.0 x 10-~ 
5.5 x 
1.0 x 10-~ 

3.7 x 2.5 x 10-~ 

1.8 x 10-5 
1 .4  X 9.2 X 

8.8 x 
8 .9  X 2.5 X 

2.33 1.6 X lo-' 

1 . 5  x 
2.9 x 
4 .6  x lo-' 

1 . 8  x 

1 .2  x 10'~ 
1.1 x 10-~ 
1 . 4  x 
3.3 x ioe5  
2.7 x 
1.0 x 
1 . 5  x 10'~ 
2.8 x 

2.6 x 

9.2 X lo-' 

2 .4  X 
1 . 6  X 

9.2 1.8 X x 10-5 lo-' 

1 . 2  x 10-5 
1.1 x 

tu 7.0 x 10-7 
1 . 7  X Ld 
1 . 4  X 03 
5.0 x 10-7 
1 . 5  x 
2 .8  x 

1 . 6  X lo-' 

No in t e rna l  f i l t e r i n g  i n  building; no stack f i l t e r i n g ;  stack flow r a t e  of 250 cmf. a 

bInternal  f i l t e r i n g ,  2500-cfln flow through f i l t e r s ;  no stack f i l t e r i n g ;  stack flow r a t e  of 250 cmf. 

'Same as B, but with stack f i l t e r s ;  eff ic iencies  as l i s t e d  i n  t e x t .  

1 e l e -  a 4 
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4 .  
5 .  a c t i v i t y  i n  contaminated zones without c r e d i t  f o r  f i l t e r i n g ,  expressed 

primary loop a c t i v i t y  w i t h  cleaiup, 

as f r a c t i o n  of maximum permissible concentrations f o r  workers, 

6 .  a c t i v i t y  i n  contaminated zones with f i l t e r i n g ,  expressed as f r a c t i o n  

of occupational MPC,  

a c t i v i t y  sen t  up the s tack without f i l t r a t i o n ,  curies/day, 

maximum u n f i l t e r e d  ground-level concentration outs ide the  building, 

expressed as f r a c t i o n  of nonoccupational tolerances (taken as 108 of 

occupational t o l e rances ) .  

7 .  

8 .  

It may be noted t h a t  the  1.8-h Ar41 a c t i v i t y  i s  the  most s i g n i f i c a n t .  

This a c t i v i t y  i s  a funct ion of flow rate t o  the s tack,  s ince a t  low flow 

rates argon has an opportunity t o  decay inside the building; however, 

the  d i f fe rences  are s l i g h t  f o r  flows above a few hundred cubic f e e t  per 

minute. 

Results of Analyses 

The analyses ca r r i ed  out t o  da te  ind ica te  t h a t  the PBRE could be 

operated a t  the  proposed Oak Ridge s i t e  without undue r i s k  t o  the public 

'or t o  neighboring f a c i l i t i e s .  -,Rather extreme accident  conditions,  with 

sirrultaneous failure of the  pro tec t ive  equipment provided t o  minimize 

t h e i r  consequences, would not appear t o  produce exposures i n  excess of 

t o l e rab le  l i m i t s .  

If the design f ea tu res  provided t o  prevent graphi te  combustion should 

f a i l  and a i r  should reach the core a t  the maximum possible rate, there 

appears t o  be ample heat  capaci ty  and heat  t r a n s f e r  capab i l i t y  ava i lab le  

t o  keep the i n t e r n a l  pressure r i s e  within design limits. 

i n  steam and w a t e r  l i n e s  should f a i l  t o  c lose  and should admit a l l  ava i l -  

ab le  water t o  the  core, the  r e s u l t i n g  pressure r i s e  i n  the  containment 

If shutoff valves 

s h e l l  would not exceed i t s  design capab i l i t y .  

and the  valves i n  the  off-gas l i n e  -GO the  s tack should f a i l  t o  c lose,  

s tack  f i l t e r s  and s tack height would l i m i t  the maximum exposures t o  safe 

values.  If standby emergency power suppl ies  should f a i l  t o  start  on de- 

mand, adequate heat  transfer mechanisms and heat s inks  w i l l  be ava i lab le  

If the core should burn 
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t o  car ry  away a l l  a f t e r h e a t .  If f iss ion-product  leakage from the  f u e l  

and the helium system should prove t o  be t e n  t i m e s  g rea te r  than assumed, 

no o f f - s i t e  hazard would e x i s t  even without f i l t e r i n g  the  s tack  e f f l u e n t .  

The p r inc ipa l  hazard t h a t  appears t o  remain p o t e n t i a l l y  troublesome 

is  t h a t  of hydrogen formation by the  steam-graphite r eac t ion .  The nature  

of the  r i s k  involved is  not f u l l y  understood a t  t h i s  time, and more work 

i n  t h i s  area w i l l  be requi red .  

a 

. 

. 

. 
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HIGH-TEMPERATURE OPERATION 

re establ ished f o r  t he  F'BRE i s  the  s t  tdy of t h e  

behavior of core materials a t  conditions i n  which the  o u t l e t  helium t e m -  

perature  i s  i n  the  range 2000 t o  2500°F. 

however, only i f  provisions f o r  i t s  accomplishment do not compromise the  

basic  purposes of t h e  reac tor  tha t  a r e  s t a t ed  i n  Section 2. 

This object ive i s  t o  be pursued, 

The design t h a t  has evolved f o r  t he  PBRE i s  wel l  su i ted  t o  t h e  gen- 

e ra t ion  of u l t ra -h igh  temperatures i f  two conditions a r e  accepted. 

a r e  (1) t h a t  t he  hot gas w i l l  be attemperated with colder  gas before 

emerging from the' r e f l e c t o r  s t ruc tu re  and (2 )  t h a t  t he  power l e v e l  of t h e  

r eac to r  w i l l  be reduced below the  design l e v e l  f o r  normal operation. The 

f i r s t  r e s t r i c t i o n  permits study of core conditions without requir ing t h a t  

t h e  hot gas ducts  and heat exchanger be designed f o r  very high temperature 

operation. 

sary; it i s  stated t o  avoid prescr ibing commitments f o r  the  reac tor  de- 

s igners  u n t i l  more d e t a i l e d  s tudies  a r e  performed. Operation a t  lower 

power may ease problems associated with pro tec t ing  the  s t r u c t u r a l  p a r t s  

of t he  core from high temperatures, removing heat  from the  cont ro l  rods 

and t h e  r e f l ec to r ,  r e s t r i c t i n g  the  f iss ion-product  a c t i v i t y  evolved from 

t h e  fue l ,  providing f o r  t he  removal of a f t e rhea t ,  and avoiding hazardous 

conditions.  

These 

The second r e s t r i c t i o n  i s  precautionary and may not be neces- 

Al te ra t ions  Reauired f o r  Hiah-TemDerature ODeration 

Operation of t he  PBRE at  very high temperatures would be attemprted 

only a f t e r  it had been operated f o r  s u f f i c i e n t  t i m e  with e x i t  gas t e m -  

pera tures  near 1250°F t o  s a t i s f y  the  bas ic  objec t ives  of t he  experiment. 

A t  t h i s  point  t h e  PBRE would be a l t e r e d  by (1) i n s t a l l i n g  equipment needed 

t o  provide f o r  gas attemperation, ( 2 )  possibly i n s t a l l i n g  a thermal- 

in su la t ing  l i n e r  around the  cy l ind r i ca l  por t ion  of t h e  b a l l  bed and t h e  

upper r e f l ec to r ,  (3)  replacing the i n i t i a l  con t ro l  rods with rods macle 

from higher temperature materials o r  having r e f l e c t i v e  in su la t ion  clad- 

ding, and possibly providing f o r  increased coolant flow through the  rod 
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channels and nearby graphi te  r e f l e c t o r ,  and ( 4 )  i n s t a l l i n g  high-temperature 

thermocouples a t  appropr ia te  po in t s  i n  the  system. 

Attemperation would be achieved by d i v e r t i n g  p a r t  of t h e  gas r e tu rn ing  

from the  heat  exchanger i n t o  the  graphi te  chamber a t  t h e  top  of the  core .  

The c losure  i n  t h e  upper plenum l i n e r ,  shown i n  F ig .  3 . 3 ,  would be re- 

placed wi th  one having a tube which would extend downward i n t o  t h i s  cham- 

ber;  an o r i f i c e  i n  the  l i n e  would r e s t r i c t  t h e  f r a c t i o n  of r e t u r n  coolan$ 

which bypasses the  core and would a t  the  same time a c t  as a flow-measuring 

device.  It may be feasible t o  i n s t a l l  an ad jus t ab le  f low-regulat ing device,  

as w e l l ,  so that changes i n  t h e  bypass flow can be made without opening 

the  r eac to r  v e s s e l .  A t o t a l  helium flow capable of giving a mixed mean 

temperature of 1250°F would, wi th  t h i s  arrangement, r e s u l t  i n  temperatures 

i n  the  steam generator,  gas ducting, blower, sh i e ld ,  and a u x i l i a r y  sJrs- 

tern i d e n t i c a l  t o  those e x i s t i n g  a t  normal design condi t ions .  

During high-temperature operat ion,  p a r t s  of t he  graphi te  r e f l e c t o r  

w i l l  be a t  temperatures as high as the  ex i t  gas temperature, t h a t  i s ,  i n  

the range 2000 t o  2500°F. While t h i s  W i l l  not  c r e a t e  problems with re- 

gard t o  the  graphi te ,  because of i t s  s a t i s f a c t o r y  mechanical p rope r t i e s  

a t  high temperatures, it w i l l  be necessary t o  assure  t h a t  t he  high thermal 

conduct ivi ty  of t he  r e f l e c t o r  does not r e s u l t  i n  excessively high t e m -  

pera tures  i n  the  con t ro l  rods,  core support  p l a t e ,  core l i n e r ,  and pres-  

sure  ves se l .  

The con t ro l  rods proposed f o r  i n i t i a l  i n s t a l l a t i o n  i n  the  PBRE are 

designed f o r  normal operat ion a t  temperatUreS i n  the  range of 1400°F, 
with a maximum temperature of 1700°F permissible f o r  sho r t  per iods.  

less fu r the r  s tud ie s  ind ica te  that rod temperatures can be r e s t r i c t e d  

tc: t h i s  range, i n s t a l l a t i o n  of rods s u i t a b l e  f o r  high-temperature opera- 

t i o n  w i l l  be necessary. 

by providing a high-temperature nickel-base a l l o y  s leeve or sleeves about 

the absorber s ec t ion  t o  a c t  as r e f l e c t i v e  insu la t ion ,  with perhaps an 

increase i n  coolant flow as w e l l .  

able procedure would be t o  use a con t ro l  rod capable of operat ing a t  tern- 

pera tures  i n  the  range of 2000°F. 

i n  graphi te ,  with a molybdenum centi-a1 rod f o r  ter3siI.e s t rength ,  might, be 

un- 

- 

It may be possible  t o  s a t i s f y  t h i s  requirement 

An a l t e r n a t i v e  and probably more des.ir- 

Use of B4C protected by or dispersed 

v 

. 
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adequate f o r  t h i s  service;  problems associated with the development of 

a high-temperature cont ro l  rod are discussed i n  Section 16. 

Consideration has been given t o  the  use of a thermal-insulating l i n e r  

around the  f u e l  bed and the sec t ion  of the r e f l e c t o r  which is  above the 

core t o  r e s t r i c t  the  region of high temperature and allow the cont ro l  rods 

and the remainder of the  r e f l e c t o r  t o  operate a t  near normal temperature 

l eve l s .  P y r o u t i c  graphi te  and porous carbon are materials which might 

serve as insu la t ion .  Manufacturers ind ica te  t h a t  pyro ly t ic  graphi te  of 

the type used f o r  rocket  nose-cones can be made i n  sect ions la rge  enough 

f o r  t h i s  appl icat ion,  with ex i s t ing  f a c i l i t i e s  being capable of producing 

a hollow cyl inder  as la rge  as the PBRE core.  

however, and more than one layer  may be required.  

The thickness is  l imited,  

Porous carbon has been used successful ly  as the bed l i n e r  i n  the 

Induction Simulated Reactor a t  the Morgantown Research Center of the  

Bureau of Mines. I n  one case, a carbon l i n e r  i n  contact  wi th  heated 

spheres w a s  not noticeably damaged during a 1000-hr run' i n  which the 

e x i t  helium temperature w a s  2500°F. 

Estimates of heat  t r ans fe r  r a t e s  a r e  given i n  Table 13.1 f o r  excmples 

of pyro ly t ic  graphi te  and porous carbon core l i n e r s .  Although as shown, 

the heat loss  would be reduced considerably by use of e i t h e r  material, 

i n  fu r the r  considerat ion of a core l i n e r  a t t e n t i o n  w i l l  have t o  be given 

t o  the  mechanical proper t ies  of the  materials and t h e i r  behavior under 

i r r ad ia t ion .  

Temperatures i n  the  r e f l e c t o r  can be l imi ted  by providing an in- 

creased coolant flow through the cont ro l  rod channels and the  graphi te  

s t ruc ture ,  so  that there should be no s i g n i f i c a n t  d i f f i c u l t y  i n  control-  

l i n g  the temperatures a t  the  s t a i n l e s s  s t e e l  core l i n e r  or a t  the support 

p l a t e .  An appreciable r a t e  of heat  removal would occur, however, i f  suf-  

f i c i e n t  f low were provided t o  keep %he rod channel cool .  This is  il- 

l u s t r a t e d  by the  f irst  set  of values i n  Table 13.1. A s  shown, the  heat 

l o s s  could be reduced by providing a. gap f i l l e d  with stagnant helium i n  

'N. H. Coates, J.  P. McGee, and G .  E .  Fasching, Simulated Nuclear 
Reactor System f o r  High-Temperature Process Heat: 
Run a t  2500°F, Bu Mines Report RI-5886, 1961. 

1000-hr Demonstration 
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Table 13.1. Effec t  of In su la t ion  on Heat Transfer  Through Core 
Wall When Maximum Control Rod Channel Temperaturea i s  1250°F 

Heat Transfer  (kw) f o r  Two 
Thermal H e l i u m  Ex i t  Temperatures 

Conditions Conductivity , from Core 
(Btu/hr f t * OF ) 

2000°F 2500°F 

250 420 
- 

b N o  core in su la t ing  l i n e r  

No core in su la t ing  l i n e r ;  

- nant helium i n  r e f l e c t o r  

1 i n .  of pyro ly t ic  graph- 0.7 

one gap f i l l e d  w i t h  s tag-  

i t e  i n su la t ion  

180 300 

70 120 

2 i n .  of porous carbon 
insu la t ion  

1.0 50 85 

2 i n .  of pyro ly t ic  graph- 35 60 
i t e  i n su la t ion  

%emperatme assumed t o  be cont ro l led  by adjustment of coolant flow 

bThe thermal conduct ivi ty  of graphi te  i s  20 Btu/hr . f t  O F .  

through cont ro l  rod channel. 

the r e f l e c t o r .  

t h e  gap width i s  not c r i t i c a l .  

Since r ad ia t ion  i s  t h e  predominant mode of hea t  t r ans fe r ,  

It i s  expected that  measurement of gas and r e f l e c t o r  temperatures 

i n  the range above 2000°F w i l l  r equi re  replacement of the o r i g i n a l  thermo- 

couples w i t h  ones capable of operating a t  higher temperatures. T h i s  should 

present no unusual d i f f i c u l t y  i f  adequate high-temperature thermocouples 

a r e  avai lable ,  s ince t h e  core thermocouples w i l l  be designed t o  be replace-  

ab le .  Development of thermocouples and sheaths f o r  use i n  the PBRE core 

environment a t  temperatures above 2000°F i s  discussed i n  Section 16. 

Replacement of a l l  o r  p a r t  of t he  graphi te  r e f l e c t o r  s t ruc tu re  may be 

required before operation of t h e  r eac to r  a t  high temperature. 

could be occasioned by the  need t o  provide in su la t ing  sec t ions  and/or ad- 

d i t i o n a l  cooling passages, as discussed above, t o  a l t e r  t h e  upper dome 

s t ruc tu re  f o r  i n s t a l l a t i o n  of t he  attemperation system, o r  t o  remove the 

Changes 

. 
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boronated outer  layer  of graphi te  blocks. 

w i l l  be indicated by f u r t h e r  design s tudies  and possibly by the  r e s u l t s  

of research and development a c t i v i t i e s .  

The necessi ty  f o r  these changes 

Fuel Problems of High-Temperature Operation 

The volumetric average f u e l  temperature during operat ion a t  1 Mw 

(thermal) with an o u t l e t  gas temperature of 2500°F w i l l  be about 1750°F; 
f o r  the same conditions,  if the  sphere packing were uniform, the  f u e l  

temperature i n  the  h o t t e s t  region of the  r eac to r  would be about 2600°F. 
The exis tence of c lose ly  packed c l u s t e r s  i n  a randomly packed bed, how- 

ever, may cause temperatures a t  poin ts  t o  exceed considerably the values 

ca lcu la ted  f o r  average conditions.  

An est imate  of t he  maximum f u e l  temperature w a s  therefore  made using 

the  a n a l y t i c a l  procedure described i n  Section 4 .  
w a s  about 3200°F f o r  the  conditions s t a t e d .  

The computed hot spot  

The computed temperature is 

t h i s  high because the lowered helium flow rate r e s u l t s  i n  the  heat t r a n s -  

fer coe f f i c i en t  being reduced considerably below the normal design value.  

A t  t h i s  temperature l eve l ,  however, the  e f f e c t s  of i n t e r n a l  bed conduction 

and r ad ia t ion  would be more important than a t  design conditions and could 

decrease t h i s  temperature considerably. 

Since f u e l  element temperatures during the  high-temperature gas ex- 

periment w i l l  exceed 2500"F, consideration has been given t o  the behavior 

of the  f u e l  under these conditions.  A t  temperatures t h i s , h i g h ,  Si-Sic 

sphere coatings could not be used, s ince  they w o u l d  deteriorate quickly.  

Thus, if pro tec t ion  aga ins t  oxidat ion of the graphi te  is  found t o  be nec- 

essary,  a d i f f e r e n t  type of coat ing,  f o r  example NbC, would have t o  be 

developed. Damage t o  uncoated elements may be l i t t l e  worse than a t  design 

conditions since,  as discussed i n  Section 7, the  rate of a t t ack  w i l l  be 

determined by the water inleakage rate.  

? With regard t o  the  reference f u e l  element discussed i n  Section 10 

f u e l  migration rates may increase by severa lnrdexsof  magnitude, and 

severe reac t ions  r e s u l t i n g  i n  apparent mass movement of carbide p a r t i c l e s  

tbxrmgh the  pyro ly t ic  carbon coatings could occur. The i n s t a b i l i t i e s  

thus introduced would have the e f f e c t  of promoting the r e l ease  of f i s s i o n  
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products t o  l e v e l s  considerably higher than those which have been con- 

s idered achievable with t h e  reference f u e l  element. Diffusion of such 

nonvolat i le  f i s s i o n  products as  Ba140 would a l s o  occur under these  con- 

d i t ions .  If oxide-coated U02 p a r t i c l e s  were used instead of those d i s -  

cussed i n  Sect ion 10, reac t ions  between graphi te  and A1203 or Be0 coat-  

ings would introduce i n s t a b i l i t i e s  a t  t h e  higher temperatures. A heavi ly  

impregnated graphi te  matrix may provide a p a r t i a l  so lu t ion  t o  t h e  f i s s i o n  

product - re ten t  ion problem, but  developmental work w i l l  be required.  

It is  reasonable t o  s t a t e  t h a t  dimensional and mechanical s t a b i l i t y  

could be achieved i n  t h e  f u e l  e1emer.t under t h e  conditions of t h e  hlgh- 

temperature experiment. Based on present knowledge, however, t h e  a c t i v i t y  

l e v e l  i n  the  coolant system w i l l  probably be much higher than  a t  normal 

design conditions.  

Reactor Physics and Control 

The s p e c i f i c  physics and cont ro l  problems associated with an increase 

i n  core temperature w i l l  depend on t h e  power l e v e l  a t  which t h e  reac tor  

i s  opemted, t h e  f u e l  1ife’iItlie desired,  t h e  decrease i n  core diameter i f  

an insu la t ing  s leeve i s  inser ted,  aril t h e  nuclear proper t ies  of any in-  

su l a t ion  used. No d i f f i c u l t i e s  a r e  an t ic ipa ted ,  although a change i n  f u e l  

enrichment might be required if t h e  core diameter were reduced. This 

i tsel f  would not be p a r t i c u l a r l y  undesirable,  s ince  reloading a t  t h a t  t i m e  
would probably occur anyway, but  care  would have t o  be observed t h a t  a 

reduction i n  t h e  thorium loading did not have a se r ious ly  adverse e f f e c t  

on t h e  f u e l  temperature coef f ic ien t .  

Hazards Considerations 

Reactor hazards considerations would have t o  be ca re fu l ly  re-examined 

before operating t h e  PBRE a t  high temperatures. The major questions t h a t  

would a r i s e  would be r e l a t e d  t o  (1) cont ro l  rod i n f a l l i b i l i t y ,  (2) a f t e r -  

hea t  removal, ( 3 )  temperatures which could e x i s t  during accident condi- 

t ions ,  ( 4 )  more rap id  r a t e  of graphi te  oxidat ion on a i r  admission, and 

(5) production of hydrogen from a steam leak. 

have been mentioned previously. 

The f i rs t  th ree  questions 

With regard t o  t h e  fourth,  it i s  worth 
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noting t h a t  the  ana lys i s  i n  Section 12  of the consequences of a i r  admis- 

s ion  is  based on the  assumption that reac t ion  with hot graphi te  occurs 

a t  the r a t e  the  gas en te r s  the  core; therefore  no more severe condition 

could be assumed f o r  higher temperature conditions.  

The steam-graphite reac t ion  can be expected’to proceed much more 

rap id ly  f o r  a steam leak occurring during high-temperature operation than 

fcr  the  corresponding accident under reference design conditions.  Since 

the influence of the  r eac t ion  rate on the seve r i ty  of the r e s u l t i n g  hazard 

is not f u l l y  apparent, it is d i f f i c u l t  t o  say whether a more ser ious  I 

danger would e x i s t  i n  the  high-temperature case.  This matter would cer-  

t.ainly requi re  f u r t h e r  study. 

Additional Costs of High-TemDerature Oaeration 

The i n i t i a l  increase i n  reac tor  cos t  t o  provide f o r  the  p o s s i b i l i t y  

of high-temperature operation appears s m a l l .  Means by which the  cooiant 

flow through the r e f l e c t o r  can be increased may have t o  be provided i n  

the o r i g i n a l  s t ruc ture ,  bu t  a l l  the other  changes mentioned can be made 

when needed. The c o s t  of modification a t  the  time the  change i n  condi- 

t i ons  is t o  be made w i l l  be i n  the range of $200,000 t o  $500,000, the 

difference l a rge ly  depending on whether replacement of the e n t i r e  r e f l e c -  

t o r  is  required.  

There w i l l  a l s o  be the expense of developing high-temperature thermo 

couples and cont ro l  rods f o r  t h i s  appl ica t ion  (discussed i n  Section 16) .  
In  addi t ion,  the research and development programs for other  areas in- 

clude some cos t s  associated with ex-r,ending the range of experiments t o  

the  condition of i n t e r e s t  f o r  high-temperature operation. 

Conclusions -- 
There appears t o  be no s ign i f i can t  impediment t o  operation of the  

PBFU3 with gas o u t l e t  temperatures i n  the  range 2000 t o  2500°F if  f u e l  

elements adequate for operation a t  those conditions are developed. 

de t a i l ed  s tud ie s  w i l l  be required before a f i r m  conclusion can be made, 

More 

. 
f 
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but,  t en ta t ive ly ,  it appears possible  t o  increase the temperature l e v e l  

t o  t h i s  high range with only l imited a l t e r a t i o n  of the reac tor  s t ruc tu re .  

4 
i 

.. 
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14. SITE SELECTION 

Introduct ion and Conclusions 

, 

Representative si tes a t  the  Oak Ridge National Laboratory and a t  the 

National Reactor Testing S ta t ion  were invest igated t o  provide information 

f o r  making a s i t e  recommendation based on engineering and economic consid- 

e ra t ions .  These inves t iga t ions  indicated (1) t h a t  there would be an ap- 

preciable  advantage i n  loca t ing  the  PJ3RE near enough t o  ORNL f o r  members 

of the  s c i e n t i f i c  and engineering d iv is ions  t o  pa r t i c ipa t e  expedi t iously 

i n  the  planning and ana lys i s  of reac tor  operations,  and (2) t h a t  the con- 

s t ruc t ion  cos t  of t he  r eac to r  would be less a t  Oak Ridge than a t  NRTS. 
\ Savings of approximately $900,000 achieved by using ex i s t ing  HRE-2 

f a c i l i t i e s  i n  Oak Ridge would more than o f f s e t  a cos t  advantage of severa l  

hundred thousand d o l l a r s  achieved by housing the  reac tor  i n  a conventional 

bui lding a t  NRTS r a t h e r  than i n  a containment ves se l  a t  Oak Ridge. I n  

addi t ion,  s ince construct ion cos t s  are 22.5% higher a t  .NRTS than i n  Oak 

Ridge, it i s  estimated t h a t  excess f a c i l i t y  construct ion cos ts  i n  the  

order of $1,000,000 would be encountered i n  Idaho. 

l i k e l y  t h a t  appreciable cos t  savings could be obtained by using the  GE-ANP 
maintenance f a c i l i t y  a t  NRTS without se r ious ly  compromising the  object ives  

of the  r eac to r  experiment . 

It does not appear 

The a c c e s s i b i l i t y  advantages of an Oak Ridge loca t ion  and the  ad- 

d i t i o n a l  cos ts  assoc ia ted  with development of an NRTS s i t e  are p a k t i a l l y  
F: o f f s e t  by other  considerat ions.  Location of the  PBRE a t  an NRTS s i t e  

9 ing the  Oak Ridge cont ro l led  area and would give some increase i n  l a t i t u d e  
would reduce the  p o s s i b i l i t y  of damage t o  ORNL or t o  proper t ies  adjoin- 

i n  design and u t i l i z a t i o n  of the PEBE. 

however, t h a t  more hazardous experiments would be performed with the  PBRE 

a t  Idaho; continued a v a i l a b i l i t y  of the r eac to r  as a development t o o l  

would d i c t a t e  a prudent approach t o  operations and would i n h i b i t  t he  per- 

formance of experiments t h a t  could damage the  f a c i l i t y .  

It does not necessar i ly  follow, 

Two si tes a t  ORNL and two si tes a t  NRTS were considered. The si tes 

a t  ORNL have been designated as S i t e  1, a t  the  HRE-2 f a c i l i t y ,  and S i t e  2, 
an area on Melton Valley Drive e a s t  of the HRE-2 f a c i l i t y  (Fig.  14.1). 

c 
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S i t e s  considered a t  NRTS are S i t e  1, between the  SPERT and GCm areas, 

and S i t e  2, a t ‘ t h e  ANP area (see Fig.  14.2) .  

Hazards Considerations 

Se lec t ion  of a s i t e  f o r  the PEKE involves questions of hazards t o  

the  public,  t o  neighboring i n s t a l l a t i o n s  such as the  Oak Ridge National 

Laboratory, i f  a t  Oak Ridge, or t o  other  reac tor  sites, i f  a t  NRTS, and 

t o  the  personnel operat ing the  experiment. In  evaluat ing hazards ques- 

t i ons ,  the  most se r ious  accident  has been assumed t o  be a rupture  of the  

high-pressure helium system followed by complete combustion of the  re- 

ac to r  core and release of f i s s i o n  products from the  reac tor  ves se l  ( see  

Sect ion 1 2 ) .  

gases, 50% of the  halogens and a l k a l i  metals, and 5$ of a l l  other  f i s s i o n  

products from t h e  core.  

rf The ana lys i s  has been based on 100% r e l ease  of the  noble 

3 

The containment ves se l  that would be provided a t  Oak Ridge would 

l a rge ly  r e t a i n  the  f i s s i o n  products evolved from the  r eac to r .  In  es t i -  

mating a c t i v i t y  escape from the  containment s h e l l ,  a p e r s i s t e n t  leakage 

of 1% of the  containment ves se l  atmosphere per  day, following the  acc i -  

dent,  was  assumed; the  add i t iona l  assumption was  made t h a t  one half the  

iodine t h a t  escaped from the  core would be r e t a ined  on surfaces  within 

the  containment ves se l .  Under those conditions,  it is  found t h a t  e i t h e r  

of t he  Oak Ridge sites considered would be acceptable as far  as publ ic  

s a fe ty  i s  concerned. Both sites are two m i l e s  wi thin the  nearest  boundary 

of the  Oak Ridge reserva t ion ,  although the  Bearden Creek embayment of 

Melton Lake w i l l  be approximately one m i l e  from S i t e  2 .  Under the  most 

.unfavorable atmospheric conditions (wind ve loc i ty  3’mph, la rge  inversion) ,  

the  dose from f i s s i o n  products escaping from the  containment ves se l  would 

be 0.8 rem t o  the  thyroid and a l i k e  amount t o  the  bone f o r  each hour of 

exposure a t  a d is tance  of 2 m i l e s ,  and 3 r e m  f o r  each hour of exposure 

a t  a d is tance  of one m i l e .  

the  doses would be less than one-tenth these amounts. A t  a dis tance of 

2000 ft, the  dose t o  bone and t o  thyroid could be 12  r e m  f o r  a 1-hr exposure, 

% .  

B 

Under t y p i c a l  daytime atmospheric conditions,  

which ind ica tes  that prompt actionwould be required t o  evacuate the  a rea  

, nea r  the  r e a c t o r .  
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The main ORNL area is one-half m i l e  or more from e i t h e r  s i t e  and 

i s  on the  other  side of Haw Ridge. While there  might be concern about 

f i s s i o n  products being ca r r i ed  through the  gap i n  the  r idge a t  the western 

end of the  Laboratory, measurements show t h a t  a wind blowing toward the 

Laboratory through the gap is  accompanied by a wind blowing i n  a north- 

e a s t e r l y  d i r ec t ion  (SW wind) up the  va l ley  i n  which S i t e s  1 and 2 l i e ,  

t h a t  is, away from the gap. 

Another danger t o  neighboring f a c i l i t i e s  would be from d i r e c t  radia- 

t i o n  of gamma emitters within the containment vesse l .  A t  the  MSRE s i te ,  

which is approximately 1500 f t  from the  HRE-2 s i te ,  the d i r e c t  dose r a t e  

would be a f e w  hundred mr/hr a t  most. 

danger t o  personnel there ,  it could prevent use of t h a t  f a c i l i t y  f o r  a 

time. 

While t h i s  would pose no pa r t i cu ia r  

No hazards problems are visual ized f o r  loca t ion  of the  reac tor  a t  

e i t h e r  of the NRTS s i tes .  

re l iance  being placed on i s o l a t i o n  and on the p a r t i a l  containment that 

may be provided by the  r eac to r  bui lding.  

PBRE could endanger other  f a c i l i t i e s  i n  the  area, i n  the  absence of con- 

tainment, but  t h i s  would be a s m a l l  risk which presumably would be ac- 

ceptable  as p a r t  of the operating philosophy a t  NRTS. 

Containment vesse ls  are not required a t  NRTS, 

A se r ious  accident  with the  

Ut i l i za t ion  o l  the  F a c i l i t y  

Since the  PEE3 is  t o  be an experimental f a c i l i t y ,  there  is  a s i g n i f i -  

can t  advantage t o  be gained by loca t ing  it a t  an Oak Ridge s i t e .  The 

staff of the  r eac to r  w i l l  be r e l a t i v e l y  small and t h e i r  time w i l l  be f u l l y  

occupied with the  details  of operating the system. If the  f a c i l i t y  is 

conventiently nearby, however, many ORNL staff m e m b e r s  would p a r t i c i p a t e  

i n  the  planning and ana lys i s  of reac tor  operat ions.  

staff would be backed up by a much l a rge r  body of engineers and s c i e n t i s t s ,  

severa l  hundred of whom w i l l  have pa r t i c ipa t ed  i n  the  research, develop- 

rr,znt,>.and design a c t i v i t i e s  which l e d  t o  the  construct ion of the  f a c i l i t y .  

A s  an example, a t  times during operation of the  HRE-2, many members of 

th? Reactor Experimental Engineering Division, Reactor Chemistry Division, 

Hence, the  reac tor  

t 

. 
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Chemical Technology Division, Metallurgy Division, and others ,  who were 

not members of the r eac to r  operat ing staff ,  pa r t i c ipa t ed  day-by-day i n  

observing and analyzing the  behavior of the  reac tor ,  conducting experi-  

ments, performing remote maintenance operations,  e t c .  

This p a r t i c i p a t i o n  would a l s o  occur i f  t he  reac tor  were loca ted  a t  

NRTS, but  t o  a much l e s s e r  degree. 

Idsho would g rea t ly  l i m i t  the  frequency and ex ten t  of v i s i t s  t o  the  s i te .  

Coordination within the  ORNL organizat ion by the  transmission of r epor t s  

would be obviously less e f f e c t i v e  than d i r e c t  p a r t i c i p a t i o n  when day-to- 

day operation of the  r eac to r  w a s  involved. 

The t r a v e l  t i m e  from Oak Ridge t o  

I n  con t r a s t  t o  the  advantages of an Oak Ridge s i te ,  t he re  would be 

some gain i n  f l e x i b i l i t y  i n  design and operat ion of the  system if it were 

located a t  NRTS. Elimination of t he  containment ves se l  would make the  

reac tor  more access ib le  f o r  connection of se rv ices  and passage of equip-. 

ment, and scheduling of construct ion might be s impl i f ied .  The design of 

a heat dump, f o r  example, might be e a s i e r  if there  were no requirement 

of secondary containment. There woiJld be grea te r  freedom i n  the  d i s -  

charge of gaseous wastes than a t  Oak Ridge. 

The s impl i f i ca t ion  achieved by use of an NRTS locat ion,  however, i s  

l imited.  

sonnel when the r eac to r  w a s  a t  power and t o  make components accessib1.e 

f o r  inspect ion and maintenance when it w a s  shut  down. Continued availa-.  

b i l i t y  of the r eac to r  as a development t o o l  would necess i ta te  operation 

i n  a manner that would preclude experiments that could damage or con- 

Shielding would s t i l l  be I-equired t o  p ro tec t  the  operat ing per- 

?aminate the  f a c i l i t y .  The possibi l l i ty  of 

t i o n  of t he  f i s s i o n  product i n  the r eac to r  

s t r i c t  the  type of experiments which could 

loca t ion .  

S i t e s  a t  ORNL 

S i t e  1. a t  HRE-2 F a c i l i t y  

r e l eas ing  a s i g n i f i c a n t  f r ac -  

t o  the  surroundings would re-. 

be performed, even a t  an PlRTS 

I 

-. 

Since the  HRE-2 has been shutdown, there  are c e r t a i n  advantages i n  

loca t ing  another r eac to r  of similar s i z e  a t  the  same s i t e  (see F ig .  14.3.) 
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t o  u t i l i z e  the ex i s t ing  f a c i l i t i e s  and serv ices .  

can be used f o r  the  con t ro l  room and adminis t ra t ive and serv ice  areas. 

The ex i s t ing  bui lding 

The ex i s t ing  air-cooled condenser can be used t o  d i s s ipa t e  the  heat gen- 

e ra t ed  by the  reac tor ,  and the  ex i s t ing  e l e c t r i c a l  and water serv ices  

can be extended t o  the  r eac to r  containment ves se l  a t  minimum cos t .  

S i t e  2, E a s t  of the HRE-2 F a c i l i t y  

S i t e  2 is located by Melton Valley Drive on Haw Ridge, approximately 

4000 f t  east of the HRE-2 f a c i l i t i e s  and 2500 f t  east of the  MSRF: f a c i l i t y  

(see Fig.  14.1).  
ORNL e l e c t r i c a l  and water d i s t r i b u t i o n  systems. 

p o t e n t i a l  r eac to r  si tes i n  the Haw Ridge-Melton Valley =ea. 

This s i t e  i s  considered because of i t s  proximity t o  

It is  t y p i c a l  of severa l  

S i t e s  a t  NRTS 

S i t e  1. Between SPERT and GCRE Areas 

S i t e  1, between the  SPERT and GCRE areas (see Fig.  1 4 . 2 ) ,  w a s  con- 

sidered because, of the undeveloped sites ava i lab le ,  it has the advan- 

tages  of being close t o  a n  access road which i s  t o  be b u i l t  between the 

SPERT and GCRE areas, it is  adjacent  t o  the  power d i s t r i b u t i o n  l i n e ,  and 

it is a reasonable dis tance from ex i s t ing  r eac to r s .  In  addi t ion,  the 

s i t e  i s  i n  an area which receives  c e n t r a l - f a c i l i t y  services ,  consis t ing 

of c r a f t  help, heavy equipment, laundry, technica l  l i b ra ry ,  t ransporta-  

t ion ,  hospi ta l ,  food service,  c e n t r a l  warehousing, c e n t r a l  shops, f i r e  

and secu r i ty  proteckion, u t i l i t i e s ,  maintenance, and waste disposal .  

S i t e  2 ,  a t  ANP Area 

The only ava i lab le  developed s i t e s  a t  NRTS a re  ,at the ANP areel.i-Con- 

s ide ra t ion  w a s  given t o  s i t e s  i n  t h i s  area t o  determine whether a reac tor  

using the ex i s t ing  f a c i l i t i e s  would be compatible with the object ives  of 

the experiment. Three design var ia t ions  were considered t o  permit using 

NRTS S i t e  2 a t  the  ANP a rea .  

1. A stripped-down reac tor  i n s t a l l a t i o n  with l i t t l e  or no sh ie ld ing  

mounted on one or more f l a t  cars  with provisions f o r  coupling instrumentation, 
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e l e c t r i c a l ,  and other  supply l i n e s  i n t o  receptacles  a t  a remote s i t e  could 

be used. The f l a t  ca r  could be hauled i n t o  the GE-ANP A & M bui lding 

hot c e l l  whenever maintenance work might be required.  

2 .  A f i xed  r eac to r  i n s t a l l a t i o n  ins ide  the A & M bui lding w a s  con- 

s idered.  The remote-handling f a c i l i t i e s  could be employed d i r e c t l y  f o r  

maintenance and the  complications of f l a t - c a r  mounting, breaking connee- 

t i c n s ,  e t c . ,  could be avoided. 

3. A f ixed  i n s t a l l a t i o n  could be made a t  the  LPTF t o  take advantage 

of ex i s t ing  u t i l i t i e s .  

F l a t - ca r  mounting of a r eac to r  is  most s u i t a b l e  f o r  short-term tests 

of compact systems. In cont ras t ,  long-term operat ion of the  PBRE w i l l  

be necessary t o  achieve s i g n i f i c a n t  burnup of the f u e l  and t o  inves t iga te  

f iss ion-product  deposi t ion problems. Further ,  an appreciable height  i s  

required if fuel-handling systems appl icable  t o  a power r eac to r  are t o  

be s tud ied .  Without sh ie ld ing  of the system, maintenance procedures 

would be f u l l y  remote r a the r  than semidirect  and d i r e c t  as proposed f o r  

power r eac to r  systems. The f l a t - c a r  proposal w a s  r e j ec t ed  f o r  these  rea- 

sons as ser ious ly  compromising seve ra l  ob jec t ives  of the  PBRE. 
There a r e  similar obJections t o  construct ion of the r eac to r  i n  the 

GE-ANP A & M bui lding.  The hot c e l l  height  of only 61 f t  would consider- 

zbly l i m i t  the  system. Further,  the  concrete sh ie ld ing  i n  the  c e i l i n g  

and upper por t ion  of the s ide  w a l l s  of the hot c e l l  i s  only 2 f t  th i ck .  

Eence, add i t iona l  sh ie ld ing  around the  r eac to r  might be required t o  r e -  

duce the  neutron and gamma dose l e v e l  during r eac to r  operat ion.  Some 

sh ie ld ing  f o r  i s o l a t i n g  and separat ing highly rad ioac t ive  components 

would a l s o  be required i f  d i r e c t  and semiremote maintenance on the  l e s s  

rz3 ioac t ive  por t ion  of the  system were t o  be poss ib le .  F u l l  r e l i ance  on 

the ava i lab le  remote manipulators f o r  maintenance would requi re  the  e rec-  

t i o n  of a considerably more complex assemblywithouteliminating the need 

f o r  m a n y  special-purpose too l s .  It i s  thus questionable whether appreci-  

ab le  savings could be achieved by use of the  A & M building hot c e l l .  

Constructing the  experiment i n  the  hot c e l l  would a l s o  s a c r i f i c e  a cos t ly  

f a c i l i t y  which might be used more advantageously sometime i n  the  future . .  

i 

-i 

. 
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The use of the  LPTF f a c i l i t y  adjacent t o  the STPF i n  the ANP area  

I 

.- 

w a s  a l s o  considered. These f a c i l i t i e s  have t h e i r  own u t i l i t i e s .  Since 

it has been proposed t h a t  the  STPF be u t i l i z e d  f o r  the EBOR Project ,  the  

ad joining LPTF has the disadvankage, of proximity and',possfb&e hazards. 

A f u r t h e r  disadvantage i n  se l ec t ion  of a s i t e  i n  the  ANP area  is 

t h a t  c e n t r a l - f a c i l i t y  services  are not provided. Thus services  must be 

dupl icated a t  considerable addi t iona l  cos t .  

S i t e  Cost ComDarisons 

The estimated cos t  of items which d i f fe r  a t  the various s i t e s  are 

given i n  Table 14.1. Costs f o r  the  NRTS s i t e  were estimated on the  basis 

of cos ts  a t  ORNL and adjusted by a construct ion cos t  index r a t io '  of 1.225. 

Conparison of the cos t s  a t  the  undeveloped si tes i n  both a reas  shows that 

severa l  hundred thousand do l l a r s  saved by el iminat ion of the containment 

ves se l  a t  NRTS i s  o f f s e t  by the add i t iona l  cos t  of cons t ruc t ion ' t he re .  

Table 14.1 shows f u r t h e r  t h a t  approximately $900,000 is  saved by using 

ex i s t ing  HRE-2 f a c i l i t i e s  r a the r  than by developing a new s i t e  i n  e i t h e r  

area. 

In  addi t ion t o  the amounts i n  Table 14.1, roughly $4,000,000 of the  

t o t a l  cos t  of the  p l an t  may be a l loca ted  t o  on-s i te  construct ion work. 
The NRTS construct ion cos t  differen5ia1,  when applied t o  t h i s  on-si te  

work, r e s u l t s  i n  an ffexcessff f a c i l i z y  construct ion cos t  of $1,000,000. 

Thus there  i s  a saving of approxima%ely $1,900,000 t o  be achieved by - 

building the  PBRE a t  the  HRE-2 s i t e  i n  Oak Ridge r a the r  than a t  a site 

a t  NRTS . 

'AEC Construct ion Cost D i f f e ren t i a l  as of January 23, 1961: 

- - - -  - 1.225 NRTS - 1.3:L 
ORNL 1 ;07  

. 

. 
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Table 14.1. Building and S i t e  Development Costs Summary 

ORNL 
- 

NRTS Si-:e 1 

Sper t and 
GCRE 

S i t e  2 Be tween 

E a s t  of 
m - 2  

S i t e  1 
A t  H.RE-2 

S i t e  preparat ion 

iioads 

Storm sewer 

Fencing 

Building a l t e r a t i o n s  

Containment s h e l l  

Excavation 
S h e l l  
Concrete 

Eeactor bui lding 

Excavation 
Ru i Id i ng 
Concrete 

Administration and 
serv ice  bui lding 

Sani ta ry  waste fa- 
c ilit ie s 

Fower 

Water 
s t e m  

Liquid rad ioac t ive  
waste f a c i l i t i e s  

$ 20,700 

1,400 

55,000 

152,600 
610,000 

74,000 

10,800 
5,000 

11,400 

$ 90,300 

12,000 

2,700 

12,300 

206,500 
610,000 
74,000 

451,000 

5,100 

28,800 

25,700 

85,400 

94,700 

$ 90,300 

8,200 

2,700 

12,300 

206,500 
150,000 
160,000 

451,000 

5,100 

28,800 

99,100 

160,000 

42,000 

Subto ta l  

KRTS cos t  d i f fer-  
e n t i a l  (22 1/2$> 

Contingency (20%) 

940,900 

188,100 

1,698,500 

339,500 

1,416,000 

318,600 

346,400 

TOTAL $1,129,000 $2,038,000 $2,081,000 

A 

.L 

I- 
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. 
15. CONSTRUCTION COST ESTIMATE 

The design and construction cos ts  of the reac tor  described i n  t h i s  

repor t  have been estimated i n  as much d e t a i l  as i s  f e a s i b l e  a t  t h i s  s tage 

of the p r o j e c t .  The estimate w a s  performed i n  such a way as t o  ass ign 

a pr ice  t o  every major component of each process system, as wel l  as t o  

major p lan t  f e a t u r e s .  To provide a bas is  f o r  assigning costs ,  componenks 

vere characterized by performance c r i t e r i a ,  by flow diagrams and descrip- 

t i v e  sketches, and by discussions with pro jec t  personnel. Estimates were 

s o l i c i t e d  from i n d u s t r i a l  firms on equipment which could be s u f f i c i e n t l y  

described, and the cos t  experience of EGCR, HFIR, MSRE, and other pro jec ts  

was heavily drawn upon. All top charges such as escalat ion,  contingency, 

and overhead were appl ied.  A summary of the pro jec t  cos ts  i s  presented 

i n  Table 15.1 i n  conventional format., 

Considerable e f f o r t  has been spent i n  attempts t o  reduce the cos t  

of the plant ,  and the o r i g i n a l  concepts of severa l  major fea tures  have 

been a l t e r e d .  Design changes were rnzde t o  achieve economics only where 

they were consis tent  with the accomplishmnt of pro jec t  object ives .  The 

PBRE must have a fuel-handling system similar t o  one which would be used 

cn a la rge  power reactor ;  the f u e l  must be subjected t o  a nuclear, chemi- 

c a i ,  and physical  environment s imi la r  t o  t h a t  i n  a large pebble-bed r e -  

ac tor ;  the product of power densi ty  and use f a c t o r  must be s u f f i c i e n t  t o  

produce f u l l  f u e l  burnup i n  a reasonable t i m e ;  it must be possible t o  

spei.ate and maintain the reac tor  with a r e l a t i v e l y  high re lease  of f i s -  

s ion  products from experimental fue l  elements; means must be provided 

for studying f i s s i o n  product escape, migration, and deposit ion i n  the sys- 

tem; the u s e f u l  l i f e  of the p lan t  must be adequate f o r  performance of the 

dcsired experiments; and the reactor  must unquestionably be safe  t o  op- 

e r a t e .  

The c o s t  es t imates  of Table 15.1 a r e  f e l t  t o  be as r e a l i s t i c  as it 

i s  present ly  possible  t o  make them. Economy w i l l ,  however, continue t o  

bc a-prime consideration i n  the development. The current  eStimate for a 

5-Mw PBRE exceeds the  estimate of $9,096,000 made 1 1/2 years ago’ f o r  a 
-.- 

!A. P. Fraas e t  a l . ,  Preliminary Design of a l O - M w ( t )  Pebble Bed Reactor 
Experiment, CF 60-10-63 rev .  (May 8, 1961). 

1 

. 
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Table 15.1. Preliminary PRRE Cost Estimate 

CPFF Fixed Pr ice  ORNL I To ta l  

Direct  Construction Costs 2,706,000 4,016,000 --- 6,722,000 
1. Building Cost t o  5 - f t  Line 

( a )  Modification t o  Build- 
ing 7500 for r eac to r  
cont ro l ,  se rv ice ,  and 
adminis t ra t ion  

(b )  Reactor bu i ld ing  (new), 
. including containment 
s h e l l ,  sh ie ld ing ,  and 
serv ices  

75,700 

1,967,500 

2,000 77,700 

4,000 1,971,500 

2. I n s t a l l e d  or Fixed Equipment 636,000 4,004,000 4,640,100 
(nuclear  p l a n t  and auxil- 
iar i e  s ) 

Sub Tota l  (2,679,200) (4,010,000) (6,689,200 ) 

3. Movable Equipment 

4 .  Improvements t o  Land 1,400 1,400 
5 .  Outside U t i l i t i e s  25,400 6,000 31,400 
Engineering Design and 

InsDection 
204,000 1,032,000 1,236,000 --- 

Des 4.gn 204,000 914,000 1,118,000 
inspect ion 118,000 118,000 
Ind i r ec t  Costs 

Escalat ion t o  F Y  1965 
AI-lowance for Contingencies 

Gross Tota l  Pro jec t  Cost 

Salvage Credi t s  for Reused 
Equipment 

1,213,000 1,213,000 
349,000 712,000 1,061,000 
641,000 1,387,000 2,028,000 

3,900,000 8,360,000 12,260,000 

--- 

--- 

Net Tota l  Pro jec t  Cost 3,900,000 8,360,000 --- 12,260,000 
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10-Mw PBRE. There w a s  a t  t ha t  time only seven weeks ava i lab le  f o r  the 

preparat ion of both the  conceptual design and the est imate .  Many p lan t  

features, p a r t i c u l a r l y  instrumentation, maintenance, and aux i l i a ry  systems, 

have appeared on fu r the r  study t o  be more cos t ly  than previously expected. 

Recent experience with other  reac tor  pro jec ts  a t  ORNL has shown t h a t  the 

standard 10% allowance f o r  contingencies i s  inadequate and that an allow- 

ance should a l s o  be made f o r  esca la t ion .  

provides 19% for contingencies and 12% f o r  esca la t ion .  

t i o n  is  now assumed t o  be based on operating r a the r  than c a p i t a l  funds, 

with a consequent increase i n  overhead of from 25 t o  loo% on d i r e c t  l abor .  

Accordingly, the cur ren t  estimate 

Further,  construc- 

If consideration i s  given only t o  cos t  per Mw, the  $12,260,000 PBRE 

estimate makes pebble-bed reac tors  appear expensive r e l a t i v e  t o  other  

types.  This seemingly unfavorable comparison occurs because severa l  of 

th? major PBRE cos t  i t e m s  ( reac tor  building, instrumentation, fuel-handling 

equipment, maintenance equipment, and engineering) are near ly  as expensive 

for t h i s  5-Mw reac to r  as they would be f o r  one many times that power. If 

the PBRE power were doubled, f o r  instance,  the incremental cos t  would be 

l e s s  than +1,500,000. A s ign i f i can t  comparison may be made of the cos ts  

previously estimated f o r  the 10-Mw(t) PBRE1 and an 800-Mw(t) PBR2 

($62,761,000, which i s  $19O/kwe). 

power, the  cos t  increased only by a f a c t o r  of 7 .  
the r eac to r  experiment does not imply t h a t  a f u l l - s c a l e  power p l an t  based 

on the  pebble-bed concept w i l l  be uneconomical. 

For an 80-fold increase i n  thermal 

Hence the high cos t  Of 

In  preparing the  cos t  estimate of Table 15.1, a l l  design, engineering, 

fabr ica t ion ,  construction, and i n s t a l l a t i o n  cos t s  were included i n  operat-  

ing funds t o  which overhead w a s  charged a t  100% of d i r e c t  l abor .  A l l  con- 

t r a c t e d  labor  and mater ia l  were included as material charges, with p r o f i t  

and overhead added. All plant  cos t s  were estimated on the basis of the 

layout of Fig.  3.25. If it is  decided that a superheated-steam system 

should be used, the  estimate w i l l  have t o  be increased t o  cover the  cos t  

of the more complex system and, possibly,  apparatus f o r  i nd i r ec t  main- 

tenance. 

2A. P. Fraas e t  a l . ,  Design Study of a Pebble-Bed Reactor Power Plant,  
CF 60-12-5 rev .  (May 11, 1961). 



Spare equipment and p a r t s  a r e  not included i n  the estimate, and it 

i s  considered t h a t  a minimum of $233,000 of r eac to r  operat ing funds should 

be a l loca ted  f o r  those i t e m s  that should be ava i lab le  a t  s t a r t u p .  The 

spare equipment should include a main blower, a steam generator tube bundle, 

cont ro l  rods and rod dr ives ,  aux i l i a ry  system components, and instruments.  

In  addi t ion,  a minimum of $50,000 of r eac to r  operat ing funds shmld b2 

ava i lab le  a t  s t a r t u p  f o r  shielded casks f o r  f u e l  handling and maintenance. 

The cos t  of the  f u e l  i s  s imi l a r ly  not included i n  the  est imate  of 

c a p i t a l  cos t s .  The f u e l  f o r  the  f i r s t  core loading w i l l  be charged t o  

operating funds.  

1 

i 
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16. RESEARCH AND DEVELOPMF,NT 

I 

b- 

Research and development problems f o r  the  PBRE f a l l  i n t o  three broad 

categories:  

and construction; ( 2 )  those necessary f o r  developing the information needed 

(1) those necessary f o r  completing the design for f ab r i ca t ion  

for providing the f i r s t  f u e l  loading, evaluat ing hazards, 

decontamination and maintenance, preparing f o r  evaluat ion 

t i o n  of r e s u l t s ,  and operating the reac tor ;  and (3)  those 

providing f u t i u e  advanced f u e l s ,  f o r  f u e l  processing, and 

the  core t o  achieve gas temperatures above 2000°F. 

Some of the p r inc ipa l  problem areas  t o  be considered 

preparing f o r  

and in te rpre ta -  

necessary f o r  

f o r  r ev i s ing  

a re  : 

1. The f u e l :  i t s  composition, physical  p roper t ies  before and a f t e r  

i r r ad ia t ion ,  dust ing cha rac t e r i s t i c s ,  outgassing proper t ies ,  chemical 

s t a b i l i t y ,  f iss ion-product  r e t en t ion  cha rac t e r i s t i c s ,  and behavior i n  the 

presence of a i r  or steam under accident conditions.  

2 .  The f u e l  bed: i t s  void f r ac t ion ,  pa t t e rn  of sphere movement 

through the bed, temperature d i s t r ibu t ion ,  l e v i t a t i o n  cha rac t e r i s t i c s ,  

and coolant ve loc i ty  p r o f i l e s  and f l u i d  dynamics i n  the  bed. 

3. Fuel charging and removal: the  fuel-addi t ion system; gas locks; 

d-evices t o  cont ro l  ve loc i ty  of en t ry  and minimize f r e e  f a l l  and breakage 

problems; f u e l  movement i n  the bed; the discharge device; fuel-sphere 

counting, c l a s s i f i c a t i o n ,  storage,  and examination devices; and equipment 

t o  r e t u r n  unspent and new f u e l  t o  the addi t ion  system. 

4 .  Moderator graphi te :  i t s  s t r u c t u r a l  p roper t ies ,  behavior under 

i r r ad ia t ion ,  evaluat ion of boronated graphite,  de tec t ion  of cracks i n  

the r e f l e c t o r ,  and gas e,volu;tion. 

5 .  Helium coolant:  pu r i ty  requirements and pu r i f i ca t ion  processes, 

ana lys i s  techniques, flow and mixing problems, and mass-transfer and f i s -  

s ion-pr oduc t - depos it ion phenomena . . 
6. Components and aux i l i a ry  systems: con t ro l  rods and dr ives ,  

blowers, j o i n t s ,  valves,  insulat ion,  the steam generator,  spec ia l  ins t ru-  

mentation, and the  pu r i f i ca t ion  system. 

7. Maintenance: decontamination techniques, se rv ic ing  and equipment- 

hardl ing techniques, and the  need 'for spec ia l  t oo l s  and techniques f o r  

assur ing the  i n t e g r i t y  of equipment which i s  reaeseinbled remotely. 
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The research and development program described 

tasks and experiments which need t o  be completed i n  

below comprises the 

p a r t  or i n  whole t o  

assure  s a t i s f a c t o r y  performance of the pebble-bed reac tor  experiment. 

However, many of the s tud ies  discussed i n  t h i s  sec t ion  are already being 

conducted as continuing programs f o r  the general  development of gas-cooled 

reac tor  technology. Results of these general  s tud ies  w i l l  contr ibute  

d i r e c t l y  t o  the s p e c i f i c  needs of the PBRE. 

Schedules and cos t  estimates f o r  the program out l ined are given a t  

the end of t h i s  sec t ion .  

ment schedule with the PBRE design and construct ion schedules ind ica tes  

the  two t o  be mutually cons is ten t .  

A comparison of the proposed research  and develop- 

Fue 1 Element Deve loDme n t  

A s  described i n  Section 10, considerable information has been ac- 

cumulated i n  experimental f u e l  element development programs s ince publica- 

t i o n  of the las t  PBRE study,' and sorne l i m i t a t i o n s  associated with the  

coated-part ic le  concept, p a r t i c u l a r l y  the Fyrolytic-carbon-coated uranium 

carbide element, have become reasonably c l e a r .  W h a t  remains t o  be done 

i s  t o  invest igate  modifications of e x i s t i n g  techniques, as wel l  as new 

techniques, i n  an e f f o r t  t o  improve the performance of coated-part ic le  

f u e l  mater ia l s .  The present  prac t ice  of maintaining close l i a i s o n  wi th  

p o t e n t i a l  suppl iers  and p a r t i c u l a r l y  with related pro jec ts  a t  B a t t e l l e  

Memorial I n s t i t u t e ,  General Atomic, General E l e c t r i c  NMPO, OEEC Dragon, 

and Brown-Boveri-Krupp, w i l l ,  of course, be continued. 

The major areas  of i n t e r e s t  i n  the f u e l  element development program 

include s tudies  of (1) mechanical and physical  propert ies ;  ( 2 )  fabr ica t ion ;  

(3) chemical s t a b i l i t y ;  ( 5 )  the  

e f f e c t s  of i r r a d i a t i o n  on items 1 through 4;  and (6)  chemical processing. 

Extensive i r r a d i a t i o n  t e s t i n g  is required t o  demonstrate the f e a s i b i l i t y  

of an all-ceramic f u e l  with the good f iss ion-product-retent ion proper t ies  

desired fo r  the PBRE. 

( 4 )  fission-product behavior i n  the f u e l ;  

Because of the time required for design, preparation, 

c 

..1 

'A. P. Fraas e t  a l . ,  Preliminary Design of a l O - M w ( t )  Pebble-Bed 
Reactor Experiment, ORNL CF 60-10-63 rev.  (May 8,  1961). 
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operation, and complete evaluation of i r r a d i a t i o n  experiments, the f u e l  

element research and development schedule is establ ished t o  a large ex- 

t e n t  by t h i s  phase of the program. 

estimated that a t  l e a s t  a two-year period w i l l  be necessary before f i r m  

recommendations can be made for purchase of the most promising PBRE f u e l  

elements. The s p e c i f i c  research and development programs discussed below 

have been formulated on t h i s  b a s i s .  

Mechanical and Physical Propert ies  

I n  view of t h i s  consideration, it i s  

A comprehensive tes t  program i s  required t o  evaluate the physical  
and mechanical propert ies  of the f u e l  elements i n  the l i g h t  of proposed 

PBRE conditions.  In general ,  these tests apply both before and a f t e r  ir- 

rad ia t ion .  The mechanical propert ies  of i n t e r e s t  are crushing s t rength,  

impact res i s tance ,  and abrasion res i s tance .  The physical  propert ies  of 

chief concern are r e l a t e d  t o  thermal e f f e c t s  and include thermal conduc- 

t i v i t y  and the c o e f f i c i e n t  of thermal expansion. Other c h a r a c t e r i s t i c s  

of h t e r e s t  include densi ty  and p a r t i c l e  d i s t r i b u t i o n  as determined by 

radiographic techniques; microstructures of p a r t i c l e s ,  matrix, and sphere 

coatings as determined by metallographdc techniques; sphere-coating i n -  

t e g r i t y  as determined by oxidation and "hot o i l "  tests; and exposed f u e l  

present  as surface contamination and damaged 

alpha-counting and acid-leaching techniques. 

Nondestructive InsDection of Fuel Elements 

p a r t i c l e s  as detected by 

The development of inspection techniques f o r  f u e l  mater ia ls  and f u e l  

elements w i l l  be necessary t o  complete the spec i f ica t ions  and acceptance 

c r i t e r i a  f o r  f u e l  spheres.  Recent preliminary s tudies  with low-voltage 

radiography indicate  exce l len t  p o t e n t i a l  f o r  coated-part ic le  dimensional 

gaging and the p o s s i b i l i t y  of evaluating the i n t e g r i t y  of p a r t i c l e  coat-  

ings.  

impermeability of p a r t i c l e  coatings on large q u a n t i t i e s  of f u e l  p a r t i c l e s  

i s  the galvanic c e l l  method. F e a s i b i l i t y  s tud ies  on these techniques 

should determine the adaptab i l i ty  and need f o r  f u r t h e r  development. 

Another t e s t  t h a t  may be usefu l  for evaluat ing the i n t e g r i t y  and 
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The determination of f u e l  d i s t r i b u t i o n  within f u e l  elements w i l l  re- 

quire  the development of techniques and acceptance standards f o r  radio-  

graphic inspect ion.  The de tec t ion  of cracks i n  f u e l  spheres may a l s o  be 

possible  by t h i s  technique. 

the unfueled s h e l l ,  on the other  hacd, may requi re  inves t iga t ion  of c the r  

techniques, such as eddy cur ren t  or u l t r a son ic  inspect ion.  

The thickness and cont inui ty  of bonding of 

The thickness  and i n t e g r i t y  of the s i l i conized-Sic  coat ing on the  

f u e l  spheres must be ca re fu l ly  spec i f ied  and cont ro l led .  

on similar coatings f o r  the EGCR f u e l  assembly s leeves demonstrated the  

f e a s i b i l i t y  of eddy cur ren ts  f o r  the measurement of coat ing thickness.’ 

A galvanic-cell method f o r  the  de tec t ion  of f l a w s  i n  the  coat ing w a s  a l s o  

shown t o  be p r ~ m i s i n g . ~  

Preliminary wcrk 

Fsbr i ca t ion  Studies  

One of the  l imi t a t ions  of the  coa ted-par t ic le  f u e l  element i s  associated 

with the e f f e c t s  of f ab r i ca t ion  va r i ab le s .  

exanple, t h a t  s tud ie s  on commercially produced mater ia l s  have shown t h a t  

many coated p a r t i c l e s  have been damaged i n  some manner during f ab r i ca t ion  

of the  fueled-graphi te  specimens. It i s  important, therefore ,  t h a t  the 

methods used f o r  preparing and coat ing the  p a r t i c l e s ,  f o r  incorporat ing 

the  p a r t i c l e s  i n  s u i t a b l e  graphi te  matr ices ,  f o r  applying pro tec t ive  sphere 

coat ings,  and f o r  impregnating molded graphi te  matrices be understood by 

the mater ia l s  personnel responsible  f o r  the  PBRE f u e l .  The need f o r  first- 

hand knowledge of f ab r i ca t ion  var iab les  becomes p a r t i c u l a r l y  apparent 

when an attempt i s  made to eh tab l i sh  a reasonable s e t  of f u e l  element 

spec i f i ca t ions  and t o  negot ia te  i n t e l l i g e n t l y  with the p o t e n t i a l  suppl ie rs  

of Fuel spheres f o r  the PBRE. It has become evident t h a t  t he  understanding 

required must stem from a c t u a l  f ab r i ca t ion  experience. 

Chemical S t a b i l i t y  

It i s  noted i n  Sect ion 10, for 

Experimental s tud ie s  are required t o  evaluate  the chemical s t a b i l i t y  

of the various component phases within the  f u e l  sphere and the  s t a b i l i t y  

*GCR Quar. Prog. Rep. June 30, 1961, ORNL-3166, pp. 97-98. 

3GCR Quar. Prog. Rep. March.31, 1961, OWL-3102, 1;. 116. 

* 

. 
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of the f u e l  sphere w i t h  respec t  of i t s  environment. In te rac t ions  involv- 

ing the f u e l  p a r t i c l e ,  i t s  coating, and the matrix material; in te rac t ions  

between sphere coating and the matrix; phase s t a b i l i t y  i n  the uranium- 

thorium-carbon system or the  uranium-thorium-oxygen system represented 

by the f u e l  pa r t i c l e ;  and e f f e c t s  of t i m e ,  pressure,  and temperature on 

the self-welding tendency of sphere coatings must be s tudied.  Environ- 

mental e f f e c t s  s tud ies  w i l l  include invest igat ions of the e f f e c t s  of steam 

and oxidizing contaminants i n  the helium coolant.  

Fission-Product Behavior 

Certain out-of;pile experiments a r e  required i n  order t o  study the 

behavior of both v o l a t i l e  and nonvolati le f i s s i o n  products i n  the f u e l  

sphere. 

and mechanisms of d i f fus ion  of f u e l  and f i s s i o n  products through p a r t i c l e  

coat ings and matrix mater ia l s .  

In  t h i s  connection, experimental data are required on the r a t e s  

Ef fec ts  of I r r ad ia t ion  

By far  the l a r g e s t  e f f o r t  and cos t  i n  the f u e l  element development 

program i s  associated w i t h  i r r a d i a t i o n  experiments on unsupported pa r t i c l e s ,  

fueled-graphite specimens of sizes and shapes which are compatible w i t h  

ex i s t ing  capsule designs, and f u l l - s c a l e  PBRE fueled-graphite spheres.  

The types of experiments include (1) fiss ion-product  re lease  and deposi- 

t i o n  during pos t i r r ad ia t ion  heating after l i g h t  i r r a d i a t i o n  ( the  so-called 

"neutron-activation" method); (2)  s t a t i c  capsule in -p i l e  tests; (3) sweep 

capsule in-p i le  tests; and ( 4 )  in -p i le  loop t e s t s .  

The capsule i r r a d i a t i o n  f a c i l i t i e s  t o  be used a r e  the LITR; the B-9, 

C - 1 ,  and poolside f a c i l i t i e s  of the ORR; and the ORNL-MTR-48 f a c i l i t y .  

The GCR-ORR loop No. 2 i r r a d i a t i o n  f a c i l i t y  w i l l  be u t i l i z e d  for 

tests of f u l l - s i z e  f u e l  spheres under conditions c lose ly  simulating those 

of the PBRE bed. Variables which can only be f u l l y  evaluated by forced- 

convection cooling, including nonAuniform heat t r ans fe r ,  contact  between 

spheres, p a r t i c l e  erosion, and the  e f f e c t s  of coolant impuri t ies  a t  low 

concentration l eve l s ,  w i l l  be s tudied and data w i l l  be obtained on f u e l  

behavior and f iss ion-gas re ten t ion .  Actual assemblies w i l l  u t i l i z e  severa l  
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f u l l - s i z e  f u e l  spheres a x i a l l y  a l igned and surrounded with unfueled dum- 

m i e s  i n  various packing configurat ions which w i l l  r ead i ly  f i t  i n t o  the 

loop f a c i l i t y .  Testing of a bed containing two or th ree  p a r a l l e l  rows 

of fueled spheres can be accommodated by reduct ion of sphere s i z e  or by 

rev is ion  of the  loop t o  a f fo rd  a l a rge r  t es t  region.  

of operat ion with helium cooling a t  300 p s i a  and with gas i n l e t  and out- 

l e t  temperatures a t  the  f u e l  element of 1200 and 1500°F, respec t ive ly .  

Tests of each f u e l  sphere assembly w i l l  be continued f o r  s eve ra l  months. 

Three t o  four  experiments w i l l  be scheduled t o  f u l l y  u t i l i z e  the  loop 

during the  f irst  two years  of i t s  operat ion.  

The loop is capable 

Chemical Processine: 

Although the  development of f u e l  reprocessing procedures is  not  a 

p re requ i s i t e  t o  the  design and construct ion of a r eac to r  experiment, an 

economical chemical recovery process f o r  the  spent f u e l  must be developed 

if the pebble-bed r eac to r  concept i s  t o  have a place i n  the  long-range 

nuclear power r eac to r  program. 

Gra-ohi t e  C om-oone n t  s 

The research  and development program on graphi te  components f o r  the 

PBRE has two major ob jec t ives :  (1) t o  s e l e c t  the  bes t  grade of graphi te  

and ( 2 )  t o  provide the  required r eac to r  design da ta .  S t r e s ses  r e s u l t i n g  

from neutron-induced dimensional changes are expected t o  impose l imi t ing  

conditions on design and operating l i f e  of the  graphi te  s t ruc tu res .  Ex- 

i s t i n g  evidence ind ica tes  the  p o s s i b i l i t y  of s e l ec t ing  a grade of graphi te  

f o r  maximum longevity on the  bas i s  of an optimum combination of i t s  

mechanical proper t ies  and behavior under i r r a d i a t i o n .  Growth da ta  a r e  

being obtained on various types of graphi te  a t  Hanford; it i s  proposed 

that these s tud ie s  be augmented with a program for determining (1) the  

mechanical and physical  p roper t ies  of various types of graphi te  and the 

e f f e c t  of i r r a d i a t i o n  on these proper t ies ,  ( 2 )  the  influence of extrusion 

s i z e  and shape on the proper t ies  of graphi te ,  and (3) the combined e f f e c t s  

of applied stress and radiation-induced shrinkage on graphi te .  

L 

. 
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With respect  t o  the boronated-graphite thermal-neutron sh ie ld  m&- 

t e r i a l ,  the major question requir ing study i s  the possible migration of 

boron under exposure t o  the temperatures and the rad ia t ion  and chemical 

environments which w i l l  e x i s t  i n  the PBRE. 

ponent research and development program is out l ined i n  the following 

sect ions.  

The de ta i led  graphite com- 

Physical and Mechanical Property Tests 

The propert ies  of in te res t  a r e  thermal conductivity, coef f ic ien t  

of thermal expansion, and s t r e s s - s t r a i n  re la t ionships  under both t e n s i l e  

and compressive loads.  Because of the nonuniform var ia t ion  of mater ia ls  

propert ies  i n  a given graphite,  enough data  w i l l  be obtained t o  provide 

a s t a t i s t i c a l l y  sound basis  f o r  comparison of the various types of graph- 

i t e .  The mater ia ls  t o  be t e s t e d  w i l l  include the grades of moderator 

graphite f o r  which data  on e f f e c t s  of i r r a d i a t i o n  a r e  being obtained a t  

Hanf ord . 
The extrusion s i z e  and shape a r e  known t o  influence the mechanical 

propert ies  of graphi te .  In  order t o  design the optimum sect ion s i z e s  i n  

the r e f l e c t o r ,  the extent  of t h i s  e f f e c t  must be determined. One or two 

of the bes t  grades of graphite discovered i n  the tes t  program on physical 

and mechanical propert ies  w i l l  be extruded i n  various s i z e s  and shapes. 

Complete t e n s i l e  and compressive stress-strain diagrams w i l l  be obtained 

on a s u f f i c i e n t  number of samples c u t  from mutually perpendicular direc-  

t ions  t o  provide s t a t i s t i c a l l y  s i g n i f i c a n t  da ta .  

I r r a d i a t i o n  Tests 

The bes t  graphite se lec ted  on the bas i s  of the out-of-pi le  t e s t s  

w i l l  be i r r a d i a t e d  a t  d i f f e r e n t  temperatures f o r  extended fast-neutron 

exposures. The object ives  w i l l  be t o  determine irradiation-induced changes 

i n  physical  and mechanical propert ies  and t o  es taBl i sh  the re la t ionship  

between radiation-induced shrinkage and s t r e s s  and s t r a i n  f o r  constrained 

specimens. The thermal conductivity and creep c h a r a c t e r i s t i c s ,  including 

s t r a i n  versus time cor re la t ions ,  rupture s t r a i n ,  and rupture stress, w i l l  

be determined as functions of fast-neutron exposure and i r r a d i a t i o n  tem- 

perature .  

. 

. 
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Boronated Graphite Studies  

The vapor pressure of boron over boronated graphi te  a t  t h e  PBRE op- 

e ra t ing  temperatures i s  expected t o  be low enough t o  make loss by d i r e c t  

vaporization negl ig ib ly  small. However, very v o l a t i l e  bor ic  oxides and 

bor ic  acid may be formed by r eac t ion  with impuri t ies  i n  t h e  helium. It 

i s  proposed t h a t  tes ts  be performed t o  determine t h e  magnitude of t h e  

boron migration problem under PBRE conditions.  The loops designed f o r  

graphi te  oxidation s tudies  i n  connection with t h e  helium p u r i f i c a t i o n  

problem can be used f o r  these  tests.  

ronated graphi te  w i l l  continue t o  be followed, although t h e  GA s tud ie s  

a r e  being made a t  very high temperatures and boron concentrations much 

higher than t h e  0.5 w t  $ considered f o r  t h e  PBRE. 

conjunction with t h e  commercial suppl iers ,  may be i n  order t o  e s t a b l i s h  

uniformity and reproducib i l i ty  of boron content and physical  and mechanical 

proper t ies  of t h e  boronated graphi te  components. 

The work a t  General Atomic on bo- 

Some s tudies ,  made i n  

Coolant Pu r i f i ca t ion  

Str ingent  p u r i t y  requirements a r e  imposed on t h e  helium coolant of 

t h e  PBRE t o  minimize hazards, reduce t h e  damaging e f f e c t s  on mater ia l s  

and components exposed t o  t h e  helium, and t o  ease decontamination and 

maintenance problems. The removal and cont ro l  of impuri t ies  involves 

s tud ies  of t he  sources and kinds of contaminants, f i l t r a t i o n ,  and bypass 

cleanup techniques. 

, While these  problems a re  amenable t o  ana lys i s  t o  a degree, experi-  

mental v e r i f i c a t i o n  of t h e i r  magnitude and s e v e r i t y  with respect  t o  t h e  

FBRE i s  required. Consequently, t h e  over -a l l  program on coolant p u r i t y  

w i l l  be designed f o r  laboratory-scale  experiment and f o r  system t e s t i n g  

t o  t h e  extent  necessary t o  def ine t h e  nature  of t h e  sources of contaaina- 

t ion ,  t h e  e f f e c t s  of contaminants on mater ia ls ,  and t h e  e f fec t iveness  of 

the pu r i f i ca t ion  equipment i n  keeping t h e  s i t u a t i o n  under control .  

Gas Evolution from Reflector  and Fuel Graphite 

* 

It w i l l  be necessary t o  determine t h e  outgassing cha rac t e r i s t i c s ,  

including t h e  cons t i tuents  of t h e  outgassed mater ia l ,  as  funct ions of 
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both temperature and time f o r  PBRE f u e l  spheres.  Similar  work has a l -  

ready been c a r r i e d  out on many representa t ive  reactor-grade graphi tes ,  

bu t  degassing information on the spec i f i c  graphi te  chosen f o r  the PBRE 

reflector-moderator may be required,  e spec ia l ly  a t  extreme temperature 

l e v e l s  (up t o  2500°F). The readsorpt ion c h a r a c t e r i s t i c s  of graphi te  when 

cooled and s tored  i n  se l ec t ed  atmospheres and subsequent degassing char- 

a c t e r i s t i c s  w i l l  a l s o  be s tudied t o  determine whether such s p e c i a l  s t o r -  

age p r i o r  t o  i n s t a l l a t i o n  i n  the PBRE w i l l  be economically advantageous 

i n  con t ro l l i ng  syStem contamination l e v e l s .  

The data obtained from the experiments suggested w i l l  assist i n  de- 

termining loads t o  be handled by the p u r i f i c a t i o n  equipment and i n  de- 

f i n i n g  spec ia l  operat ing procedures during periods of high outgassing 

rates. 
J 

\ 

GraDhite Oxidation and Mass Transfer 

The spec i f i ca t ion  of the helium p u r i t y  f o r  t he  PBRE w i l l  r e s t ,  i n  

pa r t ,  on the ex ten t  of chemical r eac t ion  between the contaminants and 

graphi te .  

The r a t e  of graphi te  oxidation by helium sweep gas containing con- 

t r o l l e d  quan t i t i e s  of 0 2 ,  H20, and COz w i l l  be determined a n a l y t i c a l l y  

and experimentally. The work w i l l  cover the e f f e c t s  of impurity p a r t i a l  

pressure,  specimen and helium temperatures, helium pressure and flow 

rates, as wel l  as the e f f e c t s  of C O  and Hz on r eac t ion  r a t e s .  Specimens 

t e s t e d  should include moderator graphi tes  and f u e l  spheres.  The program 

w i l l  be i n i t i a t e d  with bench-scale, once-through flow tests where var iab les  

can be c lose ly  cont ro l led  and r eac t ion  rates accura te ly  determined. It 

w i l l  be expanded t o  c lose -c i r cu i t  loops containing graphi te  sphere beds 

through which helium can be c i r cu la t ed  a t  condi t ions matching r eac to r  

operation t o  check tendencies toward loca l ized  a t t ack  a t  hot spots .  The 

l a t t e r  loops w i l l  provide, i n  addi t ion  t o  graphi te  oxidat ion data, f u r t h e r  

information on e f f e c t s  of outgassing and a d e f i n i t i o n  of the problems 

of graphi te  mass t r a n s f e r  as funct ions of system operating parameters 

and mater ia l s  of construct ion.  Specimens of various metals with d i f f e r i n g  

surface t reatments  which may be encountered i n  the PBRE system w i l l  be 

. 
a 
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inser ted  i n  the cooler regions of the  loops t o  examine the r o l e s  of these 

f ea tu res  i n  the  deposi t ion of carbon. It w i l l  a l s o  be of i n t e r e s t  i n  

these loops t o  determine the ex ten t  &o which carbon dus t  is produced and- 

t ransported i n  the  helium stream. 

Pur i f i ca t ion  System and Components 

F i l t e r  Development. Because of the  nature of the PBRE core, graph- 

i t e  p a r t i c l e s ,  carbon dust ,  and, possibly,  graphi te  coat ing mater ia l  may 

be ca r r i ed  around the  coolant c i r c u i t  i n  such a way as t o  damage the cool- 

an t  c i r c u l a t o r  and valve s e a t s  or t o  cause plugging of instruments and 

bleed l i n e s .  f i l l - f l o w  f i l t e r s  may be required i n  the main coolant c i r -  

c u i t  of the PBRE t o  remove t h i s  p a r t i c u l a t e  matter. 

a l s o  be derived i n  l imi t ing  the spread of condensed f i s s i o n  products by 

concentration on the  f i l t e r  medium. F i l t e r  designs w i l l  be t e s t e d  t o  

demonstrate that they possess the required e f fec t iveness  and e f f i c i ency  

under simulated r eac to r  operat ing condi t ions.  The s t r u c t u r a l  i n t e g r i t y  

Some bene f i t s  may 

of the f i l t e r  and f i l t e r  medium must be demonstrated i n  long-term tests, 

and the  pressure-drop c h a r a c t e r i s t i c s  of various promising designs w i l l  

be determined. Test  r i g s  and prototype t e s t  components obtained f o r  t h i s  

work can be used subsequently f o r  proof tests of r eac to r  hardware. 

Fission-Product Cleanup System. The dynamic-adsorption coe f f i c i en t s  

f o r  krypton, xenon, and iodine on charcoal  a t  the  temperatures and pres-  

sures  of i n t e r e s t  t o  the PBRE are reasonably w e l l  e s tab l i shed  a t  the  

present  time. 

be necessary t o  answer spec i f i c  questions as the PBRE d e t a i l  design de- 

velops. 

A l imi ted  amount of add i t iona l  t e s t i n g  and evaluat ion may 

‘I 

Poisoning of the  charcoal bed by adsorbed iodine does not a3pear t o  

be a problem i n  the PBRE appl ica t ion .  Some add i t iona l  work w i l l  be r e -  

quired t o  inves t iga te  the p o s s i b i l i t y  of iodine t ranspor t  through the  

charcoal t r a p  on minute p a r t i c u l a t e s  present  i n  the helium stream. 

Chemical Cleannup System. Considerable work has been done on the  

k ine t i c s  of the oxidation process4 and on the  coadsorption of C02 and 

‘C . D. Scot t ,  Removal of mdrogen, Carbon Monoxide, and Methane from 
Gas-Cooled Reactor Helium Coolants, ORNL-TM-20 (Nov. 15, 1961). 
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H2O on molecular s ieves .  

the  performance of the  oxidizer  a t  H2 and CO l e v e l s  of spec i f i c  i n t e r e s t  

t o  the PBRE and t o  e s t a b l i s h  the dynamic adsorption capaci ty  of molecular 

s ieves  f o r  C02 and H2O a t  extremely low p a r t i a l  pressures.  These s tudies  

requi re  laboratory experiments with prototype or reduced-scale components. 

However, fu r the r  work w i l l  be required t o  ver i fy  

Gas-Analysis Equipment. Analyt ical  techniques must be developed 

for monitoring helium pur i ty  a t  the low contamination l eve l s  required 

for the  PBFiE. Gas chromatography has been use fu l  i n  the p a s t  f o r  on- 

stream monitoring of helium pur i ty ,  but the  thermal-conductivity de tec tor  

normally used with these instruments does not possess the ' requi red  sen- 

s i t i v i t y  for the  PBRE appl ica t ion .  

A development program is  required t o  provide equipment with which 

the required degree of s e n s i t i v i t y  can be achieved and the  low-level con- 

tamination measured. The appl ica t ion  of ion iza t ion  de tec tors  t o  gas 

chromatography shows promise of increasing s e n s i t i v i t y  a thousand-fold 

.L' 

or more over the thermal-conductivity de tec tor .  Another possible  ap- 

proach t o  increased s e n s i t i v i t y  involves concentration of the  impuri t ies  

(by d i f fus ion  of H2 and helium through a palladium or s i l i c a  barrier)  t o  

a s u f f i c i e n t  degree that conventional a n a l y t i c a l  techniques may be em- 

ployed. Although sample concentration would interpose a grea te r  t i m e  

delay between sampling and readout, the  development of such a technique 

should be pursued as a backup e f f o r t .  

-Purification System Mockup 

The foregoing programs are devoted t o  developing understanding of 

individual  processes and system components. 

the r e l a t i v e  magnitudes of the  problems that w i l l  be encountered when a l l  

processes are occurring simultaneously, a working prototype of the  pur i -  

f i c a t i o n  system should be operated t o  simulate, with the possible  excep- 

t i o n  of f i s s i o n  products, as much of the  ove r -a l l  PBRE contamination- 

handling problem as possible .  The system could be at tached t o  one of 

the closed-cycle mass-transfer r i g s .  These experiments should r evea l  

To resolve unce r t a in t i e s  on 

oversights  not de tec tab le  i n  the  individual  invest igat ions;  and, i n  ad- 

d i t i on ,  they should permit development of appropriate  p a r t s  of the  PBRE 
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operat ing manuals i n  advance of PBFiE operation. 

provide si tes f o r  proof - tes t ing  PBRE p u r i f i c a t i o n  system components. 

The mockups w i l l  a l s o  

F.ission-Product TransDort and DeDosition 

An important problem i n  the  evaluat ion of gas-cooled r eac to r s  is 

the behavior of f i s s i o n  products i n  the coolant streams and t h e i r  e f f e c t s  

on hazards and leakt ightness  spec i f ica t ions ,  l i f e  of equipment, sh ie ld ing  

requirements, maintenance techniques, and p u r i f i c a t i o n  system performance. 

Although f i s s i o n  product behavior is  p a r t i c u l a r l y  important i n  ceramic- 

fueled reac tors ,  where some release of a c t i v i t y  is  t o  be expected, s i i n i l < a r  

problems are encountered when defec ts  occur i n  metal-clad f u e l  elements of 

o-Lher types of gas-cooled r eac to r s .  

F iss ion  products t h a t  remain i n  the  gaseous s t a t e  a t  r eac to r  condi- 

t i ons  w i l l  be continuously removed from general  c i r c u l a t i o n  by the  pur i -  

f i c a t i o n  system. Many elements, howuer,  w i l l  be condensed or adsorbed 

OLI surfaces  i n  the  core, primary coolant c i r c u i t ,  and a u x i l i a r y  systems; 

some w i l l  depos i t  d i r e c t l y  on component surfaces  while o the r s  may r e a c t  

first with p a r t i c u l a t e  matter i n  the gas stream. The p a r t i c u l a r  a c t i v i t i e s  

deposited i n  the  system and t h e i r  d i s t r i b u t i o n s  w i l l  determine sh ie ld ing  

requirements, the  decay and decontamination c r i t e r i a  t o  be observed be- 

fo re  maintenance is  begun, and, of msjor importance, the  ex ten t  t o  which 

maintenance must be.performed by i n d i r e c t  techniques. 

A s  discussed i n  Sect ion 7, l i t t l e  i s  known about the  t ranspor t  a i d  

deposi t ion of a c t i v i t y  i n  gas-cooled r eac to r s .  The information t h a t  

e x i s t s  is fragmentary and o f t en  appears contradictory; general ly ,  it i s  

a byproduct r a t h e r  than a primary r e s u l t  of an experiment, and i n  most 

cases is from UOz r a t h e r  than the  uranium-carbide graphi te  f u e l s ,  which 

may r e s u l t  i n  qu i t e  d i f f e r e n t  f iss ion-product  spec t ra  and deposi t ion ?at.- 

t e r n s .  

Transport and deposi t ion of f i s s i o n  pr,oducts i n  helium systems, wi th  

pa r t i cu la r  emphasis on PBRE conditions,  w i l l  be s tud ied  using four ap- 

proaches: (1) t h e o r e t i c a l  and experimental s t u d i e s  of the  chemical be- 

hasrlor of f i s s i o n  products, ( 2 )  out-of-pi le  annealing experiments using 

l i g h t l y  i r r a d i a t e d  f u e l ,  (3) experiments with in -p i l e  f iss ion-product  

!?. 

0 
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sources using both ex i s t ing  loops and new f a c i l i t i e s ,  and ( 4 )  s tudies  per- 

formed with the  PBRE itself .  Some s tudies  of t h e  f i rs t  two types a r e  

present ly  being performed a t  ORNL. 

cussed i n  Section 11. 

Experiments using t h e  PBm a r e  d i s -  

Chemical Studies 

To improve t h e  understanding of fission-product behavior i n  t h e  re- 

actor ,  it w i l l  be des i rab le  t o  perform t h e o r e t i c a l  and experimental s tud ies  

of t h e  fission-product species re leased from PBRE f u e l  i n  order t o  es tab-  

l i s h  (1) t h e  chemical forms of t h e  important species,  (2)  t h e  nature of 

i n t e rac t ion  between t h e  species  and mater ia ls  i n  t h e  system, and ( 3 )  t h e  

nature of i n t e rac t ions  with possible  p a r t i c u l a t e  matter i n  t h e  gas stream. 

Studies of t h e  in t e rac t ions  of f i s s i o n  products w i l l  i n  some cases involve 

r a t e s  of i n t e rac t ion  and i n  others  (such as  where sa tu ra t ion  occurs) w i l l  

involve equ i l ib r i a .  These s tudies  w i l l  be conducted i n  conjunction with 

fue l  development work and with experiments conducted f o r  developing t h e  

pu r i f i ca t ion  system, and they  may requi re  experiments using a r t i f i c i a l l y  

heated ac t iva ted  specimens. 

Activation Studies 

The fission-product r e t en t ion  a b i l i t i e s  of PBRE-type f u e l  samples 

a r e  being s tudied with neutron-activation techniques. Specimens heated 

a f t e r  i r r a d i a t i o n  a r e  used t o  iden t i fy  species which escape and t o  de- 

termine r a t e s  of re lease .  Experiments of t h i s  type a r e  a l s o  being per- 

formed t o  obtain preliminary information on fission-product deposit ion 

as  a funct ion of surface temperature; f i s s i o n  products evolved from t h e  

f u e l  a r e  conducted pas t  heated surfaces  and t h e  locus of deposit ion of 

p a r t i c u l a r  species  obtained. Further annealing experiments i n  which ma- 

t e r i a l s ,  surface conditions,  chemical composition of t h e  gas, Reynolds 

. 
4 

number, and channel geometry a re  var ied w i l l  provide information on other  

aspects of t h e  problem. This technique is  l imited,  however, i n  t h a t  only 

the ’ longe r  l i v e d  species  evolved d i r e c t l y  from t h e  f u e l  can be studied. 
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In-P i l e  Experiments 

In-p i le  loops and f a c i l i t i e s  involving in -p i l e  r ad ia t ion  sources w i l l  

be used f o r  studying f iss ion-product  behavior a t  conditions s imi l a r  t o  

those which w i l l  e x i s t  i n  PBRE. With an in -p i l e  experiment, t h e  important 

category of nonvolat i le  daughters which escape from t h e  f u e l  as  v o l a t i l e  

or gaseous precursors can be studied. 

When it i s  completed, GCR-ORR loop No. 2 w i l l  provide deposit ion 

data, i n  addi t ion  t o  serving as  a f u e l  t e s t  bed. Although some cont ro l led  

s tudies  of fission-product deposi t ion w i l l  be possible,  t h e  most important 

deposi t ion information obtained from t h e  loop w i l l  probably r e l a t e  t o  ac- 

t l v i t y  accumulation on components a rd  the  operating problems created by 

i t s  presence. 

Ultimately, a f l e x i b l e  deposi t ion f a c i l i t y  using an i n - p i l e  f i s s i o n -  

product source w i l l  be b u i l t  f o r  a systematic evaluat ion of t h e  problem. 

The f a c i l i t y  w i l l  be designed f o r  v e r i a t i o n  of temperatures, gas veloci ty ,  

flow geometry, surface mater ia l  and f in i sh ,  coolant impurity leve l ,  and 

p a r t i c u l a t e  content of t h e  gas i n  a fashion which w i l l  permit development 

and t e s t i n g  of models of f ission-product behavior. The system present ly  

v isua l ized  w i l l  have e a s i l y  replaceable  t es t  sec t ions  permit t ing order ly  

series of tests. 

Core Cooling Problems 

The inquiry i n t o  t h e  heat  t r a n s f e r  and f l u i d  flow c h a r a c t e r i s t i c s  

of t h e  PBm core region may be considered i n  two classes ,  each of which 

a f f e c t s  i n  a d i f f e r e n t  manner t h e  operating performance of t h e  r eac t c r .  

F i r s t ,  t he re  a r e  t h e  mean value problems which determine t h e  average r e -  

tictor operating conditions.  Included i n  t h i s  category a r e  such items as  

t h e  mean a x i a l  and r a d i a l  dis t r ibut i .on of voids, t h e  mean sphere-bed heat-  

t r a n s f e r  coef f ic ien ts ,  and t h e  r a d i a l  and a x i a l  tu rbulen t  d i f f u s i v i t i e s  

of hea t  and momentum. Superimposed upon these  a r e  a second group, t h e  

extreme-value problems, which per turb t h e  mean reac tor  c h a r a c t e r i s t i c s  

and l i m i t  performance t o  ensure against  high r a t e s  of f i s s i o n  product 

re lease  and physical  damage t o  the  f u e l  elements. Within t h i s  area,  a 
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prime problem a f fec t ing  PBRE operation i s  that of undercooled l o c a l  re- 

gions r e s u l t i n g  from close-packed sphere c l u s t e r s  or the p o s s i b i l i t y  of 

flow-passage blockage by f rac tured  spheres ,  

Many of these f a c t o r s  have received exhaustive a t t e n t i o n  i n  the  

general  t echnica l  l i terature.  Thus, s u f f i c i e n t  da ta  e x i s t  t o  e f f e c t  a 

core design which, while preliminary, w i l l  s t i l l  allow reasonable feasi- 

b i l i t y  judgments. For any spec i f i c  design, however, s u f f i c i e n t  disagree- 

ment e x i s t s  i n  the l i t e r a t u r e  t o  warrant the  development of improved 

a n a l y t i c a l  models and the . r e so lu t ion  of unce r t a in t i e s  by appropriate  sup- 
port ing experiments. 

Mean Bed Void Fract ion 

The mean bed void f r a c t i o n  i n  the PBRE core may be influenced by 

tkle methods of addi t ion  and removal of spheres, by the  geometry of the 

core bottom, and possibly by the  flow of gas through the  bed. These 

f ac to r s  may a l s o  influence the radial and a x i a l  va r i a t ion  of void f r a c -  

t i on ,  and, i n  pa r t i cu la r ,  the  shape of the container bottom w i l l  a f f e c t  

the  void f r a c t i o n  i n  the lower p a r t  of the  core .  Bed voidage a f f e c t s  

the  coolant flow and temperature d i s t r ibu t ions  i n  the core and is a f a c t o r  

i n  the physics of the r eac to r .  

With present  knowledge, there  is  uncer ta in ty  i n  both the  mean void 

and void d i s t r i b u t i o n  i n  the  PBRE. Hence, information on the void f r ac -  

t i o n  w i l l  be developed using both f u l l - s c a l e  (as mentioned l a t e r )  and 

par t - sca le  models of the  PBRE core.  

,- Flow Dis t r ibu t ion  and Pressure Drop 

The flow d i s t r i b u t i o n  within a packed bed i s  one of the  major non- 

nuclear f a c t o r s  a f f ec t ing  the temperature d i s t r i b u t i o n  within the r eac to r  

core .  Although there  is  l i t t l e  information on gas ve loc i ty  d i s t r ibu t ions  

within sphere beds, measurements of ve loc i ty  p r o f i l e s  are ava i lab le  for 

the  region immediately downstream of the bed sur face .  By ca re fu l ly  1.0- 

ca t ing  the sensors,  such measurements pe rmi t , a  reasonably accurate  es t i -  

mate of the  ve loc i ty  p r o f i l e  within the  bed. The ava i lab le  measurements 

both within the  bed and immediately downstream from the  bed are i n  

, 

. 
i 
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q u a l i t a t i v e  agreement, ind ica t ing  a maximum i n  the  ve loc i ty  p r o f i l e  ad- 

jacent  t o  the core w a l l  i n  the same region as the maximum power genera- 

t i o n  from f l u x  peaking. The quan t i t a t ive  

d i f f e r e n t  inves t iga t ions  is  not, however, 

ve loc i ty  profi’les w i l l  be measured i n  the 

sca l e  mockup i n  an attempt t o  resolve the  

be made a t  various bed depths i n  order t o  

agreement of the  da ta  from the  

s o  s a t i s f a c t o r y .  Therefore, 

downstream face  of the f u l l -  

disagreement. These tests w i l l  

v e r i f y  the common be l i e f  t h a t  

the  entrance region i n  packed beds amounts t o  only a few sphere diameters. 

In  addi t ion,  some time w i l l  be devoted t o  the  development of instrumenta- 

t i o n  and techniques s u i t a b l e  f o r  measuring ve loc i ty  p r o f i l e s  within the  

bed. 

Available da ta  on the average f r i c t i o n  f a c t o r  i n  packed beds appear 

w e l l  grounded even a t  low s u p e r f i c i a l  flows and should be v a l i d  f o r  pur- 

poses of core design. Since measurements on pressure drop as a func t ion  

of flow rate can, however, be e a s i l y  obtained using the  f u l l - s c a l e  model, 

the  pressure- loss  c h a r a c t e r i s t i c  f o r  the  PBRE core w i l l  be v e r i f i e d .  

Additional Flow Problems 

The hot-spot problemdependsclosely upon both the  bed voidage and 

the  flow pa t t e rns  within the  bed. X wealth of da ta  on the r a d i a l  and 

a x i a l  eddy d i f f u s i v i t i e s  within a packed sphere bed allow est imat ion of 

e i t h e r  the  r a d i a l  or a x i a l  spreading of a labeled t r a c e r  as a funct ion 

of dis tance from the  source. These da ta ,  combined with simple a n a l y t i c a l  

models of the  d i s t r i b u t i o n  of voids within a packed bed, w i l l  permit a 

rough est imate  of the e f f e c t  of l o c a l  c lus t e r ing  on the  development of 

hot spots  i n  the  v i c i n i t y  of the  c l u s t e r .  Another uncertainty is  the 

frequency and ex ten t  of c l u s t e r s  of close-packed spheres within a rar?domly 

packed bed. 

Experiments aimed a t  a more d e t a i l e d  understanding of t he  c lus t e r ing  

problem are i n  progress.  The f i r s t  phase of t h i s  program cons i s t s  of a 

study of the  l o c a l  r a t e s  of mass t r e n s f e r  from a s ingle  soluble  sphere 

packed i n  a regular  a r r ay  of i n e r t  spheres.  This technique w i l l  then be 

extended t o  the inves t iga t ion  of r a t e s  of t r a n s f e r  i n  the  wake of c lose ly  

packed sphere c l u s t e r s .  The influence of the w a l l  on the so lu t ion  
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d i s t r ibu t ions  w i l l  a l s o  be considered. From these  data, average and l o c a l  

heat  t r a n s f e r  coe f f i c i en t s  may be estimated. I n  addition, t h e  packed-bed 

eddy diff’usivity c lose t o  the  wall  (0  t o  5 sphere diameters) w i l l  be in-  

ves t iga ted  using a point-source t r a c e r  dispers ion technique. 

An est imate  of t h e  frequency of occurrence of c lus t e r s  w i l l  be ob- 

ta ined  from planned tes ts  with a bed formed e n t i r e l y  of soluble  (or sub- 

l imating) spheres. If necessary, a more de t a i l ed  measurement of t h e  fre- 

quency of c lus t e r ing  can be obtained by de ta i l ed  d issec t ion  of randomly 

packed beds. 

The influence of t h e  i n l e t  ve loc i ty  p a t t e r n  ( a s  d i c t a t ed  by t h e  number 

and d i s t r i b u t i o n  of s l o t s  or holes a t  t h e  i n l e t  face of t h e  bed and by t h e  

shape of t h e  lower, noncylindrical  por t ion  of t h e  core) on t h e  downstream 

p r o f i l e s  and on t h e  approach t o  es tab l i shed  flow a r e  of concern i n  t h e  

spec i f i c  design of a PBRE core. This problem w i l l  be invest igated using 

t h e  f u l l - s c a l e  model or l e s se r - sca l e  models where deemed advisable. 

A s  t h e  ve loc i ty  through a packed bed having an unrestrained upper 

face i s  increased, a point  i s  reached a t  which t h e  drag forces  on t h e  

spheres which a re  tending t o  move them i n  t h e  d i r ec t ion  of flow a r e  equal 

t o  t h e  g rav i t a t iona l  forces  which a re  ac t ing  t o  keep t h e  bed fixed. This 

condition is  termed inc ip ien t  l ev i t a t ion ,  and it i s  observed t h a t  a t  t h i s  

point  t h e  spheres on t h e  upper surface of t h e  bed begin t o  spin. Since 

t h e  abrading ac t ion  associated with such movement i s  undesirable, it is  

planned t o  v e r i f y  t h e  inc ip ien t  l e v i t a t i o n  l i m i t  f o r  t h e  reference PBRE 

core. 

Full-Scale Flow Model 

Since most of t h e  problems out l ined above a r e  concerned with t h e  

spec i f i c  PBRE reference design, a f u l l - s c a l e  model of t h e  system w i l l  be 

a usefu l  and necessary adjunct t o  t h e  program. I n i t i a l l y ,  t h i s  system 

w i l l  cons is t  only of a p l a s t i c  model of t h e  core region; provision w i l l  

be made f o r  expanding t h e  mock-up t o  include other  fea tures  ( f u e l  sphere 

introduct ion and removal devices, moderator region, e tc .  ) as  t h e  develop- 

ment evolves. An a i r  blower adequate f o r  t h e  needs of t h i s  program i s  

present ly  ava i lab le .  

. 
.. 
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Thermal Studies  

The program discussed t o  t h i s  point  has been concerned with obtain- 

ing s u f f i c i e n t  information under isothermal conditions t o  permit the 

development of a n a l y t i c a l  models f o r  es t imat ing both mean and extreme bed 

temperature d i s t r i b u t i o n s .  Based on the  outcome of these s tud ie s ,  it 

may be found des i rab le  t o  perform some experiments by a l t e r n a t e l y  passing 

hot and cold gas through the bed and observing the response c h a r a c t e r i s t i c s  

of a number of properly instrumented- spheres located a t  predetermined 

pos i t ions  within the bed. If the  hot gas i s  held t o  temperatures below 

180"F, it should be possible  t o  ut i ] - ize  the  f u l l - s c a l e  p l a s t i c  model f o r  

such inves t iga t ions .  

Fuel Handling 

The fuel-handling problems of the  PBRE f a l l  i n t o  two general  a reas :  

(1) se lec t ion  of the  shapes of the  core bottom and fuel-discharge device 

t h a t  w i l l  give a des i rab le  p a t t e r n  of f u e l  movement through the  b a l l  bed 

arid (2 )  the development of r e l i a b l e  equipment f o r  the addi t ion ,  removal, 

examination, sor t ing ,  and s torage of f u e l  e lements .  

Mo-i-ement of Spheres i n  the  Core 

The preferred pa t t e rn  of fuel-sphere movement through the  core would 

match the  f u e l  residence time t o  the f l u x  p a t t e r n  i n  such a way as t o  

give a uniform burnup of a l l  elements. While a close correspondence 

between the  f u e l  flow pa t t e rn  and the  f l u x  may not be obtainable,  the 

deviat ions from the  average burnup can be l imi ted  by proper design of the  

lower end of the core.  Preliminary model s tud ies  which have been mad.e 

of t h i s  problem a r e  summarized i n  Section 5 .  

Determination of sphere flow pa t t e rns  through the core as a func- 

t i o n  of the bed configurat ion and the design of the sphere discharge de- 

dice w i l l  be continued using small-scale p l a s t i c  models and marbles. 

Eventually f u l l - s c a l e  t e s t s  of the  most promising designs w i l l  be per- 

formed using graphi te  spheres and flow of a i r  through the  bed ( t o  re- 

produce the e f f e c t  helium drag forces  w i l l  have on the sphere movement); 

t 
.' 
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t h e  f u l l - s c a l e  t es t  w i l l  be performed using t h e  f a c i l i t y  discussed with 

regard t o  cooling s tudies .  

Component Development 

A s  described i n  Section 5, t h e  fuel-handling equipment cons is t s  of 

gas locks with appropriate  valves f o r  t r a n s i t i o n  from t h e  atmosphere i n  

t h e  fuel-handling area t o  t h e  r eac to r  environment, sphere counters, a fue l -  

addi t ion system, a discharge device f o r  cont ro l l ing  t h e  r e l ease  of spheres 

from t h e  core, sphere c l a s s i f i e r s  ar,d so r t e r s ,  an instrument f o r  de te r -  

mining t h e  f i s s i le  mater ia l  content of a f u e l  element, s torage f a c i l i t i e s ,  

and a conveyor t o  r e tu rn  unspent f u e l  t o  t h e  charging chute. Means must 

be provided for removal of f u e l  elements from t h e  core o r  from en t ry  and 

discharge l i n e s  i n  t h e  event of equipment malfunction. 

A number of components f o r  performing these  functions w i l l  have t o  

Ful l - sca le  t e s t s  of equipment w i l l  be required be t e s t e d  or developed. 

t o  ensure t h a t  s a t i s f a c t o r y  performance can be achieved; p a r t i c u l a r l y  

questionable items must be s tudied individual ly ,  and eventual ly  a mockup 

in which key aspecis of t h e  system can be t e s t e d  w i l l  be needed. The 

ac tua l  fuel-handling system w i l l  be extensively t e s t e d  on t h e  reac tor  

with dummy f u e l  elements during t h e  time provided i n  t h e  schedule (Section 

17) before ac tua l  f u e l  loading is begun. 

PBRE Instrumentation and Control 

The research and development e f f o r t  required for t h e  PBRE in s t ru -  

mentation and cont ro l  systems includes analog s tudies ,  r eac to r  cont ro l  

and sa fe ty  system development, development of nonnuclear equipment f o r  

reac tor  cont ro l  and safety,  development of devices f o r  use i n  t h e  con- 

tainment system, development of components f o r  use i n  t h e  fuel-handling 

system, and t h e  development of instruments f o r  high-temperature opera- 

t i on .  

unanticipated a t  t h i s  time, i s  expected. 

As t h e  design of t h e  p lan t  proceeds, addi t iona l  development work, 

J 



Analog Analysis 

The ORNL analog computer i s  being and w i l l  continue t o  be used t o  

study t h e  t r a n s i e n t  behavior of various p a r t s  of t h e  r eac to r  system. 

Studies w i l l  be made of t h e  e f f e c t  of various per turbat ions of t h e  steady 

s t a t e  on temperatures, f l u x  l eve l s ,  e tc .  These w i l l  include s tud ie s  of 

t h e  requirements of t h e  cont ro l  system as  w e l l  a s  those  of t h e  safe ty  

sys7;emI. As t h e  design nears completion, t h e  analog model w i l l  be re f ined  

on t h e  bas i s  of t he  l a t e s t  design information, and t h e  t r a n s i e n t  behavior 

o r  t h e  e n t i r e  system w i l l  be studied. 

Reactor Control and Safety System 

The reac tor  cont ro l  and sa fe ty  systems were discussed i n  d e t a i l  i n  

Sect ion 8 of t h i s  report .  

a l ready ava i lab le  f o r  use i n  these  systems. However, development of some 

components and subsystems w i l l  be required.  Among these  are an automatic 

Many r eac to r  cont ro l  and s a f e t y  devices a r e  

cont ro l le r ,  a s a f e t y  amplif ier  s u i t a b l e  f o r  combining r eac to r  coolant flow 

and flux l e v e l  information, and a remotely cont ro l led  mechanism f o r  posi-  

t i on ing  t h e  s a f e t y  chambers. 

Tionnuclear Instruments and Equipment f o r  Reactor Safe ty  and Control 

Primary coolant system instrumentation t h a t  w i l l  be exposed t o  gas- 

borne and deposited f i s s i o n  products present  pr.oblems of ca l ibra t ion ,  

maintenance, replacement, and possibly r ad ia t ion  damage. Pressure and 

flow t r ansmi t t e r s  and an instrument t o  de t ec t  a steam l eak  i n t o  t h e  helium 

system a r e  t h e  key instruments i n  t h i s  category. 

Methods must be devised f o r  i n s t a l l i n g  replaceable thermocouples i n  

t h e  reactor .  The use of long thermowells or sealed guide tubes appears 

t o  be feas ib le ,  but  a successful  technique remains t o  be demonstrated. 

Rel iable  power systems for sa fe ty  instruments a r e  needed. With t h e  

use of e l e c t r i c a l  instruments becoming more widespread, t h e  development 

of a good, so l id - s t a t e ,  de-ac inve r t e r  t h a t  would operate from b a t t e r i e s  

would be an important contr ibut ion t o  t h i s  f i e l d .  

t 
t 
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' Containment System Equipment 

A modest development e f f o r t  w i l l  be required t o  overcome shortcomings 

of ex i s t ing  valves and operators.  For containment-vessel i s o l a t i o n  it 

w i l l  be necessary t o  provide valves with' low leakage r a t e s  and higE re- 

l i a b i l i t y .  Operators s u i t a b l e  f o r  redundant systems ( t o  improve system 

r e l i a b i l i t y )  must be developed. 

a r e  l eak t igh t  f o r  use i n  contaminated-area v e n t i l a t i o n  systems w i l l  be 

The development of check valves t h a t  

another aim of t h e  program. 
I 

Pressure- re l ie f  and vacuum-relief valves a r e  of g rea t  importance i n  

any containment system. Exis t ing equipment does not provide t h e  r e -  

l i a b i l i t y  needed f o r  such appl icat ions.  

Fuel-Handling System 

Most of t h e  development problems f o r  t h e  fuel-handling system were 

described above. Special ized and r e l i a b l e  instrumentation is  needed i n  

connection with fuel-sphere counting and inventory cont ro l  devices, sphere 

c l a s s i f i e r s ,  and a fuel-burnup analyzer. 

Development of Thermocouples f o r  Measurements i n  t h e  Range 
2000 t o  2500°F 

The successfu l 'use  of thermocouples. f o r  measurement of temperatures 

during very high-temperature operation of t h e  PBRE w i l l  r equi re  t h e  de- 

velopment and t e s t i n g  of new thermocouple assemblies. It w i l l  be necessary 

t o  measure helium and graphitettemperatures i n  t h e  range of 2000 t o  2500°F. 

I 

Although a l l  core thermocouples w i l l  be replaceable,  they should be r e l i a b l e  

f o r  a minimum of s i x  months t o  one year a t  temperature. The sheath m a -  

t e r i a l s  w i l l  be exposed t o  atmospheres containing low concentrations of 

carbonaceous gases, water, and hydrogen; i n  addi t ion,  t h e  sheaths w i l l  be 

i n  physical  contact with graphi te  over appreciable periods of t i m e  a t  ele- 

vated temperatures. . The conditions under which these  thermocouples w i l l  

operate w i l l  be very s imi l a r  t o  those expected f o r  t h e  HTGR, EGCR, and 

OEEC Dragon, except f o r  t h e  higher temperatures; therefore ,  c lose  l i a i s c n  

should be maintained between these  r e l a t e d  pro jec ts .  

The development .of s a t i s f a c t o r y  thermocouple assemblies w i l l  re- 

quire  s tud ies  of (1) thermocouple wires, (2)  meta l l ic  sheath mater ia ls ,  
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(3) thermocouple insu la t ion ,  and ( 4 )  compensating extension wires .  

addi t ion,  it may be necessary t o  develop welding and replacement techniques 

f o r  the types of thermocouples se lec ted .  

I n  

For periods of operat ion i n  the range 2000 t o  2200°F, s p e c i a l  Chromel-P 

vs Alumel and Geminol-P vs Geminol-Pi wires should give adequate l i f e  and 

r e l i a b i l i t y  if properly sheathed. A t  temperatures above 2200°F the 

nickel-chromium a l l o y s  are' unsa t i s fac tory  and the s e l e c t i o n  should be 

made from platinum, platinum-rhodium a l loys ,  P l a t i n e l  (Au-Pd-Pt vs Au-Pd), 

tungsten, rhenium, tungsten-rhenium a l loys ,  molybdenum, niobium, and 

platium-molybdenum a l l o y s .  

Operation i n  the  2500°F region w i l l  r equi re  development of thermo- 

couple sheaths which w i l l  not allow d i f fus ion  of carbon i n t o  the insula-  

t i o n .  It is possible  t h a t  double-sheathed assemblies may be necessary.  

The t e s t i n g  of a double sheath cons is t ing  of a l aye r  of niobium over 

molybdenum seems indicated from r e s u l t s  reported by the  OEEC Dragon Pro- 

j e c t .  

platinum-rhodium a l loys ,  platinum-mclybdenum a l loys ,  and tantalum. 

Other sheath materials which should be considered include platinum, 

Preliminary screening tests should ind ica t e  whether any d i f f i c u l t i e s  

are t o  be expected from aluminum oxide or magnesium oxide insu la t ion ;  

magnesium oxide in su la t ion  should be s a t i s f a c t o r y  f o r  these  thermocouples. 

The necess i ty  f o r  compensating extension wires w i l l  be determined by the 

choice of thermocouple lead w i r e s  and the  design ofxmeasuring instrumen- 

t a t i o n .  Thermocouple assemblies made from promising combinations of ma-  

terials should be t e s t e d  under r eac to r  atmospheric condi t ions.  

Component Development 

A primary objec t ive  of PBRE component development is t o  reduce the 

p robab i l i t y  of primary and auxi l ia ry , sys tem f a i l u r e  during operat ion by 

r e so lu t ion  of nonnuclear experimental f e a t u r e s  i n  advance of r eac to r  

construct ion.  Some aspects  of these problems, notably with regard t o  

the  pu r i f i ca t ion  system, fuel-handl ing equipment, and instruments and 

cont ro ls  have been discussed above. Development work required i n  connec- 

t i o n  with con t ro l  rods and dr ives ,  blowers and seals, mechanical j o i n t s ,  

valves,  the  steam generator,  and in su la t ion  are discussed below. 

-_ 

'r 
W 



2 85 

Control Rods and Drives 

Q 
i 

The four  PBRE cont ro l  rods are located under the  reac tor  and move 

v e r t i c a l l y .  

t o  be electromechanical, and it w i l l  be canned t o  preclude escape of 

gaseous f i s s i o n  products. 

The mechanism f o r  supporting and moving each rod is conceived 

Since the rod dr ives  w i l l  be exposed i n  some degree t o  radioact ive 

contadinants from the  core, it w i l l  be necessary t o  e s t a b l i s h  the relia- 

b i l i t y  of the  electromechanical equipment and lubr icants  under these 

conditions.  Limitations on a c t i v i t y  w i l l ,  i n  turn,  determine sea l ing  r e -  

quirements. The choice of a lubr icant  may a l s o  a f f e c t  sea l ing  require-  

ments. 

The c h a r a c t e r i s t i c s  of e l e c t r i c a l  c i r c u i t r y  operating i n  helium a re  

uncertain w i t h  respec t  t o  the  d i e l e c t r i c  s t r eng th  of insu la t ion  and arc-  

over a t  switches and between terminals .  Each e l e c t r i c a l  system must be 

t e s t ed  i n  i ts  operating environment a t  design conditions t o  assure proper 

operation, and some s t a t i s t i c a l  proof- tes t ing of individual  components 

may be required.  

required before i n s t a l l a t i o n  i n  the  r eac to r .  

Functional t e s t i n g  of each production assembly w i l l  be 

It i s  expected that  the  rod dr ive  motors, motor brakes, power supply, 

and instrument readout system components w i l l  be commercially standard 

hardware; other  hardware items, however, must be spec ia l ly  designed and 

individual ly  t e s t ed  for t h i s  applica,tion. These items include the mechani- 

c a l  power t r a i n ,  the  latch-and-release mechanism, and the shock absorber.  

Final ly ,  the  over -a l l  rod dr ive  system must be t e s t ed  for response, con- 

s is tency,  and r e l i a b i l i t y  of performance congigtent w i t h  r eac to r  s a fe ty  

requirements. 

Blowers 

The PBRE requi res  primary coolant blowers t o  c i r c u l a t e  la rge  quan- 

t i t i e s  of hot heliwn with r e l a t i v e l y  low pressure losses  and aux i l i a ry  

compressors t o  c i r c u l a t e  s m a l l  quan t i t i e s  of cool  helium with l a rge r  pres- 

sure  losses .  While the design of the  PBRF: blowers w i l l  d r a w  heavily on 

recent ly  achieved technology for helium service,  it w i l l  be necessary t o  
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develop designs adapted t o  the  s p e c i f i c  PBRE conditions and t o  ve r i fy  

a c t u a l  performances by tests. 

The use of blowers using s h a f t  s e a l s  can be ru l ed  out  because of the  

elaborate  and c o s t l y  aux i l i a ry  sea l ing  systems t h a t  would be required.  r 
'1  The use of t o t a l l y  enclosed blowers with o i l - lub r i ca t ed  bearings would 

involve m a n y  clf t he  same complexities as f o r  blowers using shaft s e a l s .  

A t h i r d  a l t e r n a t i v e  is, however, present :  the  use of t o t a l l y  enclosed 

blowers equipped with gas- lubricated bearings.  The use of gas bearings 

w i l l  e l iminate  some complexities from the  helium p u r i f i c a t i o n  system 

and w i l l  obviate the  need f o r  a lubr icant  supply system. 

Main Blower. A number of design study layouts  w i l l  be made f i r s t .  

The operat ing l imi t a t ions  of the  bearings w i l l  be explored by calcula.t ion 
&- 

and through discussion w i t h  consul tants  and manufacturers. Recent ORNL .a; 
experimental and a n a l y t i c a l  work w i l l  be appl ied t o  the  study of methods s jw 

for cooling the motor and the  bearings.  

A f u l l - s c a l e  experimental assembly w i l l  then be b u i l t  t o  v e r i f y  that 

the system se l ec t ed  w i l l  operate as predicted.  Each assembly w i l l  in-  

clude a f u l l - s c a l e  s e t  of bearings and e l e c t r i c  motor and a flywheel t o  

simulate the  mass of the  impeller.  Tests w i l l  be ca r r i ed  out  a t  the  

temperature and pressure which the  blower w i l l  experience i n  the  r eac to r .  

If the  development of the  PBRE design ind ica tes  t h a t  the  system w i l l  be 

improved by using two main blowers i n  s e r i e s  or i n  p a r a l l e l ,  t he  t e s t  

assemblies w i l l  be modified t o  include impellers;  and the  j o i n t  perfor-  
I 

mance of the  blowers w i l l  be evaluated, including regimes of i n s t a b i l i t y .  

The t h i r d  phase of the work w i l l  include the  design, f ab r i ca t ion ,  

and t e s t  of the  prototype blower f o r  the  r eac to r ,  including the  design 

and construct ion of a t e s t  loop t o  permit tests at  maximum PBRE pressure 

and blower temperature condi t ions.  

Auxiliary Blower. A s  described elsewhere i n  t h i s  repor t ,  t he  blower 

f o r  the helium pur i f i ca t ion  system w i l l  be equipped with gas- lubricated 

bearings, and wl1E be of the  hermetically sealed type.  The development 

of the  aux31iary w e r  w i l l  pass through the  same three  phases as t h a t  

cf the  main blower,, and most aspects  of' the  s tud ie s  and tes ts  fo r  the  

.* 

c 

l a t t e r  u n i t  ean be applliied t o  the aux i l i a ry  blower. 
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' The aux i l i a ry  blower may be equipped e i t h e r  with a cen t r i fuga l  o r  

a regenerative type of impeller, depending on the value of the  pressure 
r i s e  which must be provided' f o r  the f i n a l  design of the helium pur i f ica-  

t i o n  system. If the  regenerative system is selected,  it w i l l  be necessary 

t o  modify the  volute  configurat ion t o  reduce the  r e l a t i v e l y  high r a d i a l  

loads imposed on the  bearings.  

sca le  experimental v e r i f i c a t i o n  of s tud ies  that have been i n i t i a t e d .  

Jo in t s  and Closures 

,&' -' 

This w i l l  be accomplished by reduced- 

The design of the  PBRF: requi res  t h a t  access t o  the  core and steam 

generator i n t e r n a l  components be possible  and that components i n  the main 

coolant and aux i l i a ry  helium system be replaceable .  Because of the l e v e l  

of radioact ive contamination i n  thesegystems,opening and c los ing  of 

j o i n t s  and ' the  handling of componentx t o  which the j o i n t s  a r e  a t tached 

must be accomplished behind sh ie ld ing  using techniques of the type de- 

scr ibed i n  Sect ion ll. 

siSle and advantageously posit ioned s o  that work performed on them can 

be accomplished quickly and ef fec t ive ly .  

spec i f ica t ions  must be achievable, and it must be possible  t o  va l ida te  

t h i s  achievement by remote inspection. The j o i n t s  and closures  used 

must provide a high degree of s e a l  j-ntegrity under a l l  r eac to r  operating 

conditions;  and, where t h i s  performance cannot be guaranteed, double 

sea l ing  and pressure or vacuum buffering of the  interspace must be speci-  

The j o i n t s  must therefore  be s u f f i c i e n t l y  acces- 

Reassembly t o  o r i g i n a l  t igh tness  

f ied .  

The PBRE w i l l  r equi re  j o i n t s  i n  a va r i e ty  of s i z e s  t o  meet a w i d e  

range of condi t ions.  

ing w i l l  be provided f o r  la rge  closures  and connections. 

of j o in t s ,  however, w i l l  be i n  lain.-IPS or smaller aux i l i a ry  and serv ice  

l i n e s ,  and f o r  these, s ing le-sea l  mechanical j o i n t s  may be- s a t i s f a c t o r y .  

I n  se l ec t ing  mechanical j o i n t s  and closures  f o r  these appl icat ions,  use 

w i l l  be made of experience ava i lab le  from the  design and development of 

experimental loops f o r  the  EGCR and a l s o  of favorable experience ava i lab le  

from other  gas-cooled reac tor  pro jec ts  i n  the  United S t a t e s  and the  United 

Kingdom. 

Mechanical joFnts with double s e a l s  and gas buffer-  

The majority 

The development i n  other  programs of brazed and welded j o i n t s  
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which can be broken and remade remotely w i l l  be followed and evaluated 

f o r  a p p l i c a b i l i t y  t o  s m a l l  l i n e s  i n  the  PBRE. J o i n t  types which show 

promise i n  var ious s i z e  and temperature ranges are l isted and discussed 

i n  Sect ion 3. , 

Because experience has indicated that the  s t r ingen t  t i gh tness  speci-  

f i c a t i o n s  f o r  mechanical j o i n t s  used i n  gas-cooled r eac to r s  can be m e t  

only by proof t e s t i n g  and design adjustment, a program i s  required t o  

inves t iga te  the  p o t e n t i a l  of promising designs of a l l  s i z e s  of i n t e r e s t  

t o  the PBRE and t o  determine the  means associated with each f o r  de tec t ing  

leaks during operation. Tests w i l l  be conducted t o  determine the  seal 

i n t e g r i t y  and mechanical handling problems assoc ia ted  with pyomising 

j o i n t s  and closures  through representa t ive  temperature, pressure,  and 

mechanical load cycling. S t a t i s t i c a l  evaluat ions w i l l  a l s o  be made of 

single-sealed types f o r  small l i n e s  t o  determine confidence l e v e l s  on 

r e l i a b i l i t y .  

I 

The ex ten t  of r e u s a b i l i t y  of the  f langes and gasket material ’ 

w i l l  a l s o  be demonstrated. 

S l i p  J o i n t s  

I n  addi t ion  t o  mechanical j o i n t s  and closures ,  the  PBRE may requi re  

the  use of a s l i p  j o i n t  t o  accommodate d i f f e r e n t i a l  thermal expansion i n  

the concentric piping connecting the  r eac to r  pressure ves se l  t o  the  steam 

generator.  

for t he  l i f e  of the  r eac to r  exposed t o  high-temperature helium containing 

small amounts of p a r t i c u l a t e  matter without excessive w e a r ,  ga l l ing ,  or 
binding, and that the bypass flow of helium through the  s l i p  j o i n t  not 

become excessive during t h i s  period. A s l i p  j o i n t  has been b u i l t  and 

tested f o r  GCR-ORR loop No. 2, bu t  the s i z e  i s  much smaller and the  re- 

quirements l e s s  s t r i n g e n t  than those f o r  t he  PBRE. 

I 

The primary c r i t e r i a  f o r  such a j o i n t  are that it operate 

/ 

Development of t h e  s l i p  j o i n t  f o r  PBRE w i l l  r equi re  design, f ab r i ca -  

t ion,  and evaluat ion of severa l  concepts t o  allow se l ec t ion  of the  more 

promising approaches. Evaluation tests should be ca r r i ed  out  on prototype 

j o i n t s  a t  simulated reac tor  operating conditions of temperature, pressure,  

and loading with t h e  j o i n t s  being cycled through t y p i c a l  motion cycles  

i n  a pu r i f i ed  helium atmosphere f o r  extended periods of t iqe.  Following 

\ 



evaluat ion tests, a j o i n t  configuration f o r  use i n  the PBRE can be se-  

l ec t ed  and a f u l l - s c a l e  u n i t  should be b u i l t  and endurance tested a t  r e -  

ac to r  operating condi t ions.  

Valves 

The PBRE helium coolant and aux i l i a ry  gas-handling systems do not, 

i n  the  present  design, have any requirements f o r  highly spec ia l ized  valves; 

however, because of the  nature of the system, the  more-or-less standard 

valves t o  be appl ied must meet s t r ingen t  performance spec i f i ca t ion  with 

respec t  t o  r e l i a b i l i t y  and allowable s e a t  leakage. 

system of the  r eac to r  w i l l  r equi re  a spec ia l ized  valve capable of pos i t ive  

I 

The fuel-handling 

shutoff a t  the  s e a t  and designed t o  pass the  f u e l  spheres when opened. 

Provisions must be made t o  prevent damage t o  the  sea l ing  surfaces  and 

valve mechanism by p a r t i c u l a t e  matter or broken f u e l  spheres.  

A program i s  needed t o  screen the various types of valves ava i lab le  

on the market which a re  appl icable  t o  the  PBRE helium system. 

perience of other  p ro jec t s  with s i m i l a r  h igh- in tegr i ty  valves must be 

invest igated i n  the  process of s e t t l i n g  on the most promising designs.  

Long-term endurance and performance tests on ac t iva to r s ,  on sea t s  and 

plugs, and on stem seals must be conducted a t  simulated operating condi- 

t i o n s .  The tes t  f a c i l i t y  f o r  t h i s  inves t iga t ion  w i l l  be designed t o  ac- 

commodate a number of valves simultaneously, and these w i l l  be automati- 

c a l l y  cycled through a representa t ive  temperature and pressure range 

while being opened and closed a t  regular  i n t e rva l s .  

The ex- 

Sui tab le  fuel-handling valves must be t e s t e d  under simulated operat-  

ing condi t ions.  Sa t i s f ac to ry  leakt ightness  a t  the seat must be demonstrated 

throughout t y p i c a l  valve l ifetimes,  and the s u i t a b i l i t y  f o r  f u e l  handling 

must be demonstrated by i n s t a l l i n g  the  valves i n  a t y p i c a l  f u e l  feed 

system where t h e i r  mechanical i n t e g r i t y  can be demonstrated under adverse 

condi t ions,  

S t eam Ge ner a t o r  Deve lopme n t  

Although the  PBRF: steam generator probably w i l l  be procured from a 

venuor on the  basis of performance spec i f ica t ions ,  some aspects  of the 
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development and t e s t i n g  of the  u n i t  w i l l  remain the  r e s p o n s i b i l i t y  of 

the  pro jec t .  These include design and development of removable specimens 

for studying f i s s i o n  product and carbon deposit ion,  and possibly too l s  

f o r  plugging tubes.  The operat ion of the  shutdown cooler i s  c lose ly  re- 

l a t e d  t o  the  hazards ana lys i s  of the  reac tor ,  and the adequacy of the  de- 

s ign  must be proved p r i o r  t o  f r e e z i n g ' t h e  steam generator design. 

the event a n a l y t i c a l  s tud ies  do not su f f i ce ,  models of the cooler w i l l  

have t o  be constructed and t e s t e d  t o  demonstrate s a t i s f ac to ry  operat ion.  

In  

Experimental S t r e s s  Analyses 

Large s t r e s s e s  may occur i n  the  region of the  gas o u t l e t  nozzle at-  

tachrhent t o  the  r eac to r  ves se l  l i n e r  as a r e s u l t  of d i f f e r e n t i a l  v e r t i c a l  

movement of the  two ends of the  gas ducting. 

a nozzle-to-conical s h e l l  attachment, does not lend i tself  t o  accurate  

t h e o r e t i c a l  ana lys i s ,  and an experimental stress ana lys i s  is  required.  

This ana lys i s  may be made through the  use of an appropriate  model i n s t ru -  

mented with s t r a i n  gages. The end of the  nozzle should be loaded or d i s -  

placed i n  accordance wi th  the conditions predicted Tor the  r eac to r  system. 

The r e s u l t s  may then be used t o  specify an acceptable design. 

The configuration, that of 

The support scheme for the  pressure ves se l  should a l s o  be inves t iga ted  

experimentally t o  evaluate  the  s t r e s s e s  i n  the  ves se l  and t o  determine 

the  v ib ra t iona l  c h a r a c t e r i s t i c s  of the  system. Information concerning 

the  l a t t e r  i s  important i n  designing aga ins t  earthquake loadings.  An 

add i t iona l  v ib ra t ion  study is  required t o  evaluate  the  design of the 

steam-generator support system. 

Materials Problems 

0 

-e; 

The development a c t i v i t i e s  described'below; although providing in-  

formation needed i n  the PBRF program, a r e  i n  la rge  p u t  a cont inuat ion 

of the  materials program planned for  gas-cooled r eac to r s  i n  general .  

Compatibility of Coolant and Decontamination Reagents with Metals 

Since the coolant cleanup system i s  being designed t o  keep the  l eve l s  

of H20 and C 0 2  each below 1 ppm, no compatibi l i ty  problems between the 
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s t r u c t u r a l  mater ia ls  and t h e  coolant a r e  expected a t  temperatures which 

w i l l  e x i s t  i n  t h e  PBRE. Therefore, no experimental inves t iga t ions  of 

react ions between metals and gases appear t o  be needed. 

It i s  not an t ic ipa ted  t h a t  t h e  buffered oxalate-peroxide so lu t ion  

used i n  decontamination OS components w i l l  damage t h e  metal s t ruc tures .  

This so lu t ion  has been shown t o  a t t ack  carbon steel  only mildly and 

would not be expected t o  a f f e c t  s t a i n l e s s  steels unless  s ign i f i can t  amounts 

of chlor ide were present.  It w i l l ,  of course, be required t h a t  t h e  chlo- 

r i d e  content of t h e  so lu t ion  and rirxe be severely r e s t r i c t e d  t o  avoid 

s t ress-corrosion cracking of any s t a i n l e s s  s t e e l s  exposed during t h e  pro- 

cess. Equipment and mater ia ls  tested f o r  determining ef fec t iveness  of 

decontamination procedures w i l l  a l s o  be examined f o r  unusual or unant ic i -  

pated metal lurgical  de te r iora t ion ,  i f  any. 

Compatibility of Graphite and Metal 

I n  cases where contact between t h e  graphi te  r e f l e c t o r  and metal 

s t ruc tu res  i s  inevi table ,  such as  with thermocouples, it w i l l  be neces- 

sa ry  t o  provide pro tec t ion  of t h e  metal t o  prevent carbur iza t ion  and em- 

br i t t l ement .  I n  recent  tests,  extensive carbur iza t ion  was observed a t  

1300°F i n  vacuum a t  t h e  points  of contact between type 304 s t a i n l e s s  s t e e l  

and graphi te .5  Preoxidation o r  copper p l a t ing  of t h e  s t a i n l e s s  s t e e l  pro- 

t ec t ed  it a t  t h i s  temperature and would be expected t o  o f f e r  pro tec t ion  

a t  somewhat higher temperatures. Tl?us, i n  s i t u a t i o n s  where t h e  in te r face  

temperature i s  above 1000"F, such pro tec t ive  measures should be pFovided 

and would be expected t o  minimize contact carbur iza t ion  during normal op- 

e r a t  ion. 

Welds of Upper Shroud, Concentric Tubing, e t c .  

The joining of type 304 s t a i n l e s s  s t e e l  t o  carbon s teel  a t  t h e  core 

support p l a t e s  i s  not l i k e l y  t o  be a problem. Procedures developed pre- 

viously6 f o r  joining type 304 s t a i n l e s s  t o  type A212, grade By carbon 

5GCR Quar. Prog. Rep. June 30, 1961, ORNL-3166, pp. 16%69. 

6GCR Quar. Prog. Rep. Sept. 1960, ORNL-3015, pp. 95-96. 
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s t e e l  i n  the EGCR a re  probably adequate. Extensive t e s t i n g  of such j o i n t s  

showed t h a t  welds made with BP-85 f i l l e r  metal could withstand many ther -  

m a l  cycles without f a i l u r e . 7  

cant ly  d i f f e r e n t  from the EGCR s t r u c t u r a l  requirements, a few t e s t s  may 

be advisable t o  confirm the adequacy of the diss imilar-metal  welded j o i n t s ,  

If the temperature conditions a re  s i g n i f i -  

Special  Compatibility Problems i n  High-Temperature Operation 

Graphite-Metal Reactions. A t  temperatures much above 1500°F the 

protect ion of metal s t ruc tu res  from contact carburizat ion may be extremely 

d i f f i c u l t .  

or sheaths, or between graphite and s t a i n l e s s  s t e e l  i n  the top plenum 

mixing chamber, may be inevi tab le  i n  a reasonable design. Oxide films 

or copper-plated surfaces  would prot,ect s t a i n l e s s  s t e e l  a t  1500°F but 

could not be expected t o  remain protect ive a t  much higher temperatures. 

Thus, a so lu t ion  t o  a d i f f i c u l t  design problem plus  a s e r i e s  of t e s t s  

u t i l i z i n g  ceramic oxides or other  mater ia ls  compatible with graphite and 

metals may be necessary t o  assure r e l i a b i l i t y  i n  the system. 

Contact between graphi te  and thermocouple pro tec t ion  tubes 

Control Rods 

The present cont ro l  rod design u t i l i z e s  the basic  EGCR rod, having 

R4C bushings supported i n  an annulus between s t a i n l e s s  s t e e l  tubes.  This 

rod i s  designed f o r  normal operation a t  approximately 1400°F i n  the EGCR, 

with a maximum temperature of 1700°F f o r  shor t  periods.  

e r a t ion  of the PBm, such a rod is  deemed adequate and r e l i a b l e .  The 

surfaces of the rod a re  preoxidized t o  enhance emissivi ty  and i n h i 6 i t  

carburizat ion,  and the inner surfaces  a r e  copper plated t o  pro tec t  the 

s t a i n l e s s  s t e e l  s t ruc tu res  from reac t ion  with the B4C. 

longed high temperatures (>1600"F) these protect ive f ea tu res  would no 

For normal op- 

However, a t  pro- 

longer be r e l i a b l e .  

be necessary t o  use a s e t  of spec ia l  cont ro l  rods that would be developed 

t o  withstand the severe service conditions.  

For operation a t  high temperatures it would thus 

A possible design would u t i l i z e  B4C protected by or dispersed i n  

graphite and supported i n  a tube of molybdenum or other high-strength 

. 

R. 

7GCR Quar. Frog. Rep. Sept.  1961, ORNL-3210, pp. k6-47. 

8 
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metal. While no i r r a d i a t i o n  tes t  data have been generated on B4C a t  

such temperatures, it is considered adequate f o r  the service,  s ince a t  

a range of lower temperatures the volume change occurring during i r r ad ia -  

t i o n  is r e l a t i v e l y  independent of temperature. Certain nickel-base a l loys  

might be adequate i n  place of the  molybdenum if they were ca re fu l ly  pro- 

t ec t ed  from the B4C and graphi te .  

be supported by a molybdenum rod through the  center ,  which would allow 

some f l e x i b i l i t y  a t  the  high temperature and would provide s u f f i c i e n t  

s t rength  so that the  cont ro l  rod could be pul led i n t o  pos i t ion .  The com- 

p a t i b i l i t y  of these higher temperature materials with PBRE gases and con- 

taminants w i l l  r equi re  t e s t i n g .  No development of f ab r i ca t ion  techniques 

for molybdenum a re  an t ic ipa ted .  

The s t ruc tu re  of the  cont ro l  rod would 

Protect ion of the  metal s t ruc tu re  (molybdenum or  high-temperature 

a l l o y )  from the B4C and graphi te  would have t o  be r e l i a b l e .  

techniques f o r  applying pro tec t ive  oxides should be tes ted ,  as w e l l  as 

the use of other  r e f r ac to ry  metals.  

Spray-coating 

' Maintenance Problems 

A s  discussed i n  preceding sect ions,  the PBm is t o  be constructed 

within shielded c e l l s  so that e i t h e r  remote or d i r e c t  maintenance can 

be performed as a c t i v i t y  l eve l s  permit. 

ponents and j o i n t s  w i l l  be arranged f o r  v e r t i c a l  access wherever possible .  

In  any event,  t o o l s  must be designed t o  reach and perform t a s k s  wherever 

the j o i n t s  may be located, t o  remove and replace equipment, and t o  r e s to re  

the  c i r c u i t  t o  i t s  o r i g i n a l  containment i n t e g r i t y .  A pa r t i cu la r  problem 

i n  t h i s  connection i s  the  development of methods of inspect ion of reas- 

sembled equipment, most of which may be i n  a f i e l d  of r ad ioac t iv i ty  too 

high t o  allow en t ry  of personnel. Other s tud ie s  are required t o  ind ica te  

whether i s o l a t i o n  and decontamination techniques i n  s i t u  are feasible 

and t o  develop procedures f o r  decontamination of equipment which i s  t o  

be repaired or moved t o  s torage.  

To s implify the  approach, com- 

b 
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Maintenance i n  the  PBRE Cells 

The development of remote maintenance techniques f o r  use a t  the PBRE 

w i l l  r equi re  the  use of s ca l e  models of the  system t o  determine the  ac- 

c e s s i b i l i t y  of pa r t s ,  rou tes  t o  be followed i n  t ranspor t ing  defec t ive  

and new equipment, and the motions required of t o o l s  t o  separa te  j o i n t s ,  

e x t r a c t  components, disconnect leads,  remove insu la t ion ,  and rep lace  a l l  

of the  equipment f o r  continued operat ion.  

used t o  tes t  models of proposed handling equipment t o  determine poss ib le  

oversights  or def ic ienc ies  i n  t h e i r  design before they are f ab r i ca t ed  f o r  

use i n  the  PBRE. 

The sca l e  model may a l s o  be 

The f u l l - s c a l e  mockup discussed i n  the  preceding sec t ion  on f u e l  
/ 

handling can be arranged i n  a geometry matching i t s  proposed loca t ion  i n  

the r eac to r  c e l l s  and enclosed by w a l l s  s imulat ing c e l l  w a l l s  and openings 

there in .  Tests of the  adequacy of disassembly and reassembly too l s ,  in -  

spect ion procedures, and l eak - t e s t ing  techniques using f u l l - s c a l e  equip- 

ment would be conducted on some components and assemblies. A s  rad ioac t ive  

equipment is taken out  of se rv ice ,  the component or p a r t  w i l l  r equi re  

s p e c i a l  handling, bagging, and s torage t o  avoid spreading a c t i v i t y .  The 

f u l l - s c a l e  mockup w i l l  serve as a f a c i l i t y  t o  check out  t he  techniques 

developed f o r  these purposes. 

It may be necessary t o  c lose openings temporarily t o  prevent the  

spread of a c t i v i t y ,  and it i s  proposed t o  develop inf la table  closures  

f o r  these purposes. 

Decontamination Studies  

Three types of contamination problems f o r  the  PBRE can be iden t i f i ed :  

1. In -ce l l  a c t i v i t y  r e s u l t i n g  from inadvertent  events or a c t i v i t y  

f a l l  ou t  while maintenance operat ions are being performed. Conventional 

cleanup techniques, possibly accomplished remotely, w i l l  probably be 

adequate t o  handle these s i t u a t i o n s .  

2. Act iv i ty  i n  o r  on equipment removed from the  PBRE f o r  se rv ic ing ,  

examination, o r  des t ruc t ion .  Procedures f o r  decontamination a r e  being 

developed as a p a r t  of the gas-cooled r eac to r  program; these s tud ie s  will 

. 

L 
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be continued and r e l a t e d  more d i r e c t l y  t o  the PBRE as knowledge of f i s s ion -  

product deposit ion becomes ava i l ab le .  

3. Removal of a c t i v i t y  from reac tor  c i r c u i t s  i n  s i t u .  While it 

may be possible  t o  remove and replace every component of the PBRE, i n  

many cases t h i s  w i l l  be undesirable and f o r  f u l l - s c a l e  power r eac to r s  

replacement of la rge  components may be completely impract ical .  

cases it w i l l  be p a r t i c u l a r l y  des i rab le  t o  r i d  the system of as much 

a c t i v i t y  as possible  before working on it. 

In  these 

Some kind of blowdown or wash down i s  v isua l ized  for i n  s i t u  decon- 

tamination, but  techniques f o r  accomplishing t h i s  are untested a t  present .  

These problems w i l l  be studied, and i n  s i t u  decontamination techniques 

developed. It may be des i rab le  t o  t e s t  procedures f o r  i n  s i t u  decon- 

tamination i n  connection with f u l l - s c a l e  components, where avai lable ,  and 

t o  t es t  the e f fec t iveness  of procedures f o r  reducing a c t i v i t y  i n  connec- 

t i o n  w i t h  f iss ion-product  deposit ion experiments. 

Phvs i c  s 

There are four  p r inc ipa l  c h a r a c t e r i s t i c s  of the  PBRE whose inves t i -  

gat ion might require  a c r i t i c a l  experiment. These are (1) c r i t i c a l i t y ,  

that is, the f u e l  composition required t o  give a spec i f ied  cold, c lean 

mul t ip l ica t ion  f a c t o r  f o r  the  clean core,  ( 2 )  the r e a c t i v i t y  e f f e c t  of 

tne con t ro l  rods, (3) the  temperature coe f f i c i en t s  of r e a c t i v i t y ,  and 

( 4 )  the  power d i s t r i b u t i o n .  

While experimental v e r i f i c a t i o n  of the a n a l y t i c a l  methods employed 

t o  study these c h a r a c t e r i s t i c s  is c e r t a i n l y  required,  it is  l i k e l y  that 

t h i s  v e r i f i c a t i o n  can be found i n  e x i s t i n g  c r i k i c a l  experiment r e s u l t s .  

Analyses of c r i t i c a l i t y  f o r  Zenith and the IlTGR and of the hot ART c r i t i -  

c a l  experiment should serve t o  determine whether neutron d i f fus ion  and 

iihorium-resonance absorption are being taken i n t o  account properly.  The 

ana lys i s  of cont ro l  rod worth i n  Zenith, which l i k e  the PBRE has i ts  rods 
I 

i n  the r e f l e c t o r ,  should ve r i fy  rod-worth ca lcu la t ions .  The ana lys i s  of 

temperature coe f f i c i en t s  for Zenith and f o r  HTGR should indicate ,  a t  

l e a s t ,  whether the  range of uncertainty remaining i n  the  temperature co- 

e f f i c i e n t  ca lcu la t ions  f o r  the  PBRE is acceptable frorn the viewpoint of 
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cont ro l  and safe ty .  How much uncer ta in ty  can be regarded as  s a t i s f a c t o r y  

w i l l  depend on t h e  computed values of t h e  coef f ic ien ts ,  a s  discussed i n  

Section 5. These have not ye t  been computed with s u f f i c i e n t  care  t o  per- 

m i t  a f i n a l  pos i t i on  t o  be taken on t h i s  point.  The power d i s t r i b u t i o n  

i n  t h e  PBRE i s  qu i t e  favorable, and l i t  i s  not expected t h a t  deviat ions 

of severa l  per  cent from t h e  expected d i s t r i b u t i o n  would jeopardize t h e  

f u e l  element tests t o  be performed i n  t h e  reac tor .  

Conservative est imates  have been made of t h e  unce r t a in t i e s  t h a t  a r e  

l i k e l y  t o  remain a f t e r  t h i s  ana lys i s  has been ca r r i ed  out and appropriate  

revis ions,  i f  any, made t o  t h e  PBRE calculat ions.  It is  present ly  be- 

l i eved  t h a t  adequate operating margins a r e  being designed i n t o  t h e - r e -  

ac to r  t o  accommodate these  remaining uncer ta in t ies .  It is the re fo re  pro- 

posed t o  car ry  out t h e  analyses with t h e  expectat ion t h a t  f u r t h e r  c r i t i c a l  

experiments w i l l  not be found t o  be necessary. 

Hazards Studies  

I n  t h e  event of a i r  flow through t h e  PBRE core following a primary 

system rupture,  combustion of t h e  graphi te  may proceed a t  a r a t e  s u f f i -  

c i en t  t o  r a i s e  t h e  core temperature, thereby increasing t h e  r eac t ion  r a t e  

and acce lera t ing  t h e  r a t e  and ultima.te amount of f iss ion-product  re lease ,  

a s  w e l l  a s  energy release.  I n  t h e  event of a steam l eak  i n t o  t h e  reac tor ,  

hydrogen may be produced by r eac t ion  with graphi te .  Analysis of such 

accidents  t o  obtain estimates of' t h e  hazards involved requi res  informa- 

t i o n  on chemical r eac t ion  r a t e s  t h a t  a t  present i s  e i t h e r  lacking o r  

inadequate. 

Combustion of Fuel and Graphite. In  t h e  case of combustion of t h e  

fuel-graphi te  matrix, it is  important t o  know whether any c r e d i t  can be 

taken f o r  pro tec t ive  coatings on t h e  f u e l  spheres and on t h e  f u e l  p a r t i c l e s  

themselves. Although experiments on EGCR f u e l  s leeves have indicated,  ocly 

minor reductions i n  burning r a t e  because of t h e  presence of Si-Sic  coat-  

ings, comparable experiments may be ca r r i ed  out f o r  coated f u e l  spheres, 

i n  t h e  hope t h a t  a s ign i f i can t  amount of pro tec t ion  can be achieved by 

reason of improved coatings and t h e  simpler element geometry. While 

UC2-ThC2 p a r t i c l e s  a re  known t o  r eae t  r ap id ly  with oxygen a t  PBRE f u e l  

t 

3 
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temperatures, pyrolytic-carbon coatings on the p a r t i c l e s  may provide a 

subs t an t i a l  measure of pro tec t ion  aga ins t  f u e l  oxidation. 

Burning experiments should therefore  be ca r r i ed  out  with coated 

p a r t i c l e s ,  with graphi te  spheres not containing f u e l  p a r t i c l e s ,  with 

graphi te  spheres containing uncoated f u e l  p a r t i c l e s ,  and with graphi te  

spheres containing coated pa r t i c l e s ,  as w e l l  as with coated spheres.  

is believed that low-pressure t es t  f a c i l i t i e s  provided f o r  the  graphi te  

oxidation and mass t r ans fe r  s tud ies  discussed earlier can be modified t o  

permit evaluat ion of reac t ion  rates with gross a i r  contamination as a 

funct ion of specimen temperature, gas temperature, and gas flow rate.  

Steam-Graphite Reac$ions. The seriousneSs of the graphite-steam 

It 

reac t ion  i n  terms of core damage and the amount of hydrogen produced w i l l  

depend very much on the  reac t ion  rate. The e f f e c t  of r ad ia t ion  on the  

reac t ion  rate i s  unknown. Although information on the  reac t ion  rates 

i n  the absence of r ad ia t ion  i s  ava i lab le  a t  temperatures above 1500"F, 

extrapolat ions t o  much lower temperatures are not thought t o  be very 

r e l i a b l e .  Since, w i t h  the  exception of periods of very high-temperature 

operation, most of the  graphi te  i n  the PEW3 w i l l  be below 1250°F (average 

f u e l  bed temperature i n  the  PBRE w i l l  be 1100"F, average graphi te  t e m -  

perature  about 900"F), hydrogen formation rates cannot be estimated re- 

l i a b l y  from information cur ren t ly  available. 

mass-transfer experiments discussed previously w i l l  supply information 

on the ex ten t  of the  reac t ion  between moist helium and graphi te  a t  very 

low moisture content.  For hazards s tud ies ,  add i t iona l  experiments should 

be planned t o  measure reac t ion  rates over a range of s t e a m  pressures  of 

a t  least 1 t o  10 atmospheres and over the range of temperatures downward 

from 1800°F t o  the poin t  where the reac t ion  rate becomes too low t o  meac ,we. 

This work w i l l  r equi re  tes t  f a c i l i t i e s  (similar t o  those f o r  the high- 

pressure graphi te  oxidat ion and m a s s  t r ans fe r  tes ts)  wherein r eac t ion  

r a t e s  of representa t ive  fueled-graphite specimens w i t h  gross steam con- 

tamination can be measured as a funct ion of specimen temperature, vapor 

temperature and flow rate, and system pressure.  

In-Pile Experiments. A t  the  present  time it i s  not possible  t o  

The graphite-oxidation and 

pos tu la te  the  requirements f o r  i n -p i l e  evaluat ion of the  hazards associated 
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with graphi te  or fuel-matrix combustion with air  or steam. 

can be examined a n a l y t i c a l l y  based on the  r e s u l t s  of t h e  out-of-pi le  

t e s t ing ,  and the  progress of o ther  high-temperature gas-cooled r eac to r  

programs i n  t h i s  country and abroad w i l l  be followed c lose ly .  A t  some 

later date,  the  requirements f o r  a minimum i r r a d i a t i o n  program w i l l  be 

more c l e a r l y  defined. 

This problem 

Fission-Product Releases. The f r a c t i o n s  of var ious f i s s i o n  products 

that would be released as a r e s u l t  of burning the  f u e l  balls have not 

been determined experimentally. Hazards analyses t o  da te  have been based 

on information obtained from. lexperinients involving the  oxidat ion of U02 

t o  U3O8. 

r e s u l t s  f o r  coated carbide f u e l  p a r t i c l e s  become ava i l ab le .  

ments can presumably be arranged within the  scope of the  present  Nuclear 

Safety Program, and it is  not believed that add i t iona l  funding need be 

provided. 

The ana lys i s  can be placed on a f i r m e r  basis when experimental 

Such experi-  

Nuclear Safety P i l o t  P lan t .  A proposal has been made f o r  the  con- 

s t r u c t i o n  a t  ORNL of a nuclear s a fe ty  p i l o t  p l an t  for t he  inves t iga t ion  

of r eac to r  hazards problems. 

experiments on the  meltdown of s l i g h t l y  i r r a d i a t e d  f u e l s  and the  t rans-  

po r t  of f i s s i o n  products within a model containment vesse l .  

w i l l ,  however, have the capab i l i t y  of performing tests on a f u l l - s i z e  

PBRE core with a minimum of modification. For such tests, the  sphere 

bed would be heated e l e c t r i c a l l y  i n  an i n e r t  atmosphere t o  a temperature 

d i s t r i b u t i o n  which corresponds t o  thermal conditions a t  the  t i m e  of an  

accident .  The -accident would then be simulated by c i r c u l a t i o n  through 

the  core of gas having a composition which represents  that r e s u l t i n g  from 

a depressurizat ion of the r eac to r  primary system, inleakage of steam from 

the heat  exchanger, or other  abnormal condi t ions.  

This f a c i l i t y  is  pr imari ly  designed for 

The p lan t  

Tests could be performed, f o r  example, t o  determine the  influence 

on the behavior of the  system of i n t a c t  Si-Sic  sphere coatings,  damaged 

sphere coatings,  and the presence of UC;! and ThC2 i n  the  f u e l .  Methods 

of i nh ib i t i ng  oxidat ion reac t ions  could be t e s t e d  as wel l .  The r a t e  of 

r e l ease  of f i s s i o n  products from the  core and t h e i r  d i spos i t i on  i n  a con- 

. 
L 

tainment ves se l  could be s tudied by using s l i g h t l y  i r r a d i a t e d  f u e l  or radio-  

ac t ive  t r a c e r s .  
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Funds f o r  modification and operation of the  nuclear s a fe ty  p i l o t  

p l an t  are not included i n  the PBRE research and development budget, s ince 

the  exis tence of the f a c i l i t y  i s  contingent on other  a c t i v i t i e s .  

gram of experimentation with the f a c i l i t y ,  however, would add considerably 

t o  an understanding of the  hazards associated w i t h  the  chemical r e a c t i v i t y  

of graphi te  f u e l s .  

A pro- 

O v e r - A l l  Research and Development Program 

The schedules and cos ts  of the foregoing programs a re  summarized i n  

Tables 16 .1  and 16.2. The cos ts  do not include c e r t a i n  fu tu re  hazards 

experiments involving chemical reac t ions  of a i r  and steam with graphi te  

because of incomplete de f in i t i ons  of the  requirements a t  t h i s  time. 

The amounts a l loca t ed  f o r  each type of e f f o r t  that has e i t h e r  been 

budgeted already or may be considered a p a r t  of continuing general  develop- 

ment f o r  gas-cooled r eac to r s  are shown i n  Table 16.2 by subjec t  and f i s c a l  

year .  The t o t a l  of the continuing general  development e f f o r t  represents  

about $6,822,000 over a four-year period. 

s p e c i f i c a l l y  t o  the  PBRE is estimated as $5,043,000 over a f ive-year  

period, including F i s c a l  Y e a r  1962. 

The addi t iona l  increment due 

From the  descr ip t ions  of tasks, it i s  apparent that PBRE research 

and development cannot be provided on the bas i s  of the PBRE increment 

alone. However, it is  in t e re s t ing  t o  note that of the continuing GCR 
development programs, about $4,062,000 of the  required $6,822,000 is  a l -  

ready scheduled i n  F i s c a l  Year 1962 and 1963 budgets. 

I n  the tasks l i s ted ,  most of the  work is required t o  achieve ordinary 

temperatures of operat ion i n  the system. Spec i f ic  mention i s  made, how- 

ever, of thermocouple and control-rod materials development f o r  operation 

a t  o u t l e t  gas temperature of 2500°F. There are a l s o  sca t t e red  provisions 

f o r  work a t  higher temperatures i n  regard t o  f u e l  element development, 

core cooling, f ission-product deposit ion,  coolant pu r i f i ca t ion ,  and hazards. 

The cos t  of thermocouple and con t ro l  rod development is  $315,000, but 

t he  incremental cos t s  of the  other  programs have not been determined 

spec if i c a l l y  . 



Table 16.1. PBRE Research and Development Schedule 

FY-1962 FY-1963 FY-1964 FY-1965 FY-1966 

-1- -2- -3- -4- -1- -2- -3- -4- -1- -2- -3- -4- -1- -2- -3- -4- -1- -2- -3- -4.- 
T i t l e  Quarters  Quarters  Quarters  Quarters  Quarters  

Fuel Element Devel. 
Graphite Components 
Coolant Pur i f ica t ion  
Fission Prod. Trans. & Dep. 
Core Cooling Problems 
Fuel Handling 
Reactor Control & I n s t .  
Component Devel. 
Materials Problems 
Maintenance Problems 
Hazards 

w 
0 
0 

' r i 



Table 16.2 Division of Research and Development Showing PBRE Increments 

M-1962 FY-1963 FY-1964 FY-1965 FY-1966 Total  

Fuel Element Development , 

Continuing GCR Development Programs 

PBRE Increment 

Graphite Components 

Continuing GCR Development Programs 

PBRE Increment 

Coolant Purif icat ion 

Continuing GCR Development Programs . 
PBRE Increment 

Fission Product Transport & Deposition 

Continuing GCR Development Programs 

PBRE Increment 

Core Cooling Problems 
Continuing GCR Development Programs 

PBRE Increment 

Fuel Handling 

Budgeted Phases 

PBRE Increment 

PBRE Instrumentation & Control 

Continuing GCR Development Programs 

F’BRE Increment 

600 

580 

20 

80 

80 

- 

- 

90 

90 - 

210 

210 - 

72 

72 - 

50 

50 
- 

35 

25 

10 
- 

1660 

1065 

142 5 

655 

3 50 4035 

2300 

595 

390 
2 50 

770 

520 

250 

350 

190 

190 

1735 

1180 

770 

140 

240 

155 

270 

315 

155 

85 

540 

540 - 

135 

100 

35 

325 

230 

- 

95 

260 

160 

100 

160 

725 

515 

210 

125 

100 

25 

75 

- 

- 

- 
75 

230 

120 

110 
- 

25 

- 
25 

525 

22 5 

300 

63 

50 

13 

- 

- 

30 

25 

5 
- 

410 

670 

400 

2 70 

200 2200 

1490 - - 
200 n o  

395 

322 

73 

450 

280 

170 

555 

330 

225 

- 

- 

- 

CJ 
0 
P 



Table 16.2 (continued) 

FY-1962 FY-1963 FY-1964 FY-1965 FY-1966 Total 

Component Development 

Continuing GCR Development Programs 

PBRE: Increment 

Materials Problems 

Continuing GCR Development Programs 

PBRE Increment 

Maintenance Problems 
Budgeted Phases &. Continuing GCR Development 

FBRE Incremknt 

Hazards 

Continuing GCR Development Programs 

PBRE Increment 

Totals 

Budgeted Phases & Continuing GCR Development 

PBRF: Increment 

75 

3.0 

45 
- 

15 

15 - 

1227 

1152 

535 

210 

325 

175 
50 

- 

12 5 

150 
110 

40 

80 
40 

40 

- 

- 

b 4490 

2910 

535 

180 

135 

30 

355 

260 
150 

110 

160 
45 

11 5 

25 

10 

15 

- 

- 

- 

4395 

2180 

105 

160 
45 

115 
- 

1478 

565 

75 1580 2215 913 

' b  d 

1 280 
650 

830 
- 

435 

200 

235 
- 

75 560 

15 230 

60 330 
- - 

105 

50 

55 
- 

w 
0 tu 

275 11 865 

15  6 822 

260 5 043 
- 
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17. SCHF,DULE FOR DESIGN AND CONSTRUCTION 

L 

4 

A p ro jec t  schedule f o r  PBRE which includes research  and development, 

design; and construct ion i s  presented i n  F ig .  17.1. The schedule c a l l s  

f o r  continuing the  present  conceptual design s tud ie s  u n t i l  Ju ly  1, 1962, 

a t  which time it w i l l  be necessary t o  s t a r t  a T i t l e  I design e f f o r t .  The 

time periods indicated f o r  the  design phases of t he  p ro jec t  have been made 

cons is ten t  with the  requirements f o r  acqu i s i t i on  of research and develop- 

ment data;  t he  research  and development schedule i s  presented i n  more de- 

t a i l  i n  Sect ion 16. 

The experience of o ther  r eac to r  p ro jec t s  of comparable complexity 

(EGCR, E R E ,  HFIR, BONUS) has been used as a guide t o  the time periods 

required t o  secure reviews and approvals, and t o  negot ia te  con t r ac t s .  

This experience has a l s o  been used t o  guide the  a l loca t ion  of t i m e  for 

procurement and i n s t a l l a t i o n  of key components such a s  the  pressure vessel ,  

steam generator,  blowers, instrumentation and con t ro l  system, and other  

components indicated on the  bar cha r t s .  A generous period has been in-  

d ica ted  f o r  engineering shakedown before power operat ion is  attempted. 

It i s  f e l t  t h a t  t he  schedule presented i s  a r e a l i s t i c  one, contingent 

upon the required approvals being secured when indicated and funds and 

manpower being assigned a s  required.  Key da tes  are the  following: 

A-E subcontract 1/1/63 

Complete T i t l e  I design 1/5/63 

S i t e  approval 5/1/63 

Construction cont rac t  5/1/63 

S t a r t  s i t e  work 7/1/63 

Complete T i t l e  I1 design 9/1/64 
Procurement and i n s t a l l i n g  period 

ACRS hearing 11/1/64 

Operating approval 5/1/65 

Benef ic ia l  occupancy 8/1/65 

Construction complete 11/1/65 
S ta r tup  and p a r t  power opera t ion  

3/1/63 - 8/1/65 
f o r  major components 

4/1/66 
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ORNL -TM- 201 

In t e rna l  Distr ibut ion 

4 

1. R. K. Abele 
2 .  L. G.  Alexander 
3 .  S. J. B a l l  
4.  S. E. Beall  
5. C .  A .  Beatty 
6 .  M. Bender 
7 .  E.  S. Be t t i s  
8.  D. S. Bi l l ington 
9 .  E. P. Blizard 

10. A. L. Boch 
11. E. G.  Bohlmann 
12.  S. E. Bolt 
13.  E. S. Bomar 
14. C .  J. Borkowski 
15. W. F. Boudreau 
16.  G .  E .  Boyd 
17. R .  B. Briggs 
18.  W .  E. Browning 
19.  F. R. Bruce 
20. R. D. Bundy 
21. S. Cantor 
22. D. W.  Cardwell 
23. F. L. Carlsen 
24. R .  S. Carlsmith 
25. C .  J. Claffey 
26. H. C .  Claiborne 
27. T .  E. Cole 
28. C .  W. Coll ins  
29. E. L. Compere 
30. J. A. Conlin 
31. J. H.  Coobs 
32. J. T. Corea 
3 3 .  J. M. Corum 
34. W .  B. C o t t r e l l  
35. F. L. Cul ler  
36. C .  W.  Cunningham 
37. J. G. Delene 
38. S. J. Dit to  
39. D. A. Douglas 
40, I. T .  Dudley 
41. E. P. Epler 
42.  R .  B. Evans 
43.  D. E .  Ferguson 
Ut. M. H. Fontana 
45.  J. Foster  

4 6 .  A. P. Fraas 
47. J. H. Frye 
48.  W .  R .  G a l l  
49.  B. L .  Greenstreet 
50. W .  R. Grimes 
51. W .  0. H a r m s  
52. C .  S. Harrill 
53. T .  Hikido 
54. E. C .  Hise 
55. E. E.  Hoffman 
56. H.  W .  Hoffman 
57. Po P, Holz 
58. A. P,  Huber (K-25) 
59. R. F. Hyland 
60.  W .  H. Jordan 
61. P. R.  Kasten 
62. R. J. Ked1 
63. G.  W .  Keilholtz 
64.  M. T .  Kelley 
65. R. B. Korsmeyer 
66. J. A. Lane 
67. C .  G.  Lawson 
68. M. I. Lundin 
69. R. N. Lyon 
70. H. G. MacPherson 
71. R. E. MacPherson 
72 .  R .  W.  McClung 
73.  H. C .  McCurdy 
74. W .  B. McDonald 
75. H. F. McDuffie 
76.  W .  D. Manly 
77. E.  R. Mann 
78 .  J. T .  Meador 
79.  H. J. Metz 
80. J. W. Michel 
81. A. J. Mil ler  
82. E. C .  Mil ler  
83. S o  E. Moore 
84. G .  Morris 
85. F. H. Neil1 
86.  M. L. Nelson 
87. L. G.  Overholser 
88. P. Pa t r ia rca  
89. F. N.  Peebles 
90. A. M. Perry 
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