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German Thin J a l 1  S t r u c t u r e  - Nntura l  Clay. 

P i l c  Support  Arraiizcmcnt 

BcO 3ricl: 

- a -  
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FLGU-FF NO. 

106. 

107. 

loa . 

, 

TITm 

P i l e  Cross-Scction Assembly. 

Br idge  Tubes Secti.cn. 

Br ick  Assembly 

I 
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SU;rEARY RE?ORT 011 DZSIGW APD DEVEL0R:EITT OF EIGH 3 - 

TET PXP&TURE GAS -C OOLED PO7ER PILE 

o f  f e r t i l e  m a t e r i a l .  SecQnd, p rodsc t ion  o f  s i r ; n i f i c m t  m o u n t s  o f  f i s s i l e  
m a t e r i a l  by means o f  breed6r  r e a c t o r s  involves  t h e  product ion  of  l a r g e  amomts 
of  power. For  example, a p i l e  having a brecdi::g g a i n  of  0.1 would develop 
approximately 10,000,000 k~! o f  power i n  prociucing 1 kg. o f  f i s s i l e  mater ia l  
pe r  day; it i s  ’h ighly  d e s i r a b l e  t h a t  t h i s  ,power be put  t o  u s e f u l  purposes 

gy, t h e r e  a r e  a n m -  
ber  o f  problems i n  p i l e  technology t h e  na tu re  and inpor tance  o f  which can 
on ly  be determined from a c t u a l  experience i n  t h e  c o n s t r u c t i o n  and o p e r a t i o n  
of ‘p i l e s .  
cons idered  w i l l  p r e sen t  a number of s i m i l a r  t echno log ica l  problems, no tab ly  
those  a s soc ia t ed  wi th  h i g h  tempera ture  opera t ion .  
t i o n  and ope ra t ion  o f  an h i g h  temperature  experimental  po;7er p i l e  would pro- 
v i d e  t e c h n i c a l  in format ion  of  cons ide rab le  s i gn i f i canoe  i n  atomic power de- 
ve lopment . 

Moreover, a l l  power p i l e s  r e g a r d l e s s  o f  t h e  p a r t i c u l a r  t ype  being 

Thus, t h e  des ign  cons t ruc-  

., 
\ This  r e p o r t  p re sen t s  a d e s c r i p t i o n  of  a des ign  f o r  an expsr imenta l  nu- --I 

c l e a r  power p l a n t  u t i l i z i n :  a h igh  t e n p c r a t w e  gas-cooled rower p i l e  as t h e  
energy source .  The p l a n t  c o n s i s t s  o f  t h e  p i l e ,  a h e a t  cxchmger  o r  b o i l e r ,  
a convent iona l  stem. t u r b i n e  g e r c r a t o r  and t h e i r  a s s o c i a t e d  a u x i l i a r f e s  . 
Hel ium gas wader p re s su re  t r a x f c r s  heat f r o n  t h e  p i l e  t o  t h e  b o i l e r  which 

ou tpu t  o f  12,OOG k i l o w a t t s  cf hea t  and an c l e c t r i c n l  ou tpu t  o f  2400 k i l o w a t t s .  
P rov i s ion  i s  nadc f o r  o p e r a t i o n  up t o  20,000 k i l o w a t t s  of hea t  (4000 k i l o w a t t s  
o f  e l e c t r i c a l  o u t p u t )  i n  t h e  w e n t  ope ra t ion  of t h e  p l a t  proves t h i s  poss ib le ; r ;q  

-1 30 percenl; U235 as f u e l .  
c a I  a rd  con ta ins  b e r y l l i m  oxide as the  !moderating m a t e r i a l  an’d permanent 
s k e l e t a l  s t r u c t u r e .  
r i ched  uranium and moder i t ing  mater ia l ,  
l l i u m  oxide ,  o t e ,  are loca ted  i e r t i c a l  chanr,els running p a r a l l e l  

pheres  f lows t 
t u r e  of  1400OF. 
i s  cooled  nnd g 
t u r e  of  SOOOF,’ 

gene ra t e s  s t e m  f o r  d r i v i n g  t h e  gencra tor .  The i)lazt i s  r a t c d  a t  a normal - 

- -_- 
i. 

L L--- i h e  p i l e  ‘ opera t c s  on t h e r n a l  ecergy  x u t r o n s  u s i n e  uranium enr i ched  t o  
I It i s  a rizlit c i r c u l a r  c y l i n d e r  w i t h  tt’s axis ve r t i -  

Removable fuel  elerients c o n s i s t i n g  / o r / n i x t u r e s  o f  ‘en- 
, (  

I 
t o  t h e  oxis o f  indcr .  Iielim gas it ’a maxim& pres su re  of  10 atmos- ..- ,f 

hese  channels  whede it i s  hea ted  i o  a maximum tempera- -r 

o t  gas i s  t h e n  circulated’throu.gh!R b o i l e r  Gihere it 
s steam, thence  is, r e t u r n e d  t o  t h e  p i l e  a t  a tempera- I) / 

1 ;/ I , 
The p r i n c i p a l  d imemiona l  c h s r a c t e r i s t i c s  o f  t h e  p i l e  are summar’ 

in-Table  I. It w-i-11 be noted  . tha t  t h e  mul t ip l e  channcl  c o n s t r u c t i o n  Ijrovides 
[3L.[.- 

‘ .. . . ~ ~ -  
L . .  .p 
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TABLE I 

PRINCIPAL Dri?'IENS IONAL CWLRACTERISTICS OF TEE PILE 

Mode of Oper?.tion* 1 2 

Equivalent  r a d i u s  of r e a c t o r  62.2 cm (24.5 in . )  62.2. cm 

Height of r e a c t o r  114.4 cm (45 in . )  114.4 cm 

Radius o u t s i d e  r e f l e e t o r  91.0 cm (35.7 i E . )  76.8 c i  

Height of  permanent b r iok  s t r u c t w e  

Diameter o f  f u e l  channels  5.1 cm ( 2  i n . )  5.1 cm 

193.3 cm (76. in . )  193.3 cm 

To ta l  n m b e r  of channels i n  p i l e  '517 517 

Number of a c t i v e  f u e l  channels 22 8 228 

C r i t i c a l  mass o f  U 235, c a l c u l a t e d  a t  
mean tempcrctu-e  6SOoC, RE 3.6 

5 .O 
f 

I n i t i a l  inventory  of $32, ~g 

5.1 

6.7 

3 

54 cm 

100 cm 

76.8 cm 

193.3 cm 

5.1 cm 

174 

4.6 

6 .o 

T o t a l  Weight o f  THe2, ICg 0 6130 6130 

T o t a l  weight o f  Be'O, ~ p p r o x . ,  lbs .  27000 1 27000 27000 

Average thermal  neut ron  f lwc  6.5 :I 1013 4.9 10l3 3.8 1013 

Volume percent  o f  vo ids  i n  r e a c t o r  2% 2 8% 2 8% 

*Mode 1 r e q u i r e s  l e a s t  c r i t i c a l  mass but g ives  n e g l i g i b l e  conversion;  
mode 2 g ives  cons ide rab le  conversion x i t h  some i n c r e a s e  i n  c r i t i c a l  mass; 
mode 3 g ives  f u r t h e r  s l i g h t  i nc rease  i n  conversion 2.vith lower c r i t i o a l  mass 
than  mode 2 ,  bu t  a t  reduced power capac i ty .  The same phys ica l  s t r u c t u r e  
se rves  f o r  a l l  t h r e e  modes o f  ope ra t ion .  

- 11 - 
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cons ide rab le  f l e x i b i l i t y  a s  t o  t h e  amount and l o c a t i o n  o f  bo th  t h e  f u e l  
m a t e r i a l  and t h e  f e r t i l e  m a t e r i a l ,  i .e . ,  t h e  thorium conversion b lnnket .  
An a c c u r a t e  de t e rmina t ion  o f  t h c  conversion r h t i o  ( n m b c r  o f  atoms of new 
f i s s i l e  na te r ta l  produced p e r  atom of  f i s s i l e  material  des t royed)  inc lud ing  
t h e  e f fec ts  o f  lumping, c h c n i c a l  p rocess ing  l o s L e s ,  e t c .  has  no t  been made 
but it i s  estimfited t o  be  o f  t h e  o rde r  o f  0.6. A breedin  ga in* (conver s ion  
r a t i o  g r e a t e r  t han  one)  could  p o s s i b l y  be a c h i m c d  i f  U235 werc avzi lablc  
f o r  use  a s  f u e l .  

Thg des ign  of t h i s  p l a n t  i s  s t i l l  i n  t h e  development s t agc .  Accordingly,  
a d e s c r i p t i o n  of  t h e  des ign  s t a t u s  i s  p re scn tea  i n  t h e  r e p o r t  i n c l u d h g  the re -  

__ i n  a d iscus . s ion  o f  t h e  r ,atvre cad scope o f  t h e  des ign  ar;d development problems 
which have been encountered, t o g e t h e r  w i t h  a d e s c r i p t i o n  of t h e  work which 
would be r c q u i r e d  in orde r  t o  conp le t e  t h o  des ign .  

S o l u t i o n  of  some of  t h e  Fro t le rns  depcnds on.developnsfit  and exper i -  ' 

S t i l l  o t h e r  problems, mental  work t h a t  has been i n  p rogres s  f o r  some tirnc. 
most ly  of  a n i n o r  nz tu re ,  have n c t  y e t  r ece ived  d e t a i l e d  cocs ide ra t ion .  
Rowever, t h e r e  appears  t o  be QO se r ious  doubt t h . t  s o l u t i o n s  can be found 
t o  a l l  ou t s t cad i r ig  p rob lezs  and t!iqt a f t e r  a ycar o f  corkinued des ign  and 
development work, it w o u l ~  be p o s s i b l e  t o  proceed ?vi-th working drmvings f o r  
c o n s t r u c t i o n  0.f a p i l o  inco rpore t ing  t h e  gene ra l  dos ign  f e a t u r e s  desc r ibed  

.,-" 

i n  t h i s  r e p o r t .  . .  

Two impcrtnnt  nspec ts  o f  t h e  p i l e  have b e m  subordin&od t o  t h e  g e n e r a l  
design problem, and t h e s e  a spec t s  should r c c c i v e  c a r c f u l  a t t e c t i o n  i n  any f'ur- 
t h e r  .development of t h i s  design. .  F i r s t l y ,  p r o v i s i o n  should  be made f o r  ex- 
t e n s i v e  hiEli t empera ture  t e s t  f a c i l i t i e s ,  n i t l l  zdequate P r a v i s i o n  fo r  i n s t r u -  
mentat ion '  m d  t e s t  equipmellt. Secondly, t h e  r e a c t o r  should provide r cg ions  
s u i t a b l e  f o r  exp lo r ing  t h e  performznce o f  .r: EaS-COQhd h igh  tcmpera turc  p i l e  
ope ra t ing  a t  t h e  h igh  power l e v c l  expected o f  c conn;iercial p l a n t .  In t ens ive  
sti.tdy o f  i n a t e r i a l s  shoulc! a l s o  be cont icued  azd d i r e c t e d  towards des ign  f o r  
h igh  power output .  . 

The r e p o r t  coztains a br i e f  gencrzl d i s c u s s i o n  of the factors which 
a f f e c t  t h c  porver ou tpu t  and .over -a l l  economy or" f i s s i o n q b l e  m t e r i a l ,  i .e . ,  
t h e  performance , o f  zas-cooled t h c r n a l  p i l e s .  T h i s  d i s c u s s i o n  shows t h e  
i n t c r r c l a t i o n  between such f a c t o r s  as neut ron  ecommy, c r i t i c a l  mass, modkr- 
a t o r  and f u e l  materials,  h e a t  t r a n s f e r  phenomena, a.nd tl-jeir combined e f f e c t s  
on t h e  p i l e  performance. Included a l s o  arc t h e  r e s u l t s  of  2 pre l imina ry  
i n v e s t i g n t i o n  o f  t h e  use of gas-coolcd p i l e s  f o r  product ion  o f  l a r g e  amounts 
o f  power (25'0,000 k i l o w a t t s  o f  he3.t). 

1 

It k:is been concluded t h a t  t he  nuc lea r  power p l n n t  e s c r i b e d  .in t h i s  
r e p o r t  can 'cc b u i l t  and opera ted  successful ly . ) /  A curref i t  d i r c c t i v e  by t h e  
Atomic Enersy Comzission provides  f o r  co$inued s tudy  o f  power re:.ctors; 
on t h e  o t h c r  'hand, it' dogs no t  provide f b r  ear ly  c o m t r i h t i o n .  of a poncr 
r e a c t o r  o f  m y  t yne ,  
recommendations on a propcam i h x d e d  t o !  f u r t h e r  the development o f  power 
r e a c t o r s  w i t h i n  t h e  scoge o f  t h e  Commission's d i r e c t j v c .  This program was 
submit ted t o  t h e  A l n i n i s t r a t i o n  o f  C l i n t o n  Labora to r i e s  as p a r t  o f  a l e t t e r  
da t ed  September 1 2 ,  1947 and is. p re sen ted  a t  the  conclus ion  o f  t h e  r e p o r t o  

The Power f i l e  Div i s ion  Easy thcrelfore,  submi t tcd  

- 12 - 
...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  

I.," 0 - 0 0  D 0 * e  e *  0 0 * 0 0 0  0 0  ' _ -  
1___ 



11, INTRODUCTION 

Events of t he  p a s t  s e v e r a l  months and i n  p a r t i c u l a r  announcements by %he 
Atomic Energy Com?zission r e l a t i v e  t o  t h e  f u t u r e  progr-am a t  C l in ton  Laborator ies  
t o g e t h e r  w i t h  t e r n i n a t i o n  of t h e  Monsanto Chemical Company c o n t r a c t  f o r  opera-  
t i o n  o f  t h e  Labora tor ies  have made it d e s i r a b l e  t o  prepare  t h e  s u b j e c t  r e p o r t p  
This r e p o r t  has a two-fold purpose: (1) t o  record  t h e  work which has been do= 
on , the  power p i l e  p r o j e c t  and t o  summarize i t s  s t a t u s  as o f  September, 1947,- 
and ( 2 )  t o  p r e s e n t  information and recommendations which may be of a s s i s t a n c e  
in fo rmula t ing  an  e f f e c t i v e  p r o g r m  l ead ing  t o  t h e  cont inued and r a p i d  develop- 
ment o f  atomic power ,, 

Tlie format ion  and o b j e c t i v e s  o f  t h e  Power P i l e  D iv i s ion  a t  C l in ton  Labora- 
t o r i e s  r e s u l t e d  f r o m  a d i r e c t i v e  i s sued  by Brig. General  R. D, Nicho'ls o f  t h e  
Manhattan Engineer D i s t r i c t  t o  t h e  Nonsantb Chemical Company on May 16, 1946* 
This d i r e c t i v e  VKIS, i n  po r t ,  as  fo l lows:  
d i r e c t e d  t o  proceed ?s r a p i d l y  a s  p o s s i b l e  w i t h  t h e  design, .  cons t ruc t ionp :  and 
o p e r a t i o n  of an experimental  p i l o t  p la i l t  of a h igh  temnerature  power p i l e  
designed along t h e  l i n e s  developed by  Dr. F a r r i n g t o n  Danie ls  and h i s  a s s o c i a t e s  
a t  t h e  i l l e t a l lu rg i ca l  Laboratory." The fo l lowing  d e s c r i p t i o n  of t he  events  and 
cons ide ra t ions  which preceded .thio d i r e c t i v e  togc thc r  w i th  t h e  chronologica l  
development of t h e  program c a r r i e d  o u t  pursutiiit to it :i.s presen ted  as an 
e s s e n t i a l  and i n t e g r a l  p a r t  of  t h e  des ign  and deve lopmnt  work summarized i n  
t h i s  r e p o r t e  

" the  Monsanto Chemical Company i s  

H i s t o r y  and Design Evolu t ion  of the Power p i l c  

Enr ly  i n  1944 a small  group o f  s c i e n t i s t s  a t  t h c  U n i v e r s i t y  o f  Chicago's 
M e t a l l u r g i c a l  Laboratory bcgan t o  hold f r e q u e n t  in formal  meetings t o  d i scuss  
t h e  a p p l i c a t i o n  o f  nuc lca r  encrgy f o r  peacetime purposes.  
i n t e r c s t  \vas t h e  u t i l i z a t i o n  of at0mi.c encrgy f o r  t he  g e n e r a t i o n  of powero 
The group inc luded  Doct,ors S. IC. Al l i son ,  E. P. \?igner, Leo S, S z i l a r d ,  
H. C. Vcrnon, F rcde r i ck  S e i t z ,  F. Plorrdson, Gale Young, E. C ,  Cruetz,  
F, Fronck, T I i l l i a n  We Wtson,.  Chnrlcs Lf. Cooper, Thorf in  F. Hogness, Alv in  
llfeinberg, L. A ,  Ohlinger,  Xiirico Fermi and o t h e r s  who came i n  from t ime t o  
time t o  express  t h c i r  i deas ,  In Sc-ptelibcr, 1%4, D r ,  Fa r r ing ton  Danie ls  
j o i n e d  thc  M c t a l l u r g i c a l  Laborctory f r o m  t h e  Un ivc r s i t j j  o f  Yi5sconsino 
conceived t h e  idca  of a high tcmpcrctucc p i l c  us ing  be ry l l i um oxide as a 
moderating 
problem t h a t  had been considered up t o  kha t  time. 
and t h e  e a r l y  porb  o f  1945 f r e q u e n t  cod 'c rcnces  were held bctvrcen D r .  Danie ls  
and Doctors Wigncr, Hogness, and Cornpton o f  t he  Chicago P ro jec t .  On f r e q u e n t  
v i s i t s  t o  Chicago Colonel Nichols t a l k e d  n i t h  D r ,  Daniels  and cncouraged t h e  
idca  of dcvcloping a power p i l e .  

O f  p a r t i c u l a r  

Hc had 

It was concludcdj to  bc thil most f e a s i b l e  s o l u t i o n  o f  t h e  
During t h e  remaindcr o f  1944 
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In  A p r i l  , 1945, t h e  &Ianhattnn Ehgincer D i s t r i c t '  s budget 
dsvclopmcnt a t  t h e  Un ivor s i ty  of Chicago's i k t a l l u r g i c a l  Labo 
p r o v i s i o n  f o r  t h e  expendi ture  o f  approximately $20,000 i n  t h e  Chemistry Division 
f o r  power p i l e  r c s c a r c h  workc 
u n t i l  Ju ly ,  1945, and a t  t h a t  t ime a "Power P i l e "  s e c t i o n  undcr t h e  Chemistry 
D i v i s i o n  was organized and a c t u a l  cxpcrimcntal  work was begun on problems 
r e l a t i n g  t o  t h e  c o n s t r u c t i o n  of a cha in  r e a c t i n g  p i l e  t o  bo opera ted  a t  h igh  
tempcraturc .  
Chicago t o  t akc  charge of t h i s  s e c t i o n .  

The group cont inucd s t u d i e s  and d i scuss ions  

! 
Dr. 5 6  F. i i i i l lard,  t h e n - o f  b n f ' o r d  Eng. Works, was brought  t o  

During t h c  Autumn o f  1945 s e v e r a l  conferences werc he ld  h o n e  C o l o n e l  1 

KO D ,  ITichols, Major Gencral  I,, R. Groves and D r ,  Danie ls  (who a t  t he  t ime was 
D i r e c t o r  o f  t h c  h l c t z l l u r g i c a l  Laboratory)  as t o  t h e  scopc and importance o f  t h e  
problems which werc be ing  encountered i n  t h e  proposed h igh  tcm;x r a t u r c  p i l e .  
Colonel Nichols f e l t  thrt t  t h c  proSlem was bacoming t o o  b i g  f o r  t h c  IvIchnLbmgi- 
c n l  Laboratory and t h a t ,  s i n c e  t h c  p i l e  was in tended  p r i m a r i l y  for power 
purposes ,  i t s  dcvclop:.ient should be t h e  r e s p o n s i b i l i t y  o f  an i n d u s t r i a l  orgar&& 
z a t i o n  r a t h c r  t h a n  a r c s c a r c h  groupo idorcover, Colonel JTichols was opposed t o  
t h c  M e t c l l u r z i c a l  Laboratory n e g o t i a t i n g  a d d i t i o n a l  subcon t rac t s .  Hc bel ikvcd  
t h a t  a powcr p i l e  should be b u i l t  a s  soon 3s poss ib lo  bu t  th r , t  it shoudd be 
b u i l t  fit O n k  Ridgc, 
o f  C l in ton  Labora to r i e s  a t  Oak Ridge) should be approzchcd regard ing  t h c  u n d e r  
t ak ing  of a c o n t r a c t  ?o r  t h e  design and dcvclopmcnt o f  t h e  power p i l e o  

It 7.9s dccidcd tlittt  jionsunto Chemical Company ( o p e r a t o r s  

. 
In  Deccmber, 1945, D r .  C. Rogcrs McCullough o f  Fionsanto Chemical Company 

went t o  t h e  MctalB!irgical Laboratory t o  confcr  w i t h  Doctors  ~ _---._/-' Dmiicls and WilLard 
and t o  s t u d y  t h c i r  m r k  on t h e  porrer p i l e .  In  January, 1946, Messrso Ru t t e r ,  . 
Groncmeycr, Buford and Col lcy  of t h e  Monsmto Chemical Company, General 
Engineer ing Depzrtment and D r  . C . Rogers McCullough met w i th  D r  ,, Daniels  and 
t h e  X c t a l l u r g i c a l  Laboratory s t a f f  cnd r cvicwed t h c  problem, 

Colonel Nichols formcd an Advisory Committce comprising Doctors R. C. 
Tolman, John  Whcclcr, A. I<. Compton, :1. K O  Lcvi-is, and C. A. Thomas torcvievr t h o  
Danic ls  P i l e .  A t  a mccting March, 1946, i n  Washington t h i s  committce agreed 
t h a t  t h e  des ign  and c o n s t r u c t i o n  o f  t h e  Danic ls  P i l c  should bc undertaken a t  
Oak Ridge. D r .  C. A, Thomas, V i c e - R c s i d c n t  of Monsanto Chemical Company 
agrccd t o  undertake t h e  job .  It vias f u x t h c r  agrecd t h a t ,  inasmuch as t h e  
purpose of  t he  u n i t  YES p r i m a r i l y  power gcncra t ion ,  appropr i a t e  i n d u s t r i a l  
concerns i n  t h c  f i e l d  o f  power g e m r p t i o n  should be brought i n t o  t h e  p r o g r m o n  
a coopc ra t ivc  b a s i s  t o  a s s i s t  t h c  Fdonsanto Chemical Conp2,ny. 

Thcsc conclus ions  mi*e made laoivn t o  D r ,  C. Iiogcrs McCullough and he was 
appointed Di rec to r  of t h e  Povrcr P i l e  D i v i s i o n  t o  bc locc t cd  a t  Oak Ridge. On 
A p r i l  11, 1946, a mdcting vas  c a l l e d  by D r ,  KcCullough. This  m e t i n g  was 
a t t cndcd  by Edwin H. Brown of' k l l is-Chalmers ,  I:. B, Kingdon, C ,  G o  S u i t s ,  and 
H. A. X n n e  of General Z l c c t r i c ,  L. Ti:. Cliubb and M. L . S m i t h  o f  VJestinghouseD I 

Dr. F a r r i n g t o n  Dz.niels of thc  X c t n l l u r g i c a l  Laboratory,  Br igad ic r  Gencral 
K. D. Nichols niid L t ,  C o l .  A. .Vo Pe te r son  o f  t h e  Kanhat tan D i s t r i c t ,  Rear 
Admiral T o  ;to Sol lbcrg ,  Coimodorc P o  Fb LCC and Czptain R. D. Conrad o f  t h e  
U b  S o  Navy, Major G e ra1  E. Me Powers, BriE;adicr Gcnqral .4* R, Crawford, 
Brig;didr Gcncral L 
of t hc  AAF', D r ,  J1 3. Lun, C. J, Colley,  and F, Go Groncmeycr of Monsanto, and 1 
Dr. Gale Young of C l in ton  Labora tor ies .  I 

C,  C ra ig i co  Colonel H e  A, Shcphcrd, 2nd Colonel D. J o ~ a  
C 
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A t  t h i s  meeting the  p l an  f o r  the  des ign  and cons t ruc t ion  o f  t h e  Danie ls  
P i l e  was endorsed and t h e  i n d u s t r i a l  companies, Navy and Army A i r  Forces agreed 
t o  cooperate  wi th  Monsanto i m  t h e  program e s p e c i a l l y  by t h e  loan  o f  men from 
t he  i n d u s t r i a l  companiesc 
way j u s t  a s  soon as possible . ( l  On May 16, 1946, Br igad ie r  General Nichols 
i s sued  a d i r e c t i v e  t o  t h e  !donsanto Chemical Company, ope ra to r s  o f  Clinton 
Labora tor ies ,  t o  assume r e s p o n s i b i l i t y  f o r  t he  design, cons t ruc t ion  and opera- 
t i o n  a t  Cl in ton  Labora tor ies  o f  an experimental  p i l o t  p l a n t  o f  a h igh  tempera- 
t u r e  power p i l e  designed along t h e  l i n e s  developed by Dr. Danie ls  and h i s  
a s s o c i a t e 6  a t  the Meta l lu rg ica l  Laborator ies .  A t  t h i s  time, D r .  McCullough 
began t o  n e g o t i a t e  w i th  the  var ious  i n d u s t r i a l  companies and u n i v e r s i t i e s  f o r  
the loan  of engineers  and s c i e n t i s t s ,  on a l eave  of absence b a s i s ,  f o r  t h e  
des ign  work on the  proposed p i l e .  

It was understood t h a t  t h e  prograq  would ge t  under 

The e s s e n t i a l  o b j e c t i v e  o f  t h e  program as  v i s u a l i z e d  a t  t h i s  t ime was t o  
demonstrate t h e  a p p l i c a t i o n  o f  atomic energy t o  peacefu l  purposes as  soon a s  
poss ib l e .  This ,  t h e r e f o r e ,  e n t a i l e d  t h e  design,  cons t ruc t ion ,  and ope ra t ion  of 
a nuc lea r  power p l a n t  o f  such a type as t o  a s su re  a high p r o b a b i l i t y  o f  success 
even though it would have t o  be based on the  l i m i t e d  m o u n t  of knowledge ava i l -  
ab l e  a t  t h e  t i n e  and could not  depend on any ex tens ive  development and research  
programs of a long range na ture .  It  was recognized, o f  course,  t h a t ,  whi le  . 
such a p l a n t  had a r a t h e r  l imi t ed  ob jec t ive ,  i t s  ope ra t ion  would, i n  some 
degree a t  l e a s t ,  d i s c l o s e  the  na tu re  o f ,  and provide t e c h n i c a l  d a t a  on many o f  
t h e  problems which must be solved t o  a s s u r e  maxinum dependab i l i t y  and useful- 
ness  o f  f u t u r e  nuc lear  power p l a n t s .  I n  tliis res;>ect, then,.  t h e  o b j e c t i v c  was 
e s s e n t i a l l y  the  same as t h a t  i n  b u i l d i n s  the  f i r s t  model  i n  any new f i e l d  of 
t e  chnolo gyo 

S h o r t l y  a f t e r  r e c e i p t  of t h e  d i r e c t i v e  from Br igadier  General Nichols con- 
t r a c t s  f o r  consu l t an t  s e rv i ces  were en te red  i n t o  by t h e  Power P i l e  D iv i s ion  
and t h e  companies and men l i s t e d  i n  Appendix A. 
on a "leave o f  absencc" b a s i s  f r o m  va r ious  i n d u s t r i a l  companies under a "no- 
p r o f  i t -no - los s"  p o l i c y  agreed upon by Monsanto, t he  p a r e n t  conyany and the  
ind iv idua l ,  A l i s t  o f  t h e s e  erq loyees ,  t h e i r  pa ren t  companies, and previous  
f i e l d s  o f  work i s  given i n  Appendix B, 
p r i o r  expcricnce i n  t h e  f i e l d  of atomic energy, were affordod the  oppor tyn i ty  
o f  c l a s s e s  i n  t h e  Tra in ing  School a t  C l in ton  Labora tor ies  t o  enable  them t o  
o b t a i n  some knowledge of Nuclcar Physics,  P i l e  Theory, Chemistry o f  Heavy 
Elcmcnts, e t c .  A genoral  educat ional lprogram ensued f o r  all ncnhers o f  t h e  
Div is ion ,  t oge the r  w i th  . ac tua l  design and expcrirncntal  work on t h e  proposed 
p i l e .  

Loaned employees were sccured 

The loaned erizployees, none of whom had 

The p re l imina ry  s t u d i e s  o f  the engineer ing problems involved i n  con- 
s t r u c t i o n  o f  a i iuclcar  power p l a n t  m r c  based on a set of t e n t a t i v e  s p e c i f i -  
ca t ions  prcpared 
a n a l y t i c a l  and c 
P i l e  Div is ion ,  
cooled p i l e ,  ope on t h e r n a l  cndrgy neutrons,  ivith bery l l ium oxide as a 
modcrator and pe t s t r u c t u r e ,  enr iched  uranium a s  f u e l ,  a b o i l e r  f o r  
cool ing  t h e  h e l i u n  ,and gene ra t ing  steam, and a convent ional  steam t u r b i n e  
gcnc ra to r  t o  produce c h c t r i c  power. I n  a r r i v i n g  a t  t h e s e  s p e c i f i c a t i o n s  
priinary emphasis had been placcd on a typc o f  p l a n t  which appcarcd m o s t  
f e a s i b l e  f o r  successf i~J .  cons t ruc t ion  and o2e ra t ion  i n  a r e l a - t i v e l y  s h o r t  t imec . 

he N e t a l l u r g i c a l  Laboratory i n  Chicago as  a r c s w l t  of t h e  
i cn ta l  vmrl: clone l therc  p r i o r  t o  format ion  o f  t h e  Powcr 
s p e c i f i c a t i o n s  &wisioncd a h igh  temperature ,  helium- 

n 
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m - - - . w - ,  In adGition, c o n s i d e r a t i o n  had a l s o  been g iven  t o  t h e  f a c t  t h a t  p i l e s  have g'YF€i% =-..a 

-..' 
p o t e n t i a l i t i e s  as  high c f f i c i c n c y  h e a t  cngincs because t h e  product ion  o f  h e a t  
docs n o t  dcpcnd on t h c  prcscncc of an  o x i d i z i n g  atmosphere w i t h  i t s  consequent 
l i m i t a t i o n s  on the  o p e r a t i n g  tcmperaturc.  This was onc o f  t h e  rcasons f o r  t h e  
S c l c c t i o n  o f  bcry l l iun i  oxide,  a high mel t ing  p o i n t  r e f r a c t o r y ,  as t h e  p i l e  
s t r u c t u r a l  m a t e r i a l , .  

By Scy?ternbcr, 194.6, p l ans  and cxpcrimental  work wcre f a r  enough ndvanccd 
t o  enable  t h e  Div i s ion  t o  hcgin  work on a f o r m 1  p rc l imina ry  r e p o r t  (l,!IonTJ-181), 
which tvns publ i shed  i n  Novcmbcr, 1946, This  r c p o r t  was prepared  f o r  a P i l e  
Rcview Committee which vms uiidcrstood t o  have bocn appointed by t h e  Xanhat tan 
Eny;incer D i s t r i c t .  Thc r e p o r t  dcsc r ibcd  a p rc l imina ry  d e s i g n  f o r  a nuc lea r  
power p l a n t  u t i l i z i n g  a hclium-cooled p i l e  wi th  bcry1liu.n oxide a s  t h e  pcrma- 
ncn t  s t r u c t u r e  and moderating ma-terial ,  
o f  h c a t  a t  a maximum coo lan t  tcmpcraturc  of 1400°F and an opera t ing  p r c s s u r c  of 
10 atmospherc s e 

The m a i n u r n  p i l e  r a t i n g  was 40,000 kw 

While t h i s  r e p o r t  was be ing  prepared  D r .  I-iigner asked t h a t  a s tudy  o f  an 
a l l - b e r y l l i u m  metal  p i l e  be undertaken. 
had not  been given adequate c o n s i d e r a t i o n  i n  m y  s tudy  o f  power p i l e s  up t o  
t h i s  time, and he r ' e l t  t h a t  before  proceeding f u r t h e r  w i t h  t h e  bery l l ium oxide 
p i l e i  it should be g iven  a des ign  e v a l u a t i o n  a t  l e a s t  comparable t o  t h a t  o f  t h e  
be ry l l i um oxide p i l e .  Consequently, a l though t h e  d i r e c t i v e  which had been 
i ssued  t o  Norisanto Chemical Company for t h e  work of t h e  Povrer P i l e  D iv i s ion  had 
s t r e s s e d  speed, it was agreed by Drs. Thomas, Wigner, and UcCullough on October 
90 t h a t  n ine  men f r o m  t h e  Power P i l e . D i v i s i o n  would niake t h i s  s t u d y  o f  an  a l l -  
bery l l ium metal  p i l e  f o r  a pe r iod  of t h i r t y  days,  even though it might i n t e r -  
f e r e  somewhat w i t h  t h e  des ign  o f  a b e r y l l i u n  oxide p i l e .  
accord w i t h  the  second d i r e c t i v e  g iven  t h e  Power P i l e  D i v i s i o n  " t o  make a l o n g  
range s t u d y  o f  power from atomic energy". Actua l ly ,  t h e  be ry l l i um metal  p i l e  
s t u d y  was n o t  completed u n t i l  February, 1947, and had involved t h e  a c t i v i t i e s  
o f  many more than  n ine  men f o r  t h e  i n t e r v e n i n g  per iod ,  I t  WZS f e l t  t h a t  once 
t h e  j o b  was s t a r t e d  i t  should be an adequate one, and -the a d d i t i o n a l  t ime and 
maiipower was a l l o c a t e d  f o r  t h a t  reason. 

It \xias h i s  b e l i e f  t h a t  bery l l ium metal  

This s tudy  was i n  

On February 3> 1947, t h e  resv.l ts  o f  t h i s  s-tudy were publ i shed  i n  a memo , 
e n t i t l e d  "Design Study Bor.*a Beryllium Metal Power P i le . "  
c losed  t h a t  there lwere  no o u t s t a n d i n g ' d i f f e r e n c e s  between Ee n e t q l  and Be0 
i n s o f a r  as t h e i r  u s e  as  t h e  p e r n a n e n t , s t r u c t u r e  and moderating m a t e r i a l  i n  n 
power p i l e  o f  t h e  type and r a t i n g  being coilsidered i n  this  development was con- 
cerned-. This f a c t o r  t o g e t h e r  y i i t l l  t h e  ?oar t e n s i l e ,  creep, and s t r e s s  r u p t u r e  
p r o p e r t i e s  of Be a t  h igh  tcr;lpcra-tv.rcs 1 8 s  well as t h e  v e r y  l i m i t e d  s t a t e  of 
Itnowledge r ega rd ing  t h e  technology o f ' i t s  f a b r i c a t i o u  l e d  t o  t h e  conclus ion  
t h a t  no advantage would be gained by t h e  use o f  Be n e t a l  as t h e  permanent 
s t r u c t u r e  of t h e  p i l e .  
March 3 and 5, D r .  tVigner concurred i n  t h e  d e c i s i o n  t o  cont inue t h e  des ign  
development based on t h e  usc o f ' b c r y l l i m  oficle as t h e  permanent s t r u c t u r e .  
During t h e  pe r iod  fo l lowing  conlplctiob of  t h e  be ry l l i um metal  s t u d y  r e p o r t  
t h r e e  f a c t o r s  3ssumed p a r t i c u l n r  s i g n i f i c a n c e  i n  t h e  development, 

The study had d i s -  

At a s e r i c s  of i x c t i n g s  OQ February 26  and 27 and on 
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F i r s t ,  it became apparent  t h a t  an apprec i ab le  sav ing  i n  the  c r i t i c a l  mass 
of f i s s i l e  n a t e r i a l  t oge the r  w i th  some ga in  i n  conversion r a t i o  could be a- 
chieved by reducing t h e  v o 1 u . e  of  thc  p i l e  t o  approximately 0.3 o f  t h a t  used as 
t h e  b a s i s  f o r  t he  des ign  covcred by IknI~J-l88. 
s i d e r a b l e  sav ing  i n  t h e  cos t  of the  moderator -but a l s o  a r educ t ion  i n  power out- 
p u t  comensura t e  vsith the  reduct ion  i n  volume and, consequently,  a r educ t ion  i n  
thcrmal  neutron f l u x .  

This a l sa  meant no tonly  a con- 
U 

r 

Second, d a t a  was rece ived  i n d i c a t i n g  t h a t  samples of bery l l ium oxide con- 
t a i n i n g  f i s s i l e  m a t c r i n l  su f f e red  a l o s s  i n  thermal c o n d u c t i v i t y  by a f a c t o r  
as much as 5.5 whcn i r r a d i a t e d  i n  thc  Hanford p i l e s o  Tdoreovcr, t hc re  tlrerc a1 
i n d i c a t i o n s  t h a t  t h e  dcgrec of damge vras less i f  t h e  i r r a d . i a t i o n  accur red  w i  
t h e  sample a t  h igh  tcmpcraturs .  Since reduct ions  i n  c o n d u c t i v i t y  would czuse a 
corresponding inc rease  i n  thermal  s t r e s s e s  i n  f u c l  u n i t s  us ing  BcO as t h e  f u c l -  
bear ing  m a t e r i a l  o r  matr ix ,  t h i s  da t a  on r a d i a t i o n  c f f ' cc t s  introduced a large 
f a c t o r  of u n c c r t n i n t y  i n  e s t ima tes  of t h e  p i l c  performanceo.  In  add i t ion ,  it 
was a l s o  ev iden t  t h a t  t h i s  u n c c r t n i n t y  could no t  be removcd u n t i l  t e s t s  could 
be made i n  thc  p i l e  i t s e l f  under condi t ions  of simultaneous high tcnpcrn turc  
and high f i s s i o n  product ,  gamma, and neut ron  r a d i a t i o n s .  For tuna te ly ,  it had 
a l s o  been found t h a t  bery l l ium oxide which. d i d  not  c o n t a i n  f i s s i l e  m a t e r i a l  
s u f f e r e d  only  a r e l a t i v e l y  small  l o s s  i n  tlierrncl cor iduc t iv i ty  a f t e r  i r r n d i a t i a  
a t  Hanford and t h a t  almost c l l  o f  t h i s  loss could be annealed out  a t  h igh  
temverature.  
c a r r i e d  through v r i t l i  a reasonable  degree of c e r t a i n t y .  

Thus t h e  des ign  o f  t he  permarient s t r u c t u r e  of t h e  p i l e  could be 

As a r e s u l t  of  the  above two f a c t o r s  des ign  work proceeded on the  b a s i s  of' 
a p i l e  of reduced s i z e  and w i t h  a r a t i n g  of 12,000 lav of hea t  i n  l i e u  of 
40,000 kw.- I n  add i t ion ,  t h e  need f o r  d a t a  on t h e  e f f e c t s  on m a t e r i a l s  of 
r a d i a t i o n s  a t  high t e q e r a t u r e  ind ica t ed  t h a t  the  p i l e  should pr.ovide m e f -  
f e c t i v e  f a c i l i t y  f o r  t h i s  purpose ,,' Therefore,  work vras begun on r e -eva lua t ing  
t h e  design w i t h  g r e a t e r  emphasis on t h i s  ob jec t ive .  

The t h i r d  and perhaps most s i g n i f i c a n t  f a c t o r  which b e c m e  evident  a t  t h i s  
time was t h a t  t h e  development and des ign  o f  inany of t h e  mechanical f e a t u r e s  of' 
t h e  p i l e  such as the  suppor t ing  s t r u c t u r e ,  t h e  high teinperakure gas duc ts ,  t h e  
fuel handling equipment,. t h e  c o n t r o l  mechanisms, e t c .  p resented  Troblems o f  
such magnitude t h a t  t h e i r  success fu l  s o l u t i o n  would r e q u i r e  a f a r  g r e a t e r  ex- 
pend i tu re  o f  time and manpower than  had been contemplated when the  Pawer Pile 
Div i s ion  was formed. In  addi t ion ,  it wiis zppnren-1; t h a t  an understanding and 
knowledge of t h e  p r o b l e m  involved coxparablc  t o  t h a t  acqui red  by t h e  personnel 
of t h e  Div i s ion  up t o  t h i s  time wouldfbe  necded i f  t h e  dcs ign  work was t o  be 
cont inued c f f e c t i v e l y ,  These cons idc ra t ions  togc the r  w i th  thc  l a r g e  amount of 
t h e o r e t i c n l  and experimeiital  xork y e t ,  r cqu i r cd  i n  physics  and m a t e r i a l s  dc- 
velopment l e d  t o  a dec i s ion  t o  reques;t t he  com2mies having men i n  t h e  Div is ion  
on a leave  of abseilce S a s i s  t o  extend t h c  s t a y  o f  t hcse  men t o  another  year o r  
more. In  most ca ses  t h e  leaves  of a 5 s e m c  were extended. 

-- 
==f3=++-R*-E--T- - 
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On J u l y  3, 1947, t h c  Div is ion  g i r e c t o r ,  D r .  C .  8, McCullough, VES n o t i -  
f i c d  by D r .  C. A. lThompLs, P r o j x t  Di rcc tor ,  r e p r c s c n t i n g  t h e  Cont rzc tor ,  
t h a t  a conmunicetion dcLttcd June 25, 1947, hnd bcen r cce ivcd  from Mr. C e r r o l l  
Wilson, G c n c r d  Manager o f  A X ,  7;hich a f f z c t c d  thc  f u t u r o  o f  t h e  Povcr P i l e  
D iv i s ion  p rogrm.  This l e t t e r  stz.t;d t h a t  tiic A E C  ~ m s  n o t  p r c p w c d  t o  
a u t h o r i z e  the  dcs ign  o r  m k c  any con- i tmcnt  conccrning t h c  c o n s t r u c t i o n  
of t h e  po18rer p i l e .  I t  s t c t e d  t h c t  it cons idered  t h c  i n v e s t i 3 F t i o n  of' b a s i c  
problcms o r  comDoncnts should  coEtinuc t o  bc 2. p r r t  o f  t h c  progrcm 2 %  

C l i n t o n  Lnborotor ics  bu t  should bc a t  r, 1o1vcr p r i - o r i t y  thnn  vork  on i..nothcr 
r c a c t o r  n o t  des igned  f o r  power. 
t o  t h c  P o m r  P i l e  D iv i s ion  from vr.rious i n d u s t r i e s  r a d  i n s t i t u t i o n s  could 
c o n t r i b u t e  t o  t h i s  h ighc r  p r i o r i t y  progran rnd v?rc> prci)arcd t o  remi in  f o r  

on t h e  Ytudy o f  comDon;nts of t h c  por-cr pilt2, t % y  Tvould mnt , r i z l l y  
s t r c n g t h c n  t h e  t e c h n i c a l  groun ct Cl in ton  Labor r to r i e s  , 

Thc Comaission f c l t  t h r t  i f  mcn on lozu  

)an a d d i t j o n n l  ;rcrr m d  w y k  on t h i s  Drogram, o r  r n r t l y  on it, and p w t l y  

This in formet ion  w s  c o n t r a - y  t o  t h c  Mcy 16, 1946, d i r e c t i v e  t o  des ign ,  
c o n s t r u c t  z:nd opc re t c  e power p i l o ,  on vh ich  bAsis t h e  Div i s ion  m s  formed. 
As p r e v i o u s l y  stc".tccl, it x s  t h i s  i n fo rmr t ion  t h c t  prompted t h c  ltrriting 
o f  t h i s  r e p o r t .  I n  edLj t ion ,  l c t t c r s  ;vci"i imqsd iz t c ly  i n i t i a t e d  t o  a l l  
pc rcn t  compenics informing thcm ol" t h e  s t r t u s  o f  t h c  Divis ion,  nnd esk ing  
thcm t h c i r  irri.shcs regarding iirhcthcr t h c i r  rncn should r m - i n  t o  work undcr 
t h i s  nclv d i r e c t i v e  o r  bc r e tu rncd  t o  t h c i r  compn-nics, 
compcnics immodirtoly informcd us thc.t  it was t h c i r  d c s l r e  thc.t t h c i r  mcn 
remain f o r  2.11 s d d i t i o n e l  y c r r  t o  work i n  any c c p x i t y  th?.t t h o  Commission 
cznd Xlancgoment of Clinbon Labora tor ics  might  dcc idc ,  
howcver, decided t h e t  t h o y  rmuld n o t  m k c  o ' pos i t i ve  doc isJon  un t i l  a f t e r  
a summary r e p o r t  vas complctcd, hbping t h a t  by zhr.t t imc morc p o s i t i v e  
informzt ion  would bc evail&ble.  

Somc o f  t h e s e  

Most o f  t h e  comprnics, 

The fo l lowing  s e c t i o n s  of t h i s  r c p o r t  s-cnn;narize the dcs ign  and dc- 
velopmcnt work o f  t'nc Po1mr Pi l e  Div is ion  on a h igh  tt.mpcrrLture gas- 
coolcd  p o m r  p i l c  c a r r i e d  o u t  Iwrsuont t o  t h c  o r i g i n a l  d i r c c t i v 6  o f  
May 16,  1946. 

i 

I. 
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Before t h e  des ign  of a s p e c i f i c  power p i l e  can be cons idered ,  some d i s -  
cuss ion  of t h e  f a c t o r s  a f f e c t i n g  power p i l e  performance i s  necessary .  8y 
performance here  i s  meant t h e  n e t  power ou tpu t  of t h e  p i l e ,  a n d  t h e  o v e r - a l l  
econony of f i s s i o n a b l e  material. 
s t u d i e s  o f  t h e  phys ics  of  t h e  n u c l e a r  cha in  r e a c t i o n  i n  t h e  p i l e ,  and of t h e  
h e a t  . t r a n s f e r  phenomena involved i n  removing t h e  power from t h e  p i l e .  In  
gene ra l ,  t h e  n e c e s s i t y  f o r  m i n t a i n i n s  a s e l f - p e r p e t u a t i n g  cha in  r e a c t i o n  
w i l l  e s t a b l i s h  c e r t a i n  des ign  c o n s t r a i n t s ,  which w i l l  become more r igorous  

' i f  high-economy of f i s s i o n a b l e  m t e r i a l  i s  s p e c i f i e d .  
power ou tpu t  w i  11 e s t a b l i s h  fUr th6r  d e s i g n '  c o n s t r a i n t s  t h a t  may n o t  always 
be compatible  w i t h  those  previously.  mentioned. I n  t h e  followin:; s e c t i o n s  
t h e  i n t e r a c t i o n  of t h e s e  d e s i p  c o n s t r a i n t s  t o  e s t a b l i s h  t h e  b a s i c  des ign  of 
t h e  p i l e  i s  d iscussed .  Since t h i s  d i s c u s s i o n  i s  of gene ra l  i n t e r e s t ,  spe- 
c i a l i z e d  language i s  avoided as ~ i i c h  as poss ib l e .  For a concise  d e s c r i p t i o n  
of t h e  c a l c u l a t i o n  methods and phys ica l  cons t an t s  use?,  see Ap?endix C .  

These c h a r a c t e r i s t i c s  can be. p r e d i c t e d  by 

S p e c i f i c a t i o n  of h igh  

1. The Meanins o f  Economy of  F i s s ionab le  Mata r i s1  --- 
_I 

Inasmuch as t h e  s u s p l y  o f  f i s s i o n a b l e  : ,= tor ia l  i s  l i n i t e d ,  t h e  . 
achievement of  econony i n  i t s  u s e  i s  of the f i r s t  isportnnc$:n There e x i s t  
i n  f a i r l y  l a r g e  quanz i t zes  mat;eriaIs , CGC:? as thorium and U2J0, which, al- 
though t h e y  a re  not  f i s s i o n a b l e  b y  %herma1 neut rons ,  can be converted t o  
ther .nal ly  f i s s i o n a b l e  materials by t h e  abso rp t ion  of one neut ron  p e r  atom. 
These mi te r ia l s  are  c a l l s d  f . ;-r t i le .naterials. The p o s s i b i l i t y ,  t h e r e f o r e  , 
e x i s t s  o f  u s ing  s u r p l u s  neutrons from t h e  p i l e  cha in  r e a c t i o n  t o  produce f i s -  
s ionab le  m a t e r i a l s  from f e r t i l e  m a t s r i a l s ,  and somc? types  o f  p i l e s  might b e  
developed . in  which t h e  n e t  consumption of f i s s i o n a b l e  m t e r i a l  i s  very small, 
o r  even nega t ive .  
o f  f i s s i o n a b l e  m t e r i a l  i s  p r a c t i c a b l e ,  t h e  achievement of a high  convers ion  ' 
r a t i o  (number atoms of new f i s s i o n a b l e  . na t e r i a l  produced p e r  atom o f  o r i g i n a l  
f i s s i o n a b l e  material des t royed)  m y  well be t h e  inost i x p o r t m t  c o n s i d e r s t i o n  
i n  t h e  d e s i z n  of t h e  p i l e .  One xould expec t  t h i s  t o  be t h e  case f o r  l a r g e  
s t a t i o n a r y  power p l a n t s .  There r.rs ot i iar  conce iv i i i l e  a p p l i c a t i o n s  f o r  power 
p i l e s ,  such  as f o r  propel l inp;  water - and air-cr3.ft and in i s s i l$ s ,  i n  x h i c h  
t h e  p i l e  must be cons iderad  s u s c e p t i b l e  t o  l o s s ,  o r  even 3 s  expendable.  I n  
such cases ,  conversion may be  o f  less  ixTor tance ,  o r  o f  no inpor t ance ,  and 
t h e  des ign  may ba determined by t h s  nec ' s s s i ty  f o r  keepin; t h e  nninimun inven- 
t o r y  of f i s s i o n a b l e  m t c r i a l  i n  t h e  p i l e .  For such  a p p l i c a t i o n s  A ninimum 
o v e r - a l l  p i l e  weight"may a l s o  be a dssilgn f a c t o r  of g r e a t  iinportsnct.. 

I n  t h e  types  of s e r v i c e  where such convers ion  o r  b reed ing  

.. 

2. Neutron E'conomy and Cr i t i ca l  Xass 

The cha in  r e a c t i o n  i n  t h e  p i l e  procesds b y  means o f  f r e e  neutrons 
t h a t  cause f'iasion or' t h  uranium 235 nuc1e.i. Xhrn a neut ron  i s  absorbed by  
a uranium 235 nucleus it m y  cause f i s s i o n  o f  t h e  nucleus.  When t h c  nucleus 
s p l i t s  it l i b c r a t o s  a number of noutrons.  
b e r  of neut rons  l i b e r a t z d  by t h e  f i s s i o n a b l e  m a t e r i a l  pe r  neu t ron  sbsorbzd.  

Vie des igna te  b y  y t h e  average nun- 
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Eviden t ly ,  one of t h e  emi t t ed  noutrons inust rep lace  t h e  absorbed neut ron  if 
t h e  c h a i n  r e a c t i o n  i s  t o  cont inue.  Hcwevcr, n o t  a l l  o f  t h e  emi t t ed  neutrons 
w i l l ’  be avsl i lable  f o r  t h i s  purpose,  QS sone  ill l e s k  from t h e  pi1.e ?nd o the r s  
w i l l  be absorbed by non-f i ss ionable  ina t e r i a l .  

. ’ t h e  r e l a t i v e  concen t r a t ions  of t h e  va r ious  p i l e  , m t e r i a l s  i s  such  t h a t  e x a c t l y  
one of t h e 7  e m i t t e d  neutrons i s  a v z i l a b l e  f o r  ca r ry ing  on the c h a i n  roac t ion  - 
t h e  remiiiningii-/ n s u t r o n s  e i t h e r  l e a k i n s  fro:n t h e  p i l e  o r  Se ing  absorbed by 
non-f i ss ionable  m i t e r i a l  - t h e  p i l e  i s  sa id  t o  be c r i t i c a l .  
t h e  neut rons  absorSed by non-f i ss ionable  mnte r iu l s  depends upon what m a t e r i a l s  
a r e  conta ined  i n  t h e  p i l e  and t h c  r e l a t i v e  a:nounts of each ina t e r i a l .  
neut ron  leakage occurs  through t h e  p i l e  su r face ,  t h s  g e o m t r y  o f  th*e p i l e  i s  
r e l a t e d  t o  t h e  neut ron  leakage,  and t h e  f r a c t i o n  o f  t h e  nuu t t rons  that leak i s  
determined by t h e  p i l e  shape, s i z e ,  and composition. For any  g iven  p i l a  shape 
and composi t ion t h e r e  i s  a s i n g l e  p i l e  s i ze  t h a t  f u l f i l l s  the- c r i t i c a l  condi- 
t i o n .  C r i t i c a l  p i l e s ,  tin, however be m d e  over a range of shapes and s i z a s  
i f  t h e  composi t ion.  i s  su i t : ib ly  Ldjusted.  

’. 

Xhen t h e  size of  t h e  p i l e  and 

The f r a c t i o n  of 

Since 

, 

As a n  i l l u s t r a t i o n  of t h e  v a r i a t i o n  of c r i t i c a l  s i z o ,  a cz i l i nd r i ca l  p i l e  
The uranium i s  composed e n t i r e l y  of €320 and uraniuin oxide m ~ y  be cons idersd .  

considored t o  be en r i ched  i n  t h e  fissioca3le i so tope  (U2Z5) , con ta in ing  30% 
U235 and 70% ~ 2 3 8 ,  
s i n g l e  v a r i a b l e ,  Z, def ined  as  t h e  r a t i o  Wi:ight of U2350&eight of Be0. 
p i l e  i s  assumed , to  be a uniform mixture  of ;jeO and UOz a t  a uniform tempera- 
t u r e  of 650Oc. 
l . e 5  t imes thc- diaineter .  F o r  2 bare p i l s ,  k!iis r - t i o  o f  h e i g h t  t o  r a d i u s  re -  
q u i r e s  t h e  minimum mss of f i s s i o n a j l e  rna.teria1 f o r  c r i t i c a l i t y .  
and A.1 of Fig.  I show t h e  c r i t i c a l  s i z e ,  i n  terms 02 t h e  c r i t i c a l  , r a d i u s  and 
t h e  ~ S S  of U235O2 (Wz5) i n  t h e  c r i t i c a l  p i l e ,  as func t ions  of t h e  composi-.  .:- 
t i o n  - v a r i a b l e  Z .  I t  may ba noted t h t  t h e  v i l u e s  of X25 a r e  p ropor t iona l  t o  
t h e  product  of Z x 3 3 ,  and t h a t  t he  cruvs of “1‘25 h n s . a  minimum value .  

Tho co:nposition of t.hs 2 i l e  can  t h k n  be s p e c i f i e d  b y  a 
The 

The p i l e  . h a s  t i is  s h n p  of -A r i g h t  c i r c u l a r  cyl’ inder ,  of h e i g h t  

Curves A 

If t h e  average ciensity of t h e  T i 1 6  i s  decreased ,  a s  f o r  example by p i e ro -  
i n g  t h e  p i l e  w i t h  ho le s  f o r  coo l ing  ps sac ; e s ,  t h e  neucron leakage i n c r e a s e s ,  
and i f  t h e  p i l e  i s  t o  r e m i n  c r i t i c % l $  e i t h e r  i t s  s i z e  o r  i t s  composi t ion,  o r  
bo th ,  m u s t  be changed. Curves B ,nd 3 ’  of Fig.  I show t h c  c r i t i c a l  condi t ions  
for the  st lme p i l e  2 s  t h a t  of curves  A m d  A ’  , b u t  w i t h  Z0ji void S P ~ C ~ S ,  un i -  
f orrnly d i s t r i b u t e d .  

Neutron lcalcage from t h e  p i l e  can  be g r e a t l y  reduced by  sur rounding  i t  
w i t h  a r e f l e c t o r  - aj l q r e r  of m t e r i a l  having lo-Jvinoutron a b s o r p t i o n  b u t  re la-  
t i ve ly  h igh  neutron s c a t t e r i n g  power. 
s u l t i n g  c r i t i c a l  cond i t ions  when .;: r e f l k c t o r  of E e o ,  of t h i ckness  1/2 t h e  
r a d i u s  o f  t h e  p? le ,  $ s  placed around thk p i l e s  o f t cu rves  A 2nd B r e s p s c t i v e l y .  
The r a d i r l  r e f l e c t o r s  hzive no vo ids ;  t h e  s x i a l  r e f l e c t o r s  have t h e  sime f r a c -  
t i o n a l  vo ids  as t h e  r e a c t o r ,  

Curves C 9qr3. C ’ ,  D and D‘ show t h e  r e -  

I 

I O f  t h e ?  noutr,ons produced i n  SR s’vcrsge f i s s i o n ,  one must be uscd i n  
‘i‘i-13 re lmindcr  e i t h e r  l e s k ,  o r  t h e  cha in  r e a c t i o n  if t h e  p i l e  i s  c r i t i ( c a 1 .  

a re  absorbed i n  U23502 o r  i n  U23802 o r  ir, BeO, 
of  neut rons  among thpse  v J r i o u s  categoq, ies ,  1 s  a f u n c t i o n  of t h e  composi t ion - 
v a r i a b l e  2 
t h e  f i g u r e ,  A25 dos inna te s  t h e  number of naut rons  %’asorbed i n  U235,  A28 t h e  
number absorbed i n  U238, Am t h e  numbar absorbed i n  t h c  moderdtor (Be0 p l u s  .5 

F ig .  2 shows t h e  d i s t r i b u t i o n  
I 

f o r  a p’ila composed e n t i r e l y  of Be0 h d  305 anr i chsd  U O z .  I n  

m” . .  - _  
7 
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p a r t s  per  m i l l i o n  of B ) ,  and.!' t h e  nunber l aak ing ,  t?s t h e  r e s u l t  of t h e  Cap- 

which r e p r e s e n t s  t h e  noutrons r e tu rned  t o  t h e  ch2in r e a c t i o n ,  aiways h ~ s  t h e  
va lue  1. O f  t h e  '1 -1 neut rons  no t  r equ i r ed  f o r  pe rpe tua t ing  t h e  r e a c t i o n ,  
t h o s e  absorbed by $38 ( A 2 8 )  conver t  t h e  U230 i n t o  h239, a f i s s i o n a b l e  .ma- 
t e r i a l .  Tho neut rons  l eak ing  from t h e  rcLctor  (.;: ) a r e  z iva i l l b l c  f o r  con- 
v e r s i o n  i f  t h e y  ccn be cziptured a f t e r  t h e y  l e a k  from t h e  r c a c t o r  by surround-  
i n g  it w i t h  a b l m k e t  of $38 o r  thorium. 
e r a t o r  (Am) tire e n t i r e l y  l o s t .  

t u r e  o f  one neut ron  by U 2 3 5 .  Obviously, 1.25 J- A 2 8  3 -  Am& -.- = ' 7  . A 2 5 ,  

The neut rons  Absorbed by t h e  mod- 
8, :nly be termed 3 p a r a s i t i c  abso rp t ion ,  

h 2 8  -+-:z s p e c i f i e s  tho  t o t a l  number of noutrons a v a i l a b l e  f o r  conversion 
per  neut ron  absorbed in 'U235. Since aach  neut ron  absorbed i n  U 2 Z 5  des t roys  
a U235 atom e i t h e r  b y ' c a u s i n g  f i s s i o n  or  b y  conve r t ing  it t o  V236, which is 
not  thern ta l ly  f i s s i o n s b l e ,  t h e  q u a n t i t y  A 2 8 4 - x  r e p r e s e n t s  the '  mciximum pos- 
s i b l a  nuiber  o f  f i s s i o n a b l e  a t o m  t h a t  could be produced p s r  U235 atom do- 
s t royed .  
1c!Ss t h a n  A28+- ,2?  -, End will be determined by the  s f ' f i c i ency  w i t h  which t h e  

The a c t u a l  number o f  f i s s i o z a b l c  a tons  produced w i l l , .  o f  coursc ,  be  

laakage neut rons  can S e  captured  by f e r t i l a  m t o r i a l .  

It i s  ev idan t  th3.t f o r  t C : g  C E . S ~ S  ivhors Sreoding  o r  conversion i s  prac-  
t i c a b l e ,  economy of neukrons i s  &qQivsli2ri.t t o  economy o f  f i s s i o n a b l e  m a t e r i a l ,  
and t h e  q u a n t i t y  A28-';t '  i s  of Fr ix?ry  iqmrtanct. : .  
q u a n t i t y  incrsases 8 s  t h e  rQt.io u23S t o  !nodorstor i n c r e a s e s ,  b u t  - t ha t  t h e  
ra te  of i n c r e l s o  i s  smnll  a t  larga Z.. 
s t r i v i n g  f o r .  
s ionab le  m a t s r i a l  produced per  a t o m  of f i s s i o n s b l a  mt;.;:rial dos t roycd)  of  one 
can -bn achieved,  t h e  ' p i l e  :;:ill run i n d e f i n i t s l y  w i t h  no n e t  consumption o f  
'fissi.on2.blo m t e r i a l .  
s m i l l  d i f f a r o n c a s  i n  conversion r u t i o  .can hava largi: e f f e c t s  on consumption 
of f i s s i o n n b l a  mteri2.1. 
considerod.  3 i s  t o  incorporn te  311 losses of nout rons  and f i s s i o n z b l e  ma- 
t e r i a l ,  such 9 s  t hoso  t h a t  occur i n  t h e  cap tu re  of,  leakage neu t rons ,  @'0%'4%- 
ing:*tr$. f i s B . P e n ~ ~ l 8 . . ~ n ~ ' . $ e , r t . i g a  qnatepiixl,, a'hc.; 'M lwell as those  l o s t  by para- 
s i t 2 c  a b s o r p t i o n . i n  t h e  p i l e  r a z e t o r .  rJ 
w i l l  -depend upon h2gt id&. 
released in - the p i l e  per  n e t  fissionz'olc a tom des t royed  w i l l  be p ropor t iona l  
t o  1/1 -p . . This  f u n c t i o n  i s  p lo t%& i n  Fig.  3.  
s e n s i t i v e  t o / 3  i n . t h c  v i c i n i t y  o f i 3  2 1; t h e r e f o r e ,  sml l  v a r i a t i o n s  i n  
A28-f  2 m y  bo of cons ide rab le .  import?.nce, 

Fig.  2 shows t h a t  t h i s  

S!m:.11 i c c r e n s e s  %re, however, worth 
If a n  o v e r - a l l  convc.rsion r a t i o  (rxi1nbs.r o f  a t o m s  of  new f i s -  

Evc?n if a conversion r z t i o  of one cannot  be achieved,  

The C ~ S B  of a n  o v e r - a l l  convcrs ion  ratio,,{; ,?.my bo 

w . i l 1  be smller than  .i428+.'z, b u t  
Over 2 long  ps r iod  of t ime,  tho  >mount of onergy  

It i s ,  of  courso,  q u i t e  

3 .  Moderator M e t e r i a l s  

The modvrztor z la te r iz1  porforms t h e  f u n c t i m s  of  sloljring dowh t h e  
neut rons  formed i n  f i s s i o n  2nd o f  irnpoding t h o i r  l e%ki%c from thi.  F i l e .  
w i l l ,  i n  gene ra l ,  -,;so be u t i l i z e d  as s d i l u c n t  f o r  t h e  f i s s ionsb lc?  m t e r i 3 . 1  
i n  o r d e r  t o  i n c r e z s e  h a t - t r a n s f e r  surf:;.ca, n2d as LL i t r u c t u r a l  m t e r i a l .  
The t h r e e  nctterials~, Be, Be0 and grziphite,  p r ,?s?nt ly  under cons ide rn t ion  1 s  
p o s s i b l e  moder i tors  f o r  h igh  t e m p r a t u r e  T i l e s ,  7 a r y  y i d e l y  i n  phjrs ics l  and 
chemical propert ies! .  The choice of o m  of  Lhese rnats.ri?ls f o r  ct g iven  p i l e  
a p p l i c s t i o n  w i l l  be' b x o d  on 2 g r e a t  number of coEs ide ra t ions ,  such  as h igh  
tempera ture  p r o y e r t i s s ,  s t r u c t u r a l  p ropcr t i t - s  , h e a t - t r z n s f e r  p r o p e r t i e s ,  
chemical r e a c t i v i t y ,  s u s c e p t i b i l i t y  t o  f a b r i c 5 t i o n  i lethods,  JS w e l l  3 s  upon 
nuc lea r  p r o p e r t i e s ,  

It 

1 

Of t h e s e  p ro?e r t io s ,  t he  n u c l e l r  p r o p e r t i e s  c r e  among 
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the  few, t h a t  can' be g iven  a- genQrz1 evalun'tion'.. The c h a r a c t e r i s t i c s  *of t h e  
t h r e e  ina t e r i a l s  w i t h  respacb .  t o  the  f-i.ss,ion chain r e a c t i o n  c m  be compared. 
q u a l i t a t i v e l y  b y  curves of t h e  c r i t i ' c a l . i t y  c o n d i t i o c s  and ' th 'e  neutron economy 
Of b a r e  c y l i n d r i c a l ;  p i l e s  cnp.1oyZng t h e  t h r e e  mod&rators a long  with 30% en- 
r ichod uranium; Fig.-  4 s.hainis t h e  c r i t i c a l  rad- i i .  2nd.iiiassc.s of' U235 f o r -  cy- 
l i n d r i c a l  p i l b s  as func t ions  o f  t h e  composition - m r i s b l e  Z.. FiS. 5 shows 
t h e  sams q u a n t i t i e s .  as" f u n c t i o n s . o f  tho  noutron economy. 
( X ,  2 1 1 ) .  r e a c t i o n s  i n  Be a r e  n e g l k c t k d ' i n  t h c s e  cc i lcu la t ions .  Tho magnitude 
of t h e s e  r o a c t i o n s  a r e . e s t i m t a d . i n  Appendix.D. I t  i s  ev iden t  t h a t  Be re- 
qu i ros . . a  somervhat' k r g e r ,  and. gmpl i i t e  a cons i ae rnb ly  l s r g e r ,  c r i t i ' c a l  m i s s  
of I7235 f o r  .a, given neut ron .  Gconomy' tkn .  does BeO. 

considorad i n  r e l a t i o n  t o  t h e  o ths r '  p r o p e r t i e s  o f ,  Znd demnds  on, t h e  mater- 
i a l s , .  
i t y  cond i t ions .  and t h e  hes t - t r zns fek .  r e l a t i o n s  are involvad i n  de te rmining  
t h e  s i z e  arid c r i t i c a l  mass. of a power p i l e .  
t o ' p r e d i c t ,  from curves s i m i l n r  t o  those  o f  F ig .  4, ;which o f  t he  t h r e e  modo- 
r a t o r s  w i l l  g ive r, p i l e  02,. say, t h e  loTiisst c r i t i c a l  nass o f ' f i s s i o n a b l e  ma-  
to r i 'o i  when t h e  neutron econoqr  and pol;Jci. output  L i i T  s p a c i f i e d . l  
more, t h e  importacce o f  c'ert 'ain ? r o p e r t i e s  o? th.2 i i a t o r i s l s  may be smphasizod 
by c c r t u i h  s p e c i f i c  p i l e  a p p l i c a t i o n s .  
f o r  oxample where baryll iuil i  met.?.l would be uso1e:ss bocsust. of tho  r a t h e r  l 'ow 
l i m i t  t o  it s niaximuin po r m i  s i i b  It. t e i q o  rz t u r o  ,' i n  S F i t C  of' i t s  good h e a t  t r a n s -  
f e r  p r o p e r t i e s .  
t o r  m a t e r i a l s  show promise of g ~ a t  use fu lness  i n  the p ~ ~ j ~ ~ r  p i l e  f i e l d .  

The ( r - i  ;?) and 

These r e l a t i o n s  :>lone do 
. n o t  $ p a c i f y  t h o  r b l a t i v e  merits of t h e  moderator , m t e r i a l s .  They must be 

It; hns alrc-ady been  p'oin-bed ou t ,  f o r  exnmplt3, t h 2 t  b o t h  t h e  cr i t ic2.1-  

I t  i s , .  t h e r e f o r e , . n o t  p o s s i b l e  

Fur ther -  

Tiierf; a r e  conceivable applicCAtions, 

A t  t h o  p re sen t  t imo one csri say  only thcit a l l  t h r s e  modera- 

1. General Cons idera t ions  

a. D i s t r i b u t i o n  of  Heat Sources.  The cnergy  r r l c a s o d  by f i s s i o n  
of t h e  uranium nucleus i s  remov2d from t h e  p i l e  i n  t h e  form o f  h e a t ,  by  a 
c o o l i n g  f l u i d  t h a t  flows i n  passazes pro7ridcd i n  t h e  p i l e  f o r  t h s t  purpose.  
Tho d i s t r i b u t i o n  of  t h e  h e a t  sourccs  must be considcred before  h t a t  roaoval  
can be d i scuss sd .  

The sncrsy appoarS i n i t i a l l y  3 s  k i n e t i c  energy  o f  fx s t  moving p a r t i c l e s  
and as r a d i a t i o n  ( '.I -rziys).  
form o f  k i n e t i c  energy  of chsrged p a r t i c l o s ,  ernd i s  degr idcd  t o  hznt  i n  the  
ve ry  n e a r  v i c i n i t y  ( <  10-3 cm) of  t h e  f i s s i o n e d  atom. 
of t ho  energy t h a t  ZDpcars as r - .di%tion aixl k i n e t i c  enorzy  of neut rons  i s  
converted i n t o  h e a t  over  :: wide r eg ion  (cn t o  meters )  surrounding t h e  f i s -  
s ionsd  atom. Table I1 s u m a r i z s s  t h e  energy  t h l t  i s  degraded t o  h e a t  i n  a 
Be0 - moderated p i l e  u s ing  en r i ched  UO2.  

By f a r  t?b l a r g e r  car t  o f  t h e  s n @ r g y  i s  i n  t h e  

The s m l l e r  f r a c t i o n  

I n  S e c t i o n  VI the '  h e a t - t r a n s f e r  and c r i t i c . l l i t y  cond i t ions  a r e  combined t o  
g ive  comparisons of BoOi Bo, and Q r L p h i t e  p i l e s  f o r  s p e c i f i c  cases. 
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ENERGY OXGINATIVG IY REACTOR OF STQDILY OPERATING PILEI 
(FXCLUSIV3 OF NEUTRINO EXERGY) 

' F.ORW OF ENEFtGY hlEV PER FISSION DEGMDZD TO HEAT 

K i n e t i c  exe rgy  of f i s s i o n  165 ''; 
\ --- Within cin of po in t  f ra gnen t s 
z 

or' f i s s i o n  Kine t i c  energy  of  par-  7 )  
t i c l e s  

K ine t i c  energy  o f  neutrons 5 'i 

10 \. ..,.. Morr: o r  loss cxponen t i a l ly  
f r o n  p o i n t  o f  o r i g i n ,  w i t h  
dscajr c o n s t a n t s  o f  t h e  or -  

8. 

c - i  -- rays from f i s s i o n  and 
r a d i o a c t i v e  decay  

ri - r ays  from cr;pturc of  2 ,: di.r of cen t i inc te rs .  
noutrons i n  Be and U238 

It is ev iden t  from T;ible 11 t h i t  n l l  b u t  -,bout 10% of t h e  tr icrgy of f i s -  
s i o n  i s  dogrided t o  h+-it i n  t h e  very nccr  v i c i n i t y  of t h s  f i s s i o n e d  atom. 
The d i s t r i b u t i o n  of h e c t  product ion  throughout  t h e  T i lo  w i l l ,  t h e r e f o r e ,  be 
e s s e n t i l l l y  t h e  s:,me a s  t h c  d i s t r i b u t i o n  of t h c  r a t e  o f  f i s s i o n ,  which i s  
propor t ion21 t o  t h e  product  of t h e  t h a n m l  nout ron  f l u x  and tho  d e n s i t y  of  
f i s s i o n a b l e  ma to r i c l .  I n  F igs .  6 2nd 7 ,  t h e  s o l i d  curve$ show t h c  d i s t r i b u -  
t i o n  o f  th . ; . rml  nc>utron f l u x  2nd epitherm-1 flux ( f l u x  of  neutrons o f  t n e r g y  
h i g h c r  t han  the rma l )  f o r  2, p i l e  c o n s i s t i n g  of 3 B E ~ O  modcratc>d r e a c t o r  w i t h  
uniform d i s t r i b u t i o n  o f  302 c o n t a i n i n z  30$ ~ 2 3 5 0 2 ,  and a !?SO r e f l e c t o r  ( t h e  
p i l e  corresponds t o  loading  p t t r ; r n  k of  TaSle I V ) .  The roLLtiv2 m l u c  of 
t h c  f l u x  at any po in t  i n  che y i h  i s  s q u a l  t o  t h e  product  of  t h e  va lues  from 
t h e  r a d i a l  and t h e  r ixial  d i s t r i b u t i o n  cur:zs a t  t h c  corrcsponding coord i -  
nates, and t h e  d i s t r i b u t i o n  o f  h';-at proc'uction w i l l  be? %bout t h c  szmo as t h e  
thcrmal  f l u x  d i s t r i b u t i o n .  Usu:Llly t h c  U02 i s  concc n t r i t e d  i n  s h o r t  l eng ths  
of i d e n t i c L 1  elements  .:ihich 2.1~0 con ti in^ n o d s r l t o r  m z t e r l i l l  m d  a r c  des ig -  
na t ed  as f u e l  e lements .  I f  t h c s c  f u e l  a1c:acnts a r e  loca t cd  i n  channels  formed 
by  a s t r u c t u r e  of moder2.tor mztcrial w i t h  thc! channels  running through t h e  
s t r u c t u r e  i n  t h e  a x i a l  d i r o c t i o n  2nd d i s t r i b u t a d  u n i f o r n l y  w i t h  s m l l  spac ing  
over  t h e  r a d i a l  c ros s  s e c t i o n ,  t h o  hza t  product ion  w i l l  ,be concent ra ted  
l a r g e l y  w i t h i n  thr. f u g l  c lemcnts ;  b u t  t h s  g ross  d i s t r i b u t i o n  from element t o  
e lement ,  ?.nd a l o n g  t h o  l e n g t h  o f  2 Zivcn e l m m t ,  w i l l  be e s s e n t i a l l y  pro- 
p o r t i o n a l  t o  t h e  t h c r n n l  f l u x  d i s t r i b u t i o n  o f  F igs . '  6 .rind 7 .  Inasmuch as t h e  

I 

I 

Values o t h e r  t h i n  thoso  f o r  tho  ( i z * , ? )  r e m t i o n s  t aken  from Lccture  16 
(K. Tcy) o f  P i l e  Technology Course a t  C l i n t o n  Labora to r i s s .  
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d i s t r i b u t i o n  i s  not  f l a t ,  s u i t a b l e  arrangements must be m d c  f o r  removing 
t h e  p rope r  amount o f  h e a t  from each p o r t i o n  of t h e  p i l e .  I n  gcnern l ,  such 
arrangements r e s u l t  i n  lowered n i l e  cu tpu t  o r  incroascld coolant-pumping work, 
o r  both,  and i t  i s  d e s i r a b l e  t o  keop Chs f l u x  d i s t r i b u t i o n  a s  f l a t  as pos- 
s i b l e  e An e f f e c t i v e  rGf loc tor  f l a t t e n s  t h e  d i s t r i b u t i o n  cons idcrably  as i s  
sho-m b y  comparison o f  t h c  s o l i d  and t h e  dashed curvas  o f  F igs .  6 Xncl 7. 
dashed curves  g ive  t h e  t h e r m t l  f l u x  d i s t r i b u t i o n  f o r  2 b x e  p i l e .  

The 

b. E f f e c t  of Voids. Heat t r r rns fe r  i n  a gas cooled p i l e  e s s c n t i z l l y  
c o n s i s t s  o f  t h o  fo l lowing  processes  and r e s t r i c t i o n s  : 

1. Trsns fe r  t h e  h s a t  by conduct ion t o  t h e  hc:at t r i m -  
f e r  s u r f a c e s  wi thou t  i n c u r r i n g  d a m g i n g  t h e r m 1  
s t r e s s e s .  

2 .  T r a n s f e r  t h e  hoa t  t o  t h e  gas coolz.nt (a) without  
r e q u i r i n g  excess ive  temperature  difference between 
t h e  gas ,md t h e  sml olamcnts,  and hence, wi thout  
exceeding t h e  mxinum n l lwrab le  p i l e  i interial  t e n -  
Derature ,  tind (b)  x i t h o u t  requiring excessive gas 
pumpin, o. 7ower. 

3. Absorb t h e  he:it i n  t h c  p s  i r .  s;.ich 3 way t h a t  t h e  
d e s i r e d  o u t l e t  @s tezyxir2Lturo is obtnined.  

These r equ i r enen t s  c.2.n bc: net by  i n c o r p o m t i n g  i n  tho  p i l e  cool+nt  
pssscges  of a p p r o p r i a t e  s i z e ,  shspo, nunb2r, and d i s t r i b u t i o n .  
d i s t r i b u t i o n  of coo lan t  ~ L L S S ~ ~ O S  over  t h s  p i l e  c ros s - sec t ion  i s  uniform and 
i f  t h e  neut ron  abso rp t ion  i n  the  coo lan t  gis is  n o g l i g i b l o ,  t h e  e f f e c t  of 
t h e  passages and t h e  coolan t  on the c r i t i c a l i t y  cond i t ions  o f  t h o  _ n i l 0  i s ,  
t o  a f i r s t  n p p r o x i m t i o n ,  j u s t  t h e  e f f e c t  of th=: average decreasc  i n  d e n s i t y  
o f  t h e  p i l e  m a t e r i a l s  r ep resan tod  b y  t h e  c o o l m t  p s s a g . ; ~ .  
coolclnt passages (vo ids )  i n  t h i s  ivay, f<ai-tilies o f  curves  can bo cons t ruc t ed  
r e l z t i n g  p i l e  r a d i u s ,  c r i t i c 1 1  mss  of  f i s s i o n s b l o  m i t e r i a l ,  and f r a c t i o n  
vo ids  f o r  s p e c i f i e d  r s f l e c t o r  cons t ruc t ions .  To  f a c i l i t r l t s  comput,ltion, '  it 
i s  convenient  t o  oxprcss  t h e  r c f l g c t o r  t h i ckness  as 2 f ' r 2 c t i o n . o f  t h e  reac- 
t o r  r ad ius .  S e v c r a l . s u c h  families of  curves  a rc ; , g ivcn  i n  F igs .  8 ,  9 ,  10, 11, 
and 12.. Tho f r a c t i o n  voids  ' (  = volume o f .  coo lan t  pzssages/volune of' p i l e  
i n c l u d i n g  coo lan t  passages)  i s  d e s i p n b d  s.s&. All t h e  curves  a r e  f o r  ro- 
a c t o r s  of. a x i n l  l eng th  1.85 t ims  t h o  rhdius .  This  length- rad ius  r a t i o  i s  
approximqtcly t h a t  for  minimum c r i t i c 3 d  !mss o f  f i s s i o n a b l e  m t o r i z l .  F igs .  
8, 9, and 10 are for.BcO-UOZ p i l e s  of d i f ? o r e n t  r e f l e c t o r  t h i c k n e s s  r s t i o s  
a n d , F i g s .  11 2nd 1 2  %re f o r  Be-U s z d  grP.phite-UO2 p i l e s ,  r e s p e c t i v e l y .  I n  
a l l  ca ses  t h e  uralii& i s  30;z enr i ched  i n  ?J235. Fcmil ias  o f  C U r v r J s  'of t h i s  
type may be used t o  r e l a t a  t he  cr i t ic :a l i i . ty  r e q u i r e m l l t s  2nd t h e  power removal 
requirements of p i l e s .  i n  o r d e r  that  nn optimum des ign  G y  be cchievad as de- 
scribed ' l a t e r  i n  t h i s ,  s e c t i o n .  It i s  i d s n t  f r m  Figs.  , a ,  9 ; .  10, 11, and 

. 1 2  t h n t  'lay mass of fissionable mteri  i s  r c q u i m d  f o r  c r i t i c a l i t y  if t h e  
h e a t - t r a n s f o r  surfacF,s qre so d c s i g a d  fh2.t a ininimum of p i l e  volume i s  de-  
voted t o  gas p 3 . s s s . p ~ .  

n achievement o f  t h i s  desirable end. 

If t h e  g ross  

Treating, t he  

The folloiving d , i scuss ion  i s  d i r e c t e d  toward '  t h e  
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2 .  P i l e  Geometry 
L 

A s  i n  any  h e a t  exchangor, var ious  su r fnce  arrsngeincnts of t h e  p i l e  

Continuous channels  i n  which tha  g2.s f lows  p a r a l l e l  
s t r u c t u r e  should be considered.  The arrangements a r e  c l a s s i f i e d  i n  t h e  
fo l lowing  groups: 
t o  t h e  channel  w a l l ;  ( 2 )  Psbbles ;  (3)  I n t e r r u p t e d  f i n s .  

(1) 

a.  Non-Split  Flow Designs,  I n  o r d e r  t o  compare t h e  v a r i o u s  types 
o f  su r f2ce ,  c o n s i d e r a t i o n  will be given f i r s t  t o  a he:zt exchanger or  p i l e  i n  
tvhich t h e  g ~ s  f l o w s  cont inuous ly  i n  one gene ra l  d i r e c t i o n  from one f ~ ~ c c  t o  
t h e  oppos i te  f a c e .  
some fund.&mcntal i n f o r m t i o n  on th:? c h z r a c t e r i s t i c s  of t h e s e  su r faces  b u t  
w i l l  nDt g ive  tho  relative advantagos of ?, p i l l :  designed y;ith one type s u r -  
f a c e  as compared t o  another  excep t  i n  t h e  case of  2 s i n g l e  pcss non- sp l i t  
f low des ign .  
1/Z t h e  KN output  of cont inuous charmel p i l e s  of thc: same s i z e  under similar 
o p e r a t i n g  cond i t ions .  T i - 5 ~  i s  Sec-ausc o f  t h e  m r y  l o w  hcn t  t r a n s f o r  r a t e  
p e r  u n i t  o f  f r i c t i o n  powzr obta inable  f r o n  ZL pebble bod. Under ope ra t in& 
cond i t ions  cxpectod i n  power p i l c s ,  i n t e r r u p t c d  f i n  s u r f a c e s  o f  t h e  type  
shown i n  Fig.  23 (a)  providc a p p r o x i m t c l y  t;;vice t h e  hezit t rc lnsfer  r a t e  per  
u n i t  of f r i c t i o n  power o f  t: cont inuous c . h m e 1  (f.10~ i;:side of p i p e s ) ,  
e v e r ,  t heso  surfLces a r e  bcsod on .i.nt;err~~pptiiig t h e  gi;"s f l m v  s o  t h & t  t h e  
s t agnan t  boundary l a y e r  i s  nt3wr pr!;iittsc_i t o  b u i l d  up. 
p l i s h  t h i s  a c t i o n  o f f e c t i v c l y ,  these  f i n s  should n o t  bc. t h i c k e r  t h r n  1/64" 
nor  longe r  thzn '  1/2 '' and t h e .  channels  m u s t  be  smrll .  
f o r  r e j e c t i n g  t h i s  typo des ign  a t  ? r e s e s t .  The f i r s t  i s  t h e  d i f f i c u l t y  o f  
rnsnufactur ing such f u e l  olsmonts.  The oecocd i s  ,thwt t hase  sml l  shapes pro-  
vide tremendous su r face  r-rea, and thus  i q o s e  r u s t r i c t i v e  pumping power i n  a 
s i n g l e  f l o w  des ign ,  This  type des ign  i s  n p p l i c l b l e ,  however, t o  t he  s p l i t  
f l o w  srrangoments  d iscussed  i n  t h e  nex t  pnrzgraph, 

The conclus ions  drawn from such a comparison w i l l  providc 

For such :L r e s t r i c t e d  design., peb5lc F i l e s  provide l e s s  thzn  

HOW- 

In order  t o  accom- 

There are  two reasons  

b. Spl i t -Flow Designs. Each o f  t h a  type s u r f z c e s  desc r ibed  abow 
h-&s n very  h igh  h2at t r s n s f c r  r i t e  po r  u n i t  volume i f  ve ry  smll  equivAlent 
d icmeter  channels  arc used.  Such opura t ion  c::n only be obt- ined i n  8 v e r y  
t h i n  h e a t  cxch9ngt-r bznk. This  i s  zchievod p r L c t i c 2 l l y  by sp l i ' c t ing  t h o  f l o w  
i n t o  many p x - n l l c l  ch -nmls  , f o r  i n s  t i n c c ,  by wrapping tho  su r f2ce  i n t o  tubes  
u s i n g  tho  core  as t h e  i n l e t  hcador rind -chG o u t c r  annulus as t h o  o u t l o t  hz2der  
as  shown i n  F ig .  13 (b ) .  Th i s  loLds t o  t h e  qucs t ion  of whether t h e  coo l ing  
s t r e m  should bo . o m  pass, n u l t i p n s s  or s p l i t  fictv. A s i u l t i p i s s  des ign  re -  
q u i r e s  more p s  passago volume th3n  ?. .sins12 or  sp:it-floi.J d e s i p .  and i s ,  . 
t he re fo re ,  of no i n t e r e s t  f o r  p i l s s  3,;czuse of t h e  conszqucnt s a c r i f i c e  i n  
economy of f i s s i o n a b l o  mteri3.1. 

Now cons lda r  n s p l i t  f low dcs ign .  If t h c  t h e r m i l  s t r e s s e s  arc! i E ; -  
nored Tor t h e  monent, a n i l y s i s  shows t i n t  a F i l e  designed f o r  t u r b u l e n t  f l o w  
And f o r  f i x e d  oper2.ting cond i t ions  and Ifixed output  r c q u i r t s  a f i x e d  p s  pzS- 
sa se  i r o n .  If t h e  f ufl i s  s p l i t  m d  header  lossss  arc  ignored ,  tl15 gas pas- 
sage a r e a  per  s i d e  i I n  gcnc.irJl, t hc  s c t i v e  
gas passage mea i s  c u t  i n  h a l f  f o r  escrh s p l i t .  
r e q u i r e s  only 112 t he  a c t i v e  gas pcssage 
f o u r  c i r c u i t  des ign  roqu i re s  114, c t c .  
w i t h i n  t h e  r e a c t o r  t o  g e t  tho  gls t o  t h o  i c t i v e  s u r f l c e .  
q u i r e  a good p a r t  of t h e  a c t i v e  voluin? sLvcd b y  s p l i t t i n g  t h e  f low,  i f  t h e  

I ha lvcd 3s shown i n  F ig .  13 ( c ) .  
Thus, 2 two-c i r cu i t  design 

o f  a s i n  l e  flo;;J des ign  2nd a 

These he2ders re- 
Xowever, headers  m u s t  be  provided 
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v e l o c i t y  head l o s s  i n  t h e  ac t ive  ch*innels i s  i n  t h o  o rde r  of 10 t o  20. 
i t  i s  g r e q t e r ,  a s p l i t  f low des ign  m y  s h w  cons idcrabla  sav ing .  

If 

Consider  now t h e  case  v i t h  t l i e rsaf  s t r e s s .  The r educ t ion  i n  s c t i v e  
gas f l o w  area occasioned by  tho  use ol" a s p l i t  f l o w  i n c r e a s e s  the  l o c a l  per- 
cen t igo  moderator n a t e r i a l  i n  tho  f u e l  elements.  
d iameter  of t h e  gas pzssages i s  p ropor t ionc l  t o  t h e  l c n g t h  of tht. GAS path.  
Thus, k i t h  a s i n g l e  s i l i t  t h o  e q u i v a l e n t  2 i - m e t e r  of t he  gns pr:ssago is cut  
i n  h a l f  b u t  t h e  t o t r i l  number of channels i s  increased  and t h e  th i ckness  o f  
t h e  f u e l  e lemcnts  i s  raduced, For most cases, t h c s o  e f f e c t s  tend  t o  coinpm- 
s a t e  f o r  each othor ,  It i s  ev iden t ,  t h e r e f o r e ,  t h a t  t h c  des ign  of 2 p i l e  
w i t h  ex t remely  small channels  2nd w i t h  n p o t e n t i a l l y  high powor output  m y  
be p r a c t i c a l l y  ob ta inab le  by the  use o f  a m u l t i - s p l i t  f l o w  design,  

Howcver, t h e  o q u i m l e n t  

' 

I t  i s  e v i d e n t  from t h e  sbove d i s c u s s i o n  th2.t i n  a s p l i t  flow des ign  
t h e  a c t i v e  p re s su re  d rop .and  a c t i v o  :rea requi red  f o r  he%t  t r m s f e r  i s  no 
longor  predornin2nt so t h a t  it does not  m t t e r  whetlwr tho  sui-f;.lce i s  small 
pebbles ,  continuous c h m n e l s ,  o r  any othor  type  s h m n  i n  F i g . ' 1 3  (b) .  The 
predominant p re s su re  drop  and v01u:rie devoted t o  t i io p s  i n  t h e  p i 1 6  i s  i n  t h e  
headers .  Such a des ign  my. n o t  bc; . t oo  sensi t iv: ,  t o  t h e  hez t  t r a n s f e r  proper-  
t i e s  of , t he  coo l ing  g i s  and ~2.s ?, r 2 S L I l t  imy. ~ l l o - , ~ ; ; .  t l i u  choico o f  2 gas which 
c5n be  more e a s i l y  comprcjssed t l i m  c- good heat t rmsfer  5:s. I n v e s t i g a t i o n  
o f  t h i s  type  dosign hzs  not  boon c a r r i e d  flrr cnoush t o  zde.quzLtsly c v s l u a t e  
it. 
o u t p u i . p i l e s .  
t h e r  d i s c u s s i o n  ' w i l l  be  l i m i t e d  . t o  p i l e s  i n  which the  g z s  flolNS cont inuous ly  
from one f a c e  t o  t h a  oppos i te  face .  

I t  i s  d iscussed  t o  show one l i n o  of Fcss ib lo  f u t u r e  development f o r  h igh  
Because of t h e  lcicir of  in for i rd t ion  on t h i s  t ype  des ign ,  f u r -  

C .  ArrangerRent o f  Moderator 2nd Fuel ElemGnts. If t h c r e  were no 
thcrm3.1 s t r n s s  l i m i t - t i c n s  i n  t h e  p i l e ,  t h e  gas passage drca md, hence, per-  
c e n t  p i l e  vo ids ,  v o u l d  be independent  o f  t h e  l eng th  o f  t h e  p i l e  2s i n d i c a t e d  
by Equat ion  1. I n  t h i s  case ,  t h e  l eng th  of t h e  p i l e  would-be s a t  by 2hys ics  
o r  o t h e r  roquiroments.  If! t h o . l . 1 ~ ~ 1  stresses are ser io \ l s ,  . a ' shor t :  Length i s  
p r e f e r a b l e  as  shown by Equatirsn 5. 
i n  t h e  s e c t i o n  on h igh  ou tpu t  p i l c s  is l i m i t e d  t o  an L/b = .925 which i s  t h e  
r a t i o  r e q u i r i n g  inininurn c r i t i c s 1  IWSS of f i s s i o n a b l e  m t e r i a l  f o r  s given 
r s t i o  o f  F i s s i o n a b l e  m a t e r i a l  t o  n o d e r - t ~ r .  

The cxxmvl s s  given  i n  F igs .  16 and 17 and 

n 

Both h e z t  t r i n s f e r  2nd pres su ro  d rop  i s  oxpressad 3 s  a f u n c t i o n  o f  
e q u i v a l e n t  d i ams te r  ( fou r  t ines  t h e  c r o s s - s e c t i o n  are3 d iv ided  by  tho  we t t ed  
per im8ter  o f  a chsnncl ) .  
any shape o f  chsnrlel f o r  b o t h  t u r S u l o n t  -ad s t ranml ine  flow. 
t h e  snapo of  t h e  channel  h i s  l i t t l e  e f  c t  on h < * a t < t ~ = a n s f e r  ?.nd p res su re  
drop,  From t h i s  s t zndpo in t  f l - t  p l a t s s  w i l l  Give 2pproxim.tely tho  s m e  re -  
s u l t s  1 s  squsrc  o r  c i r c u l 2 r  channels .  
(uxcopt a t  t h e  suppo,rts)  i s  lo s s  t h a n  in z u n i t  j n  x h i c h  ho le s  ire d r i l l e d  and 
a l s o  s l i g h t l y  l e s s  t h a n  i n  an cgg c rc l t e  design.  SWWVC-~, tl icse s t r e s s  d i f f o r -  
cnces  are  sma l l .  A s  a r a s u l t ,  c s s c  of f a b r i c k t i o n  w i l l  d i c t o t e  t o  t h e  g rea t -  
e s t  degrscl t h e  s h A p  chosen, For m t i l s  such 3 s  Be, 2 , p l i t e  des ign  i s  p ro fe r -  
able.  Thcreforo,  any  s h z p  of ch inne l  can be used and the  g e n e m l i z e d  com- 
pa r i sons  m d e  l-atcr . x i l l . c p p l y ,  

This  :nethod of r sp res su t , l t i on  i s  f l i r l y  good f o r  
As tr consequence, 

The therm11 s t r s s s c s  i n  a f l a t  p l a t e  

I 
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A s  poin tod  ou t  above, approximate ly  90 pe rcen t  o f  t h c  ener,Ty o f  
f i s s i o n  i s  gensr2 ted  w i t h i n  a d i s t s n c e ' o f  10-3 cm of t h e  f i s s i o n .  
most of t h e  h e a t  i s  genera ted  i n  t h c  icunsdiate v i c i n i t y  o f  t h e  f i s s i o n a b l e  
m a t e r i a l .  
t o  meters .  S ince  t h e r m 1  s t r e s s  v a r i e s  as t h e  square of  t h i ckness  of  t h e  
f u e l  e l e n e n t  and only as t h e  f i r s t  power o f  the  h e a t  gene ra t ion  per  u n i t  vo l -  
ume, a n y  f u c l  ,?lenient could bo halved i n  tn i ckness ,  t hus  doubl ing the  hea t  
gene ra t ion  per u n i t  volume b u t  h2 lv ing  i t s  thermal  s t ress .  
t i o n  leads  t o  t h e  des ign  of a p i l e  i n  which t h e  f u s l  i s  not homogeneously 
d i s t r i b u t e d  throughout  t he  moderator b u t  c o n s i s t s  of f u e l  olemeiits (w i th  f i s -  
s ionab le  m a t e r i a l  2nd. moderator) and o t h e r  e lements  w i t h  moderator only.  The 
q u a n t i t a t i v e  e f f e c t  of t h i s  d i s t r i b u t i o n  on p i l e  s i z e  i s  g iven  i n  Equat ion 5 .  
Since soinsthing l o s s  t han  10 percen t  of t h e  h e s t  i s  genera ted  i n  t h e  modera- 
t o r  p l a t e s ,  t h e r e  i s  a n  optimum r a t i o  of modzrator p l a t e  t o  f u c l  pl:.*ts t h i c k -  
mss.  Thi's i s  dependent; on t h e  al lowable thern.11 s t r e s s e s  and on the  r a d i a -  
t i o n  damage f n c t o r  f o r  t h e  two p l a t e s .  The  optimum r - t i o  of moderator p h t c  
th i ckness  t o  f u e l  p l a t e  t h i c k c e s s  is  u s u a l l y  betwes.n 3 t o  15. 

Therefore ,  

The r e s t  of t he  onergy  i s  degraded i n t o  h e a t  i n  a d i s t z n c e  of cm 

Th i s  cons idera-  

The f u e l  clernezts and moderator z l v m n t s  do n o t  n e c e s s a r i l y  have t o  
be s e p r a t e d  by a gas space.  
u n i t s  could be sandwichss w i t h  .L modorator p l ~ t e  smdwiched bctwosn two f u e l  
p l a t e s  o r  could be t u b u l a r  f u e l  i n s e r t s  i n  a mder?- t3r  b l o c k  as brought  ou t  
l a t e r  i n  t h e  h e a t  t r a n s f s r  d i s c u s s i c n  o f  Scc t ion  v ,  E-4. 

The & s i g n  of t h a  rmov;:blc f u e l  cant-ining 

3. E f f e c t  of Dijsign Condit ions 

For t h e  case  o f  a c y l i n d r i c a l  ?ile i n  which the  gds flows i n  con- 
. t inuous channels  p a r a l l e l  t o  t he  a x i s  from m z  fAce t o  the  o t h e r ,  a simple 
re l a t i  ons h i  p reprc  s e n t i  ng hea t  t r a n s f e  r requi  Teme n t  s can be obt2ina d bc twoen 
p i l e  vo ids ,  p i l e  diurneter, D, and t h e  p i l e  des ign  cond i t ions .  
equa t ions  r equ i r ed  a r e  t h e  h e a t  t r a n s f e r  rztte equa t ion ,  t h o  p res su re  drop 
equat ion ,  t h e  energy  ba lance  equat ions  (hea t  gunerntsd equals  h s s t  t rans-  
f e r r e d  t o  t h e  gas ,  equa l s  hea t  zibsgrbed by t h e  p s ) .  
t a i n e d  i s :  

The b a s i c  

Tho r e l a t i o n s h i p  ob- 
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/n. O r  approximately by: 

3% r e  

ICif = P i l e  t h e r m 1  output  i n  kilosvntts 0 

cx = Frzc t ion  p i l e  voids .  

D = R c i c t o r  d i a m t o r  i n  Ft. 

2 Fr-cti l ;n of s i l a  thorm.1 a t p u t  dsvoted t o  d r i v i n g  
b lwie r . 

= E f f i c i e n c y  of ccrnvcrting b l t w e r  tkicr.ml o r e r g y  t o  
gzs pressure  energy. 

AT = T2 - T1 = Gas tcnpcrLture  r isg i n  p i l c ,  OF. 

T p  = Gas t e x p e r u t u r c  It cenzer  r,l" p i l e ,  OF. 

Tb = Averlet  g i s  ts:I!per;ituro i n  b love r ,  OR. 

5 = Spoc i f i c  h e a t  r a t i o . D f  gas. 

mw = Molecular weight  G f  gns . 
De = Equivalent  d i a m t e r  3f gas chclnnels ;- 511. ch::l?nni.ls 

a r i  r;csu:md t o  be similar.  

,U = V i s c o s i t y  of t h e  gss st cer?tcr ,2f ths  p i l e  i n  
lb/hr f t  . 

These s q u l t i o n s  have c s r t . i n  dosign l i ' n i t a t i  ms, such as  t h o i r  a p p l i c z -  
Hw- t i o n  t o  t u r b u l e n t  f low sn ly ,  

over ,  t h e y  a r e  s n t i s f z i c t s r y  f o r  pre l i : l in%ry < v a l x . t i o n  s t u d i e s .  F r m  these  
cquat ions  it czn bc s + e n  t h z t  n e i t h e r  t h e  l eng th  of  p i l e  nor  t h ,  e q u i n l e n t  

Those l i r 2 i t a t i o n s  Bro  g i w n  i n  11on.B-299. 

c .  -- 
Z-$FT?=?@-F- --- 
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diameter  of gas channels  i s  roqui red  t o  d c t e m i n c  t h e  p i l e  d i m c t e r  a d  per-  
c e n t  vo idso  Hawever, acce t h e  l c n g t h  i s  s p p c i f l e d ,  the  equ iva lnn t  diamctar  
of t h e  gas chnnns ls  i s  2uton::t ically o s t i b l i s h 6 d .  

Equat ion (1 )  shows how t h e  d e s i g n  c m d i t i o n s  -ifftact 6-D‘. 
t i o n  o f  t h i s  c q u a t i s n ,  t h e  des ign  cond i t ions  desc r ibed  i n  the  f o l l x q i n g  
paragraphs a r e  ind ic2 ted  t o  give 3 p i l e  a f  miximum thermi l  ou tput .  

By exnrnina- 

a. Opera t ing  P res su re .  The thermal  m t p u t  i s  d i r e c t l y  p r o p o r t i o n a l  
t o  t h e  o p e r a t i n g  p res su re .  

b .  P i l e  Temperature. -...---- Equat ion 1 shclws t h a t  t h e  thnrmtrl ou tpu t  Of 
the p i l e  be’,proportional t o  J Q . ~ ~ T ~ ~ .  
p e r a t u r e ,  t h e  output  goes up a p p r o x i d t e l y  as  t h e  3/2 powBr of 2 i l e  tempera- 
t u r e  - However, t h e  p r o b l e m  a s s a c i a t e d  w i t h  i n c r e a s i n s  p i l e  temperature  a r e  
u s u a l l y  m c h  inore severe  t h a n  those  a s s o c i a t e d  w i t h  corrcspondinz i n c r e a s e s  
i n  pressure .  

Far  t h e  optiinum d i v i s i o n  o f  tela- 

c .  
t r a n s f e r ’  can be r e l a t e d  t o  g2.s moleculxr weight and s p e c i f i c  h o s t  r e t i o  a s  
shown i n  Equat ion 1. @S of 
l o w  molecular  weight 2nd low s p e c i f i c  hea t  r a t i o  i s  d a s i r a b l e .  
t h e  r n t i o  of thorn31 power .ob’ininablc w i t h  w . y i x i s  gnses compared t o  a i r  8s 1. 

Ens C h a r a c t e r i s t i c s .  A l l  .tho gns p r o p r t i e s  of i n t e r e s t  i n  h e a t  

Examination o f  . th i s  equa t ion  i n d i c n t e s  t ha t  
Fig. 14 shows 

d. IJuclcar Physics .  -- The p i l c  shsu ld  be designed y?lith as small maxi- 
mum t o  zvernge h e a t  relensc;-: r c t i o  as  poss ib l e  s i r ? ~ ~  t h e  output  i s  i n d i r e c t l y  
p ropor t iona l  t o  t h i s  r 2 t i o ,  

e o  Gas. Pumping Power. S ince  t h e  p i l e  i;heria,ll ou tput  is propor- 
t i o n a l  t o  t h e  square r o o m h e  blower power, t he  blowor power should be as 
l a r g e  2 s  p o s s i b l e  f o r  h i g h  t h e r m 1  output .  
c a l  power, however, t h e  e f f e c t  o f  bloiver power on s h a f t  ou tput  and p l a n t  
e f f i c i e n c y  i s  of p r i m r y  importance.  The s h a f t  oukput i s  p ropor t ions1  t o  

t h e  blower and 7 i s  t h e  e f f i c i e n c y  of  convors icn  i f  t he rma l  onergy  t o  inechani- 
c a l  ene rgy  i n  the power cyc lo .  
t h e r e  i s  B p o i n t -  beyond which s n  inc rcasa  i n  ( f r a c t i o n )  blower powor a c t u a l l y  
reduces t h e  s h a f t  ou tput .  
d rops  as R i n c r e a s e s  s i n c e  i t  i s  equa l  t o  ~ ( 1  - R ) .  
of  va ry ing  R on bo th  slx.ft ou tput  and t h o  e f f i c i e n c y  of a power p i l e .  
appears  t h a  0.10 t o  0.20 f r a c t i o n  blower p w e r  i s  a reasonable  des ign  va lue .  

For p i l e s  used t o  produce mechani- ’ 

fi (1 - f?)? wherc R i s  t h e  f r a c t i o n  cf ? i l o  t h e r m 1  output  dcvotcd t o  d r i v i n g  

I t  c-?n be seen f r c i m  t h i s  r e l z t i o n s h i p  t h a t  

rFurthermors, thts ove r -n l l  e f f i c i s n c y  o f  t h e  p l a n t  
Fig.  15 shovs,  t h o  e f f e c t  

It 

__I_ 

The t h e r m 1  power ou tpu t  i s  p ropor t iona l  t o  l / \ /Fc*FL . These fac- 
t o r s  t a k e  i n t o  account  all pres su re  drops  not  d i r e c t l y  c o n t r i b u t i n g  t o  hea t  
t r a n s f e r  i n  t h e  p i l e ,  The f a c t o r ,  Fc, i s  t h e  r a t i o  o f  t o t a l  p re s su re  d rop  
t o  t h a t  i n  t h e  pile; the re fo re ,  it t a k e s  i n t o  account  ,tho prossure  d r o p  i n  
t h e  d u c t s  and hea t  exchanger. 
3 b e a r i n g  on tho  va lue  t d  use f o r  Fc. I lis a pre l imina ry  des ign  m l u e ,  it i s  
roasonib le  t o  use 1.4. 
t h e  p i l e  t o  p re s su re  d rop  used t o  produce hea t  t r a n s f e r .  
account  e n t r l n c c  and cixit l o s s c s ,  a c c e l c r z t i o n  e f f e c t ,  lossr ; . s  bc twem f u e l  
e l e n e n t  j s i n t s  and f r i c t i o n  drop  i n  the  a x i a l  r e f l e c t 3 r .  

The s i z e  an6 c o s t  o f  t h i s  oquipmcjnt w i l l  have 

Thc! fac tDr ,  FL, i s  the r a t i o  of p re s su re  d rop  across  
I t  t n k s s  4nto 
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f. - Phys ica l  P r o p e r t i e s  o f  P i l e  Materi?. ls .  I n  t h e  c l s e  o f  some 
i n o d e n t i n g  n a t c r i z l s  t h e r e  2re s t ress  l i n i t l t i o n s .  
t a t i o n  on p i l e  power output  as inposcd by  t h c  t h e r n a l  s t ress  equn t ion  must 
be in t roduced .  

Therefore ,  m o t h e r  l i m i -  

l3y solvinc,  cquzt ions  (l), ( 2 . 1 )  and t h e  fol loiving two equa- 

n 

t i o n s  s imul taneous ly ,  

( V o l .  f u e l  e lements  s o l i d s )  
(Vol .  vo ids)  

.+, =. Const. 

2 E b  
k (1 -d) SE : Const.  pw 

w = Fuel o l e m n t  thickness 

p Eeat  gene ra t ion  pFr u n i t  vc)luii~e 

t h e  expres s ion  f o r  OC: and D t z k i n g  i n t o  :iccaunt thermal  s t r e s s  r e s u l t s  : 

V h r e  : 

Tho[ ]quantity i s  the[ ] q u a n t i t y  i n  Equat ion (1). 

k = Thermal conduc t iv i ty  of fhe f u e l  p l a t e s  i n  Btu/ft  F h r .  

S = Allowable strcss i n  t h c  h a 1  E l e w n t s ,  p s i .  

E Modulus of a l a s t i c i t y ,  p s i .  

dz Poisson  r s t i o ,  

Fd = Rat io  of l e n g t h  r e a c t o r  t o  d i z m t e r  of r.,.ictor. 

F, = Ratid f u e l  e l e m n t  oolune t o  t o t 2 1  m t e r i a l  volul?lc. 

Other s p b o l s  are qef ined  under  "Effect o f  Design Conditions".  

This  equa t ion  i s  b i sed  an t h e  s t resses  i n  t he  f u e l  olements u s ing  
tho  f l a t  p l a t e  s t r e s s  equa t ion  v i t h  coo l ing  on bo th  s i d e s .  It i s  assumed 
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t h a t  va lues  of  F, w i l l  n o t  be chosen t o  rake tht? f u e l  e lements  t o o  t h i n  t o  
f a b r i c a t e .  Tho equat ion, .  t h e r e f o m ,  i s  nrJt r igorous  f o r  311 des igns ,  bu t  
i s  an e x c e l l e n t  f i r s t  o rde r  guide f r m  7:;hich t o  des ign  p i l e s .  I t  shows t h s t  
t h e  p i l e  ou tpu t  per  u n i t  volume i s  f avorzb ly  a f f e c t o d  b y  a s m x l l  l e n g t h  t o  
d iameter  of p i l e  r z t i o ,  b y  a smsll r l t i o  of  f u e l  elemsnt volune t o  t o t a l  ma- 
t o r i a l  volume .:nd b y  a l a r g e  va lue  f o r  &dz(j- 6xf&, t h e  thermal  s t ress  
fi;uro of  merit. Valuos of t h i s  q u a n t i t f a r c  g i w n  f o r  varims m t e r i a l s  i n  
t h e  p r o p o r t i e s  of m%eri 'a ls  s e c t i o n ,  .. 

4. Example of  C o r m l a t i o n  of Heat T n n s f e r  and Phys ics  Rcquircments 

From t h e  gener21 cons ide ra t ions  on h e a t  t r m s f e r  and nuc lea r  phys ics  
p i l e  des igns  can be obtainod which s h m  the  e f f e c t  of  des ign  condi t ions  an 
c r i t i c s 1  mass 3f f i s s i o n i b l e  m a t e r i a l ,  convors i sn  and KN ou tpu t  p e r  Kg of 
f i s s i o n 3 b l e  m a t e r i a l .  
assumed : 

To i l l u s t r a t s ,  t h e  f o l l o x i n g  des ign  s p e c i f i c a t i o n s  are 

P = 40 a tmos .  

Ti = 50O0F. 

T2 = 1400OF. 
Naximum p i l e  temperaturo = 2000OF. 

GLS = helium. 

Maximum t o  average he-t r e l e a s e  r a t i o  = 1.9 

F r a c t i o n  blower power = .15. 

A s  pointed ou t  i n  the! previous sectio:?, h e a t  t r z n s f c r  can be ex- 
pressad  as  a func t ion  of  6, f r a c t i o n  p i l e  vo ids ,  diaineter . D r  3, r a d i u s  of 
r e a c t o r  i n  c e n t i n e t e r s ,  2nd moderetor m t e r i a l .  

If t h e  nodert; tor mzterizl  has no therm21 stress l i m i t a t i o n ,  the  h a t  
t r a n s f e r  i s  only  dependent onCKnnd R. 
t h e  f o l l o w i n g  va lues  o f K R 2  n re  obtz ined  f o r  the hei:t ou tputs  l i s t z d :  

For thg  zbove des ign  s p e c i f i c a t i o n s ,  

50,000 3 1% 

250,000 1595 
500,000 3180 

100 , 000 637 

The locus  o f  t h e K R 2  f o r  a z c h  p i l e  *output chn be p1ot;ted or: the  nuc lea r  
phys ics  curves  f o r  c r i t i c a l  mass 2nd conversion versus;,oCand R t o  determine 
t h e  most s a t i s f a c t o c y  des ign  poin t .  T h i s  i s  done f o r  I3cd moderator i n  Fig.  
16. 
therms1 s t ress  l i m i t c t i o n s .  ~ 

It  should be remenbered t h n t  t h e s e  curves  r a p r s s e n t  o p e r a t i o n  a i t h  no 
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. I  

Rowever., i n  t h e  c s e  o f  BaO o r  g raph i to ,  t h e r e  a re  thermal  s t ress  
l i m i t a t i o n s .  A s  an  er,a,aple o f  t h s  locus of pi12 des igns  w i t h  t h e r ~ 5 1  s t resses ,  
assume a Be0 moderator o f  d e n s i t y  2.87, w i th  a n  allov:a.blo s t ress  o f  900 p s i  
i n  t h e  fue1 ,e l enenCs .  This des ign  s t r e s s  wvas chos.en t o  provide a r a d i n t i o n  : 

damage f ,ac tor  of 5, t r a n s i e n t  ope rz t ing  f a c t o r  of 2.0,  and a n  e c c e n t r i c  f u e I  
elcmedt p o s i t i o n  f a c t o r  of 1.5. Assum a l s o  t h a t  t h e  l e n g t h  o f  tho  piJe  = -- 

.925D. A l l  o t h e r  d e s i p  s p e c i f i c a t i o n s  a r e  t h e  ~ " ~ m e  as abovc excep t  the  maxi- 
mum p i l e  temperature  which i s  less  than  2000°F zind i s  d i c t a t e d  by  the  s t r e s s  
l i m i t e t i o n s .  The locus  of des igns  f o r  t h i s  c o n d i t i o n  a r e  s h m n  i n  Fi~.--17~.'+*..~ 
I t  should  be .emphasiztld t h a t  t h s  srvailablo d a t a  on t h e  p r o p e r t i c s  of a$?O'aro 
extreniely meagre and of q u i t e  u n c e r t a i n  accu racy  as d i scussed  i n  Secti-on V o f  
t h i s  r e p o r t .  
used wera n e c e s s a r i l y  very a9proxirr;;te , mkes  t h e  r c s u l t s  u s o f u l  only ' fo r  
p r s l i m i n a r y  e v a l u a t i o n  purposes.  

Th i s ,  t o g e t h e r  w i t h  t h e  f a c t  tht t h e  s t r e s s  a n a l y s i s  methods 

Assume t .hat  t h e  pi13 des igns  are  given b y  Fig.  17 2nd examine t h e  

The des ign  p i n t  would be chosen t o  t h e  l e f t  of  t h e  
i n f c r m t i o n  t h e r e i n  presontcd.  
w i t h  high.conversior i .  
cu.rve a t  p o i n t  A'. 
p o i n t  of t h e  cur&, p o i n t  B, w m l d  bo t:?,ksn as t h c  d e s i . p  p o i n t .  
curves  a re  presented  f.3r Be, g r a p h i t e  :Arid f a r  B o 0  f o r  o t h e r  d e n s i t i e s  t han  
2.87 and, . for  o tha r  n l l ~ x a b l s .  stresatis i n  Soc t ion  VI, '"Discussion of Bigh Out- 
p u t  P i l e s " .  
v i d i n g  output  by  t h e  o r d i m t o  va lue .  

Suppose a p i l o  o f  250,000 E;i ou tput  i s  d e s i r e d  

Suppcse a lox c r i t i c 2 1  inass w ~ s  d c s i r e d ,  t h e n  the minimum 
S i m i l a r  

I n  F igs .  16 and 17 t h e  s p e c i f i c  powe.r,KiV/Kg, i s  .2btained by d i -  

Ths compiris2n of h igh  output  p i l e s  osin?; Boo, Bc and g r l p h i t o  mod- 
o r a t o r  covercd i n  Sec t ion  V I ,  i n d i c a t e s  t h i t  a l l  Three .=f t hese  rncdaratcrs 
are  s u f f i c i e n t l y  promisizg f r o m  .i nucleTr phys ics  2nd h c a t  t r m s f e r  s tand-  
p 3 i n t  t o  wnr r sn t  i n v c s t i p t i  on. 
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A 

I V ,  DESCRIPTIOX A?TD STATUE OF DESIC-N 

A ,  GE:JERAL DESCRIPTION OF PLAXT 

1. Type o f  P l a n t  

The p r i n c i p a l  components o f  t h e  nuc lea r  power p l a n t  which has  been 
v i s u a l i z e d  f o r  u t i l i z i n g  a h igh  tempera ture  gas cooled p i l e  f o r  t h e  expe r i -  
menta l  p roduct ion  o f  power from atomic energy m e  sfio-m scl-Lcm~.t ical ly '  i n  F i g Q  
18. 
media, 
tht ;  p i l e  t o  a steam b o i l e r .  
convent iona l  steam cyc le  f o r  g e n e r a t i n g  e l e c t r i c  power by means o f  a convcn- 
t i o n a l  stem t u r b i n e  gcncra tor .  The system o p e r a t i o n  i s  b r i e f l y  as  fo l lows .  
The helium a t  a maximum p r e s s u r e  of  10 atmospheres i s  c i r o u l a t e d  between t h e  
p i l e  and b o i l e r  by means of  s i n g l e  s t a g e  c e n t r i f u g a l  blowers.  The tempera; 
t u r e  of t h e  gfis e n t e r i n g  t h e  p i l e  i s  500° F. and t h a t  o f  t h c  e x i t  gas  1400 
The h o t  Kas f lows through a s u i t a b l e  duct  from t h ?  p i l e  t o  t h e  b o i l e r  where 
it is  cooled t o  500' F. and gene ra t e s  stcam a t  4 q O  p s i .  and 735' Fe 
stem i s  used t o  d r i v e  t h c  t u r b i n e  g s n e r a t a r ,  yroducir.g e l e c t r i c  power. 

Two e s s e n t i a l l y  c losed  f l u i d  c i r c u i t s  are used as t h e  h e a t  t r a n s f e r  
The primary f l u i d  i s  hel ium gas which se rves  t o  t r a n s f e r  hea t  from 

The secondary f l u i d  i s  water  and i s  used i n  a 

Fa 

This  

2 . .  Ra t ing  o f  P l a r h  

The des ign  r a t i n g  of t h c  p i l e  i s  12,000 3 3  of hea t  ou tput .  With 
an o v e r a l l  e f f i c i e n c y  of 2 5  pe rcen t ,  t h i s  ~ilou.ld produce an e l e c t r i c a l  ou t -  
pu t  o f  3000 KVJ. IIowever, n o t  a l l  o f  t h c  p i l e  thermal  m t p u t  i s  a v a i l a b l e  
f o r  producing e l e c t r i c  power. Approximately 13 percent; o f  t h e  p i l e  ou tpu t  
i s  needed t o  d r i v e  t h e  blowers which reduces t h e  n e t  e l e c t r i c a l  ou tpu t  t o  
about  2400 K'6, 

The b o i l e r s  and blowers are designed f o r  a maxhum cont inuous ra t ing  

fi.'ioreover, a l though 
o f  20,000 IW, This i s  dcRe t o  provide a s u i t a b l e  margin above t h e  p i l e  ra t -  
i n g  t o  avoid  l i m i t i n g  t h e  p i l e  output  by t h e  a u x i l i a r i e s ,  
only one b o i l o r  and blovier are shown i n  F ig .  18 f o r  purposes o f  clarity, ac- 
t u R l l y  two b o i l e r s  and f o u r  blowers are i r c l u d e d  i n  t h e  des ign ,  t he reby  making 
it p o s s i b l e  t o  o p e r a t e  t h e  p i l e  a t  a l n o s t  i t s  f u l l  r a t i n g  w i t h  on ly  one b o i l e r  
and two blowers i n  s e r v i c e o  

3 Nuc l e  ar Char a c t  e r  is  t ic s 

The p i l e  depends on thermal  energy neut rons  f o r  producing f i s s i o n s ,  
i .e- ,  .it i s  a thermal  p i l e .  The f u e l  i s  rmiuii cnr iched  t o  approximately 
30 p e r c e n t  i n  t h e  f i s s i o n a b l e  i s o t o p e  U232.0 AS desc r ibed  l a t o r ,  t h o  p i l e  
c o n s t r u c t i o n  provides  cons ide rab le  f l e x i b i l i t y  as t o  t h e  s i z e  and arrange-  
ment o f  t h e  r e a c t o r  and r e f l e c t o r  and also of t h e  conversion b l anke t ,  For 
t h i s  reason  t h e  amount of f i s s imab le  m a t e r i a l  r equ i r ed  f o r  p i l e  o p e r a t i o n  
v a r i e s  depending on t h e  p a r t i c u l a r  loading  p a t t e r n  used,* 
ing  t h e  maximum ki lo tva t t s  p e r  k i l o g r m ,  t h e  opera t i r ,g  charge i s  5.0 kilograms 
of U235,.whhich, f o r  a power leve 
thermal  n e u t r m  f l u x  o f  6.5 x 10 , 

For t h e  case  giv-  

of 12,000 ZY, corresponds t o  an average 
13 
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A s  noted i n  S c c t i o n  I11 o f  t h i s  r e p o r t ,  t h e  attainmefit  o f  an over- 
a l l  c m v e r s i o n  r a t i o  (atoms of f e r t i l e  n a t e r i a l  nrroduced p e r  a ton  of f i s s i o n -  
a b l e  m a t e r i a l  des t royed)  o f  c l o s e  t o  one i s  extremely d i f f i c u l t  when using 
u235 RS t h e  f i s s i o n a b l e  m a t c r i a l ,  
r a t i o  f o r  t h c  p i l e  dcsign desc r ibed  h e r c i n  has not  b)-en made p a r t i c u l a r l y  
wi th  r e s 9 e c t  t o  inc lud ing  t h e  c f f e c t  of chemical l o s ses  bu t  it i s  e s t ima ted  
t o  be i n  t h c  o r d e r  o f  0,6. 

Excct determsnat ion of t h c  conversion 

4. P i l e  Cons t ruc t ion  

The .permanent s t r u c t u r e  o f  t h e  p i l e  c o n s i s t s  of hexagonal beryllium 
oxide b r i c k s ,  o d i  3" :>..cross fl:lts w i t h  P. 2'l c i r c u l c r ,  ho le ,  assknbled t o  form a 
c y l i n d e r  approximately 72" i n  d i m e t c r  and 7(91 high wi th  i t s  axis v e r t i c a l  
ar,d p i e r c e d  by p a r a l l e l  v e r t i c a l  channels.  This assembly i s  enclosed i n  a 
s t e e l  p re s su re  s h e l l ,  Tke c e n t r a l  channels of t h e  c y l i n d e r  c o n t a i n  s h o r t  
removable slugs made up of t h e  f i s s i o n a b l e  m & t e r i a l  i nco rpora t ed  i n  a nat r . ix  
of moderating m a t c r i a l  which, ma?! be g r a p h i t e ,  beryl l ium me ta l ,  or be ry l l i um 
oxide. The channels c o n t a i n i n g  t h e s e . f u e 1  e l e n e n t s  form t h e  r e a c t o r  p o r t i o n  
of t h e  p i l e .  
ed w i t h  Re0 plugs forming t h e  . r e f l e c t o r r  Thorium cnnvarsion can be achieved 
by r e p l a c i n g  some o f  t h e  Ee0 plugs w i t h  s in i l e r  ones..contair?ing t h o r i m .  

Surrounding t h e  r e a c t o r  a r e  a d d i t i o n a l  channels  which a r e  load- 

a, S e l e c t i o n  qf P i l e  S t r u c t u r a l  B ia t e r i a lo  Beryll ium oxide has a 
number of p r o p e r t i e s  which make it vcry s u i t a b l e  as t h o  moderating m a t e r i a l  
and pemancn t  s t r u c t u r e  of  a hiEh temperature  gss cooled p i l e .  Outstanding 
among t h c s e  p r o p c r t i e s  a r e  i t s  high r ie l t ing  po in t  (2500° C , ) ,  h igh  r e s i s *  
t a n c e  t o  Emma and neutron bomberdnent (dincnsior? changes have bem found 
t o  bc l e s s  t h a n  0.15, crushing s t r e n g t h  t o  be p r a c t i c a l l y  una f fec t ed ,  t h e r -  
mal c o n d u c t i v i t y  reduced by a f a c t o r  o f  1.5, bnc' t h e  e l a s t i c  modulus un- 
changed n f t c r  i r r a d i a t i o n  i n  t h e  Hanford F i l e s ) ,  and chen ica l  s t a b i l i t y  (with 
t h c  excep t ion  of  i t s  r e a c t i o n  w i t h  s t e m  a t  temper&ures around 1400' C,), 
I n  a d d i t i o n ,  B c O  has a v c r j  h igh  c rush ing  s t r e n g t h  ( c i r c a ,  90,000 p s i q )  and 
moderately good r e s i s t a n c e  t o  thermal s p a l l i n g .  
t h c t  from t h e  s t a n d p o i n t s  o f  c r i t i c a l  m s s ,  p i l e  s i z e ,  2nd neutron economy, 
t h e r e  a r c  not  ve ry  g r e a t  d i f f c r c n c c s  belmocn b e r y l l i u n  metol and be ry l l i um 
oxide as node ra t ing  mciter ia lso 

F i n a l l y ,  it may be noted 

5.  Coolant 

Eelium has bccn s e l e c t e d  as t h c  c o o l a n t  because it has lo7V neutron 
abso rp t ion ;  it i s  no t  a f f e c t e d  by alpha,  b e t a ,  gmma, and-ceu t ron  r a d i a t i o n s ;  
it i s  chemical ly  i n c r t  i n  t h a t  it does not  r e o c t  115th BeO. UO2,  o r  g r a p h i t e ;  
it i s  a v a i l n b l e  a t  high p u r i t y  and can be e a s i l y  p u r i f i e d ;  it has t h e  high- 
e s t  s p e c i f i c  hea t  of any gas wi th  t h e  except ion of hydrogcn; it h z s  good h e a t  
t r a n s f e r  p r o p e r t i e s ;  it imposes no temperature  l i m i t a t i o n  on t h e  des igna  

Gases, i n  g e n e r a l ,  m e  i n f e r i o r  t o  l i q u i d s  as kieat exchange media. 
This inhcrerit  c h a r a c t e r i s t i c  o f  a gaseous medim r o q u i r c s  t h a t  t h e  cond i t ions  
of ope ra t ion  o f  a gas cooled p i l e  must d i f f c r  from t h c  cond i t ions  f o r  a l i q u i d  
cooled p i l e ,  
from gas i n l e t  t o  o u t l e t  i s  necessa ry ,  t h e  f u e l  elements may be r e q u i r e d  t o  

For t h e  gaseous medium, a r e l a t i v e l y  l a r g o  t e n p e r a t u r e  r i s e  
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o p e r a t e  s o m r n l  hundred dcgrces  kiottcr t h m  the  gas and t h e  &cLs s y s t e n  - r i l l  
u s u a l l y  h m e  t o  be undor p re s su re .  
i n  t h e  fo l lowing  pzragraphso 

Tliesc des ign  c o r d i t i o n s  frrc discusscd 

A 

6 .  Design Conditions 

A s  po in t ed  out  i n  Sec t ion  1x1, some o f  t h e  more important  design 
cond i t ions  a f f e c t i n g  t h e  p i l e  performance a r c  t h e  maximum gas p re s su re ,  . the 
i n l c t  and o u t l o t  ges temperatures ,  znd t h e  gas p r e s s u r e  drop ?.cross t h e  p i l c a  
In  t h e  s e l e c t i o n  o f  l i m i t i n g  v d u e s  f o r  each o f  t h e s e  cond i t ions ,  t h e  choice 
has bcen d i c t a t e d  by fi compromise among a nunber o f  c o n f l i c t i n g  requirements 
and t h e  d e s i r a b i l i t y  of avoiding wide depa r tv re s  from e s t a b l i s h e d  engineer-  
inp, p r a c t i c e  and experience.  The design cond i t ions  f o r  t h i s  p i l c  a r e  l i s t e d  
i n  Table I11 i;nd a r e  d i scussed  b r i e f l y  i n  t h e  followinyi; pzragraphs.  

TkBLZ I11 

Design r n t i n g ,  Kh' o f  1ieF.t 

bIzximum r a t i n g  of b o i l c r s  ( t o t a l  IG:; o f  P.e3t 

c 00 1 m t RRS 

Kaximum gas p r e s s u r e ,  atmosphcris abso l -dx  

Gas tcmperatare  a t  i n l e t  t o  p i l e ,  O F  

Gas tempcrattcre a t  o u t l e t  from p i l e ,  OF 

Fercent  of h e a t  output  used f o r  punping gas 
through p i l e  

Gas p r e s s u r e  drop through p i l e ,  p s i  

Mater i a l  , of permanent s t r u c t u r e  

F i s s i o n a b l e  mater i d  

12,000 

20,000 

iie 1 ium 

1.0 

500 

1400 

2 0 . 5  

Beryllium oxide 

Enriched U 235 

Alternp.tive matr ix  m a t c r i a l s  of fuel. c l c n e n t s  Beryll ium oxide; 
Beryllium metal ,  
Graphi te  

C r i t i c a I  mass 

Thorium conversion 
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a, S e l e c t i o n  of lkxinum Gas Fressu re .  The des ign  
o f  t h e  p i l e  k n d ' b o ' i l i r  p re s su re  s h e i l s ,  t d e  high temperature  ducts ,  t h e  
blower s h a f t  s e a l s ,  and t h e  gas locks i n  t h e  f u e l  chcrging system become 
more d i f f i c u l t  as t h e  gas p re s su re  i n c r e s s e s .  On t h e  o t h e r  hand, t h e  p i l e  
output i s  d i r e c t l y  p r o p o r t i d n a l  t o  t h e  gzs pressure, .  i f  o t h e r  design condi- 
t i o n s  a r e  f i x e d ,  as shown i n  Sec t ion  111, The s e l e c t i o n  of 10 ztmospheres 
as t h e  m C z i m u m  gas p r e s s u r e  was e s s e n t i a l l y  a compromise among a l l  of t h e s e  
f ac to r s . .  In  a d d i t i o n ,  it was h i g h  enough f o r  the r a t e d  ou tpu t  azd made it 
necessa ry  t o  so lve  some o f  t h e  p r e s s u r e  problems o f  gns cooled p i l e s  w i thou t  
unduly delaying t h e  development o f  t h i s  design., 

b,, S e l e c t i o n  of I n l e t  Gas Temperature. The helium t empera tu re  

The value of 500' F'. f o r  t h i s  temperature was chosen ?Then 
e n t e r i n g  t h e  p i l e  should be r0,s low as p o s s i b l e  c o n s i s t e n t  w i t h  2. reasonable  
b o i l c r  s ize .  
t h i s  design was c r y s t a l l i z e d ,  There w e  advantages t o  a lower temperature;  
t h e  p o s s i b i l i t y  o f  using c lower temperature  f o r  t h i s  e x p e r h e n t n l  p i l e  i s  
d i scussed  i n  S e c t i o n  V. 

c l '  S e l e c t i o n  of O u t l e t  G::s Temperature. The 14@0° F. temperature  
s e l e c t e d  f o r  t h e  helium l eav ing  t h e  p i l e  i s  considered a t  t h e  p r e s m t  t ime 
t o  be approximately t h e  p r a c t i c c b l e  upper l i m i t  froin t h e  s t andpo in t  of  me ta l  
a l loy  par t s  i n  t h e  p i l e  s t r u c t u r e ,  ducks, and boiler.' 

d. S e l e c t i o n  of P res su re  Drop i n  Gzs System. Becnuse of t h e i r  i n -  
h e r e n t  s i m p l i c i t y ,  t h e  use o f  s i n g l e  s t a g e  c e n t r i f u z d  b lone r s  is  desirable. .  
However, w i t h  t h i s  type o f  blower t h e  b l d c  t i p  speed i s  l i m i t e d  by s t r e s s  
t o  700 f t ,  p e r  second and i s  d i r e c t l y  p r o p o r t i o a a l  t o  the  square r o o t  of 
t h e  p r e s s u r e  drop i f  t h e  gas p re s su re  i s  f ixed .  On t h i s  b a s i s ,  then,  t h e  
allowable p r e s s u r e  drop ac ross  t h e  p i l e  e t  r & e d  locd i s  l i m i t e d  t o  2,s p s i .  
To reduce thermnl  s t r e s s e s  i n  f u e l  elements high s u r f a c e  t o  volume r c t i o s  
a r e  d e s i r a b l e  bu t  a l so  r e s u l t  i n  i nc reas ing  t h e  p re s su re  drop ac ross  t h e  
p i l e .  
s i g n  o f  f u e l  elements of complex c r o s s  s e c t i o n .  Moreover, it l i m i t s  t h e  
gas pumping power, ide. ,  t h e  f rac t ior?  o f  p i l e  thermal ou tpu t  r e q u i r e d  t o  
d r i v e  t h e  blowcrs, t o  a r easonab le  va lue  (18 pcrcen t  of p i l e  o u t p u t ) ,  

B.  DETAIUD DESIGN DESCRIPTION 

It has been found th.t 2.5 p s i .  permits  r ecsonab le  lecway i n  t h e  de- 

This  s e c t i o n  p r e s e n t s  a d e t a i l e d  d e s c r i p t i o n  o f  t h e  des ign  which 
has been developed thus  f a r  f o r  each cornponozt of t h e  nuc lea r  power p l a n t .  
Emphasis i s  placed on p r e s e n t i n g  m i n t e g r n t c d  design.  k l t e r n ? t e  des i p s  
of  most o f  t h e s e  cmponen t s  have been developcd o r  s t u d i e d ,  znd t h e s e  a r e  
d i scussed  i n  Sec t ion  V. 
t o  be t h e  b e s t  o f  t h e  designs considered. In  o t h e r  czses ,  t h e  des igns  a r e  
p re sen ted  bccause t h e y  a r e  developed i n  g rezhes t  d e t a i l ,  a l though o t h e r  de- 
s i g n s  I n  process  are b e l i e v e d  t o  be b e t t e r .  The t e n t a t i v e  s e l e c t i o n s  made 
hcve t h e  purpose o f  p r e s e n t i n g  an over-9-11 des ign  and should,  t h e r e f o r e ,  n o t  
be considered f i n a l .  ?he r e l a t i t r e  n c r i t s  o f  a l t e r n c t e  designs a r e  d i scussed  
f u l l y  i n  S e c t i o n  Vb 

In some ccses  t h e  components desc r ibed  are be l i eved  
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1. P i l e  S t r u c t u r e  

The pernancnt p a r t  o f  t h e  p i l e  c o n s i s t s  of an  assembly of hcxagonal 
beryl l ium oxide b r i c k s  i n  t k s  f o r m  o f  ?. r i g h t  c i r c u l a r  c y l i n d e r  w i t h  i t s  a x i s  
v e r t i c a l .  The hexagonal b r i c k s  a r e  3" ac ross  f l a t s ,  2nd 6" long wi th  axial  
c i r c u l a r  holcs  2" i n  diamcter as shoim i n  Fig.  19. Thesc b r i c k s  ars s t acked  
v c r t i c a l l y  t o  form continuous v e r t i c a l  channels 2" i n  di,unr,tcr and 76" long 
and ::re so  l a i d  t h z t  t h e  h o r i z o n t a l  j o i n t s  between b r i c k s  of zny one channcl 
a r e  s t agge red  v e r t i c e l l y  by 2" r c l a t i v e  t o  t h o s e  02  t h e  adjaccnt  channels ,  
as shown on Fig.  20. 
two t h i r d s  of  t h e  chnnncls.  
b r i c k  ,?t each end. 

This n e c e s s i t a t c s  t h e  use of b r i c k s  4" long at one end o f  
The r ena in ing  t h i r d  a r e  ossemblcd rr i th  an  8'' 

There i s  a t o t a l  of 517 channels i n  t h e  assembly forming a v c r t i c a l  
c y l i n d e r  with an o v c r - a l l  l e n g t h  of 76" m d  a mean di 'meter  o f  72". 
cyl i r .der  i s  r c t a i n c d  b-y n s h c l l  2nd supported from t h e  bottom on a p l a t e  form- 
ing a sub-assembly which i s  encascd i n  a p re s su re  s h e l l  t h a t  i s  supported by 
a foundztion. Fig.  2 1  shows r. p l m  s e c t i o n  of t h e  p i l c .  Hclium gas a t  ap- 
proximately 500° F. e n t e r s  t h c  p r c s s u r c  s h e l l  a t  t h c  t o p  and passes downward 
through an annulus j u s t  i n s i d e  t h e  s h e l l  i n t o  t h e  chamber at; t h e  bottom, se rv -  
ing t o  coo l  t h e  s h e l l e  The g:,s i s  t h c n  he - t cd  t o  1400° F. i n  passing up 
through t h e  f u e l  channels ,  and i s  c o l l e c t e d  i n  :i. plenim chcmber i n s i d e  t h e  
p r e s s u r e  s h e l l .  
and r e t u r n e d  t o  t he  p i l e .  

This 

Exhaust d u c t s  1e:id t!:s hot g?.s t q  h o i l c r s  whcre it i s  cooled 

The v e r t i c a l  channels  f o m c d  bjr t h e  b r i c k  assembly desc r ibed  above 
c o n t a i n  a column o f  removable elements o r  s l u g s  e%h 5" i n  length.  These r e -  
movable clemcnts c m  c o n s i s t  of node ra to r  m a t c r i d  clone, ( r e f l e c t o r  p lugs ) ,  
o r  o f  moderator p l u s  f i s s i o n a b l e  m a t e r i d  ( f u e l  w i t s ) ,  o r  o f  f e r t i l e  mater- 
i a l  ( conve r t e r  u n i t s ) .  Thus t h e  s i ze ,  sh3pe 2nd l o c a t i o n  o f  t h e  r e a c t o r ,  r e -  
f l e c t o r ,  and conversion b l cnke t  can, by a p p r o p r i a t e  loading of t h c  channels ,  
be s e t  a t  ~ n y  d e s i r e d  values c o n s i s t e n t  w i t h  t h e  o v e r - a l l  s i z e  of t h e  b r i c k  
assembly. 
opernt  irig c h z r a c t e r i s t i c s  , arc? desc r ibed  subsequent ly  i n  con junc t ion  wi th  t h e  
nuclear c h e r a c t e r i s t i c s  of t h e  p i l e .  

Three p o s s i b l e  loading pz t t e r r i s ,  along wi th  t h e i r  corresponding 

a. Supports Lznd Re ta in ing  Meansp A s t e e l  p l a t e  82" i n  diarneter by - 6" t h i c k  se rves  as ;? foundat ion f o r  t h e  modera to r - r e f l ec to r  b r i c k .  This p l a t e ,  
i n  t u r n ,  i s  supportcd on pcds mounted on t h c  p re s su re  s h e l l .  Vr.riations i n  
temperature  between p l a t e  ,and p r e s s u r e  s h e l l  cre accomiodnted by t h i s  method 
of suppor t .  Holes a r e  l o c c t e d  i n  t h e  p l a t e  t o  correspond t o  those  i lz  t h e  
b r i c k  assembly, 
diameter  at t h e  o u t c r  f z c c  o f  t h e  ple-te,  2 s  shown on Fig. 22.  hn annular  
groove i s  added ct t h e  2-1/4" d i m d t e r  p o i n t  t o  s e r v e  as a c a t c h  f o r  a l a t c h  
mechanism used t o  support  t h e  column of removable elements,  dcsc r ibed  i n  
more d e t a i l  l a t e r .  The i n n e r  f a c e  i s  shaped t o  r e c e i v e  t h e  s p i g o t  end of a 
Be0 b r i c k  i n  o r d e r  t o  ma in ta in  It all t imes good c a r r e l a t i o n  batween b r i c k  
and p l a t e  holes.  

The ho le s  t o p e r  from 2" diameter a t  t h e  inner  f a c e  t o  2-7/8" 

Tieight i s  ndded t o  t h e  t o p  of t h e  b r i c k s  t o  r e s i s t  any f o r c e  
such as t h o  p re s su re  drop across  t h e  p i l c  which may tend t o  lift t h e  b r i ck ,  
and a l so  t o  re ta i r?  t h e  removzble clembnts i n  t h e  c h m n e l s .  Tes t s  have shown 

--- . . 
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t h a t  e t  h i g h  ra tes  o f  helium f l o n  i n  t h e  channels t h e  removable elements 
may be blown up through t h e  t o p  of t h e  p i l e a  The weight c o n s i s t s  of c a s t  
s t e e l  blocks 10" t h i c k ,  eech of which covers 7 channels. The blocks certain 
chennels which correspond t o  t h c  charnels  ic t h e  b r i c k ,  u i t h  r a d i e l  lugs f o r  
r e t e n t i o n  of t h e  c o l m n  o f  s l u g s ,  

Each column of  s l u g s  i n  he ld  up e g a i n s t  t h e  t o p  weights by means 
o f  B r ep laceab le  sp r ing  element vh ich  has been charged i n t o  t h e  channel d o n g  
w i t h  t h e  f u e l ,  r e f l e c t o r ,  o r  c o z v e r t e r  u n i t s ,  and ho lds  t h e  s l u g s  i n  a f i x e d  
p o s i t i o n  under a l l  c o n d i t i o m  o f  h c l i u n  f l o w ,  This s p r i n g  elrment is shovm 
i n  Fig,  23 and c o n s i s t s  o f  a s t e e l  c o i l  sp r ing  c a r r i e d  i n  a s t e e l  t ube  ap- 
proximately 5' i r c h e s  long ,  designed t o  have a 1" d e f l e c t i o n  and t o  support  
5 pounds weight.  

h e d i n t e l y  belov t h e  sp r ing  element i s  c r ep laceab le  me ta l  s lug  
con ta in ing  a 1p.tch mechpaism which s u t o m a t i c z l l y  engages i n  an m n u l n r  groove 
i n  t h e  bottom p l a t e  ho le .  A f u r t h e r  movement o f  1" up i n t o  t h c  channel,  per- 
m i t t e d  by t h e  s p r i n g ,  will l ock  t h e  l a t c h  i z t o  t h e  body of t h e  l a t c h  alug ,and 
p e r n i t  free '  rcmoval o f  t h e  l a t c h  plug m d  colimc o f  f n c l o  
d e s c r i p t f o n  of t h i s  l e t c h  mechmism i s  given l2 , tcr  i n  d e s c r i b i n g  t h e  f u e l  
handl ing equipment, 

k more complete 

S t e e l  blocks zround t h o  ou t s ide  of t h e  b r i c k  s t r u c t u r e  are shaped 
t o  f i t  t h e  i r r e g u l a r  b r i c k  contour <wid form F. cylinder. 
c u l a r  segments approximctely 12" l o n g  v i t h  a me,% t h i c k n e s s  o f  5". k one 
inch  t h i c k  s t e e l  r e t a i n i n g  s h e l l  i s  put  zround t h c s e  forming blocks and se rves  
t o  l i m i t  p i l e  n o v c m n t  and prevent 500' F. g2.s f r o m  by-passing t h e  p i l e ,  Cold 
c l ea rance  of 1/4n a t  tk+e bottom m d  3/4" 2.t t h e  t o p  i s  provided between s h e l l  
and b r i c k  t o  avoid o v c r - s t r e s s i n g  t h e  p w t s  under a11 cor?di t ions of tempcrn- 
t u r e  which may b e  encounteredo 

Thcy c o n s i s t  of c i r -  

The r e t a i n i n g  s h e l l  i s  f a s t e n e d  t o  t h c  bottom p l a t e ,  m d  c l o s e d  
a t  t h e  t o p  by i. double f l a t  p i z t e  assembly 37" above t h e  w e i r h t s  a t  t h e  t o p  
o f  t h e  b r i c k .  The lower p l a t e  of t h i s  zseembly i s  very t h i n  and servc's as 
cL rrdi:ult hea t  s h i e l d  rad b u f f e r  p l n t c  t o  prevcnt  t h e  1400' F. hclium from 
impinging d i r e c t l y  or! the o u t c r  member. 
hot  gzs plenum ch,-mber, %d w i t h s t m d s  t h e  2 , s  p s i .  d i f f c r c n t i a l  between t h e  
incoming pad outgoing helium. 
t h i s  o u t e r  pla.te and pass through t o  n i t h i n  1" of t h e  weights a t  thc! t o p  o f  
t h e  b r i c k  nsscmbly, Oversize ho le s  i r ?  t h e  lowcr p l c t c  provide clcnrance a.- 
round t h e  c o n t r o l  rod thimbles  s o  t h T t  t h i s  7 l z t c  exerts  no f o r c e  on t h e  t h i n -  
b l e s .  The b a f f l e  p l a t e  j u s t  below t h e  inconirp,  helim en t rance  has s imilar  
c l ea rance  holes around t h e s e  thimbles  f o r  t h c  smtc purpose. 

The o u t e r  3/4" t h i c k  p l a t e  seals t h e  

Control rod t 3 i n b l e s  a r e  m l d c d  d i r e c t l y  t o  

b. P res su re  S h e l l ,  The p i l e  i s  onc~.sed  i n  c c y l i n d r i c a l  s tes l  ves- 

It i s  dcsizned f o r  czn opcratjng p r e s s u r s  o f  132 p s i .  gauge 
s c l  8 f t .  e x t c r n a l  diameter ,  1-1/2" t h i c k ,  p - r d  22'-6" o v e r a l l  l cng th ,  w i t h  
e l l i p t i c e l  5esds .  
and P. maximm prcs su re  o f  250 p s i ,  gauge. The p i l e  and o t h e r  p a r t s  of t h e  
coo lcn t  system w e  protectcid by r e l i e f  vr-.lves slid rup tu re  d i s c s  s e t  t o  re- 
l e s e  a t  a p r e s s u r e  no t  g r e a t e r  t han  250 p s i ,  
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A s  shown Gn Fig,  24, t h e  incaning helium e n t e r s  a t  t h e  t o p  of 
t h e  s h e l l  through two ,l9" openings, and flows down t h e  e n t i r e  per iphcry of 
t h e  s h e l l  t o  e n t e r  t h e  p i l c  from t h e  bottom, Thus, a l l  p a r t s  of t h e  pres-  
s u r e  s h e l l  a r e  i n  c o n t a c t  w i th  sOO* F. hel ium, 
going duc t s  a r e  provided a l i t t l e  cbove t h e  s h e l l  mid-point, 
a r e  provided a t  t he  p o i n t s  where t h e  outgoing duc t s  pass  t h r o u g h  t h e  pres-  
s u r e  s h e l l  i n  o rde r  t o  avoid stresses due t o  sha rp  t e m p r a t w e  d i f f e r e n t i a l s  
a t  t h e s e  p o i n t s A  

Two 27" apenings f o r  ou t -  
Thermal s l eeves  

Zhe loading mechanism e n t e r s  t h e  s h e l l  through a 31'' e c c e n t r i c  
hole  i n  t h e  bottom of t h e  s h e l l .  kn unloEding tube  e n t e r s  t h e  p i l e  through 
n hole  i n  t h e  p r e s s u r e  s h e l l  and curves  down i n t o  t h e  loading f a c e .  
t u b e  i s  
s h e l l b  

This  
indexed i n  t h e  bottom p l z t e  and f r e e  t o  move through t h e  p r e s s u r c  

There a r e  two 20" round manholes, one near  t h e  t o p ,  ard one near  
t h e  bottom, t o  provide access  t o  t h e  spaces above and below t h e  b r i c k  as- 
sembly, 
nary opc rn t ion  under 
Jvlvlanholes would t h e n  be vrclded t o  ndce a pcmanon t  and r e l i z b l e  s e a l .  

Access i s  neccss':ry i n  assembly, and f o r  i n s p e c t i o n  a f t e r  p re l imi -  
tempcrature  bc fo re  in t roduc ing  f i s s i o n a b l e  mntcr ia l . ,  

The e n t i r e  s t r u c t u r e  i s  supported b-; t h c  p r e s s - a c  shek l ,  which 
i s  mounted on a foundct ion a t  p o i n t s  along t h e  p c r i p h t r y  a t  t h e  he igh t  o f  
t h e  outgoing duc t s .  
maintaining c e n t e r  l i n e  l o c z t i o n  by n e a s  of r e d i a l  l ugs  nnd s l o t s ,  

The mountinc provides  f o r  f r e c  r o d i a l  expansion while  

c o  P i l e  Gas Flowv, The flow o f  t h e  c o o l m t  throughout  t h e  p i l e  
s t r u c t u r e  may be seen  frofx' Fig,,24* Ecliwh gas a t  500" F. e n t e r s  t h e  p i l e  
through two 18" diameter duc t s  l oca t ed  a t  t h e  t o p  o f  t h e  p i l e ,  A m a j o r i t y  
o f  t h e  gas i s  d i r e c t e d  by c b a f f l e  p l a t e  t o  t h e  c e n t e r  p o r t i o n ,  where it i s  
d i r e c t e d  down t o  t h e  c e n t r a l  p o r t i o n  o f  t h e  t o p  p l a t e  assembly, 
outward, and down t h e  annular  passage between r e t a i n i n g  m d  p res su re  s h e l l s ,  
Af t e r  f lowing t o  t h e  
it flows downward through t h e  w-nulus between t h e  p r e s s u r e  and r e t a i n i n g  s h e l l s ,  
and i n t o  t h e  space s o u n d  t h e  loading mechanism, thence  upward i n t o  t h e  r e -  
a c t o r  chmnnels, r e f l e c t o r  and f o r n c r  block c o o l i n g  passages. I t  i s  then  c o l -  
l e c t e d  i n  t h e  outgoing plenum chamber et t h e  t o p  o f  t h e  b r i c k  assembly, where 
it e n t e r s  t h e  two outcoing duc t s .  The gas f low through t h e  f u e l  channels i s  
proport ioncd i n  accord'wce wi th  t h e  d i s t r i b u t i o n  of h e z t  g e n e r a t i o n  through- 
out  t h e  p i l e  volume shown i n  Figs. 6 cnd 7, by means of removable o r i f i c e s  
l o c a t e d  a t  t he  lower end of each fuel c h m n e l ,  

It t h e n  f l o w s  

pe r iphe ry  of t h e  s h e l l  j u s t  above t h e  t o p  p l a t e  assembly, 

Control rods c r e  cooled by 500' F. helium 'bled i n t o  t h e  thimbles 

An 

Gas flowing down 

a t  t h e  t o p  of t h e  p i l e ,  
t h e  hollow rod 2nd p.rt  down t h e  annulzs between c o n t r o l  rod and thimble.  
o r i f i c e ,  i n  t h e  f o r n  of n c l o s e - f i t t i n g  r i n g  immediately above t h e  t o p  p l a t 0  
assembly c o n t r o l s  t h e  m o u n t  of gns flowing i n  t h e  a m u l u s a  
t h e  c e n t e r  o f  t h e  rod i s  discharged d i r ' e c t l y  i n  thc open b r i c k  space; and 
flows t o  t h e  t o p  o f  t h e  p i l e ,  
a t  t he  p i l e  facc.  
o r i f i c e  plugs i n  t h e  bottom p l a t e  t o  c o n t r o l  t h e  m o u n t  o f  gas flowing up 
t h e  open channcls  f o r  cool ing purposes,  

The flow i d  dipided,  p a r t  goin'g down t h e  c e n t e r  o f  

I/ 

I T h i t  f lowing down the , a r p l u s  i s  discharged 
Open c o n t r o l  rod channels a r c  provided wi th  r e p l a c e a b l e  
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F ~ O W  of  gas  through t h e  former b locks  v r i l l . b e  ad jus t ed  S O  t h e  
blocks m e  main ta ined  a t  approxina te ly  1000° F. maximum, The f o m c r  blocks 
are extended t o  t h e  t o p  p l c t e  assembly s o  t h c  r e t a i n i n g  s h e l l  i s  p r o t e c t e d  
i n  t h e  r eg ion  o f  t h e  h o t  plenum chmbe: from 1400' F. gas. Helium f lowing 
th rough  t h e  holes  which run i n t o  t h e  exhaust  gas duct  is  c o l l e c t e d  i n  a r i n g  
around t h e  d u c t s .  
two p l a t e s  q f  t h e  t o p  p l a t e  assembly, ar.d allowed t o  l e a k  i n t o  t h e  h o t  plenum 
chamber around t h e  c o n t r o l  rod thimbles ,  

The gas from t h e  formAr blocks i s  d ischarged  between t h e  

d ,  P i l e  Alignment, The p i l e  s h e l l  i s  supported around i t s  p e r i -  
phery i n  t h e  p lane  of t h e  exhaust  duc t  c e n t e r  l i n e  as shown on Fig.  2 4 ,  and 
expands f r e e l y  up and down from t h i s  p o i n t  approximately 0.33" and 0.47"# 
r e s p e c t i v e l y .  A r a d i a l  exprrnsion o f  O . l 7 "  from room tempora twe  t o  500' F. 
i s  allowed f o r  by movement on p i l e  suppor t  pzds,  
l e c t s d  as be ing  most d e s i r a b l e  from b o i l e r  and duct  cons ide ra t ione  C, 

This suppor t  po in t  w a s  se- 

. p e  r e a c t o r - r e f l e c t o r  assembly i s  supported by t h e  bottom p l a t e ,  
which i s  ccn te rcd  w i t h  r e s p e c t  t o  t h e  p re s su re  shell and suppor ted  by it, 
The assembly i s  cllowed t o  exp,md upward ns t h e  loading f a c e  n u s t  be f i x e d  
w i t h  r e s p e c t  t o  t h e  p re s su re  s!.:.cll. 
t u d i n a l l y  w i t h  r c s p e c t  to t h e  h o t  e:id p i l s  face zxcc:,t c o n t r o l  rods ,  which 
are r e a d i l y  a d j u s t a b l e  ir, t h i s  d i r e c t i o n ,  
proximately 0.61" over  t h c  e n t i r e  r e t a i n i n g  shell le.n.gth, o r  0.38" over  t h e  
r e a c t o r  and r e f l e c t o r  

IJothir:g need be c a r e f u l l y  indexed longi -  

This  -totzl .  upward movement i s  np- 

Line-up bctwcen r e t a i n i n g  s h e l l  r ad  p r e s s u r e  s h e l l  cen te r  l i n e s  
i s  accomplished wi th  4 r a d i c l  lues ?.t t h e  t o p  and 4 a t  the bottom f i t t e d  i n t o  
s l o t s  on the p r c s s u r e  shell, This c o n s t r u c t i o n  n l l o w s  r a d i a l  expansion whi le  
main ta in ing  c o n s t a n t  r e l a t ive  c e n t e r  l i n e  p o s i t  i ona  The t o p  p l a t e  assembly 
i s  keyed i n  t h i s  manner t o  t h e  r e t a i n i n g  s h e l l .  It i s  s e a l z d  a t  t h e  p e r i -  
phery b?,r c t h i n ,  f l e x i b l e  s h e e t  s t e e l  member. 4. smnll d i f f c r e n t i a l  movement 
may occur betwecn r e t a i n i n g  she l l  m d  p res su re  s h e l l  due t o  a ch'mging load- 
ing  p a t t e r n ,  d i s r u p t i n g  gas flow, or  t i ne  .lzg o f  he2.t flow,, This movement 
would s h i f t  t h e  i rxer  d k t  w i t k  r e s p e c t  t o  o u t e r  2nd do no hcrm. 
duct  is providcd w i t h  a s l i p  j o i n t  t o  a l l O W  f o r  t h i s  as well 8 s  vari?. t ionS 
i n  r a d i a l  rnovement, 

The eater 

Diamet r i ca l  expansion o f  b c r y l l i u n  oxide  and s t e e l  d i f f e r  ap- 
proximr te ly  0.1" a t  t h e  co ld  e r d  when both  are zt 500' F. Due t o  a poss i -  
b i l i t y  of  t h e  b r i c k  becoming h o t t e r ,  a c o l d  t o t a l  c l e a r m c e  o f  1/4It i s  pro-  
v ided  between t h e  b r i c k  assembly and t h e  rc t r , in ing  s h e l l .  This i s  e q u i v a l e n t  
t o  1000° F. b r i c k  tempera ture  Lond 250' %. s h e l l  temperature .  
ance o f  ,/,'' i s  l e f t  a t  t h e  t o p ,  v:hich i s  equ iva len t  t o  a b r i c k  tempera ture  
of 1900° F. and a she l l  temperc ture  o f  550' F a  

h t o t a l  c l e a r -  

The nominal c l ea rzncc  of 1/4" c t  t h e  bottom o f  t h e  p i l e  w i l l  
cause no d i f f i c u l t y  from loading  and &loading  operrations. 
o f  3/8" i s  n o t  enough t o  d i s t o r t  channels  t o  thc: poi:it where f u e l  e lements  
will jam, beccusc i n d i v i d u a l  b r i c k  a l ignnen t  i s  ne11 maintained by means of 
b e l l  E.nd s p i g o t  j o i n t s  which have a c l ee rance  less thcn  1/32". 

?he t o p  movement 
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I n  t h e  b r i c k  s t r u c t u r e  t h e  cor , t rol  rod channels  ere o f  hexzgonal 
c r o s s  s e c t i o n  3" ac ross  f l a t s ,  eech channel beir,g formed by omi t t i ng  a c o l -  
umn o f  b r i ck . ,  Control  rods a r e  1.55" d i m e t c r ,  which provides  a 0.725" mean 
r a d i n l  c l e e r a n c e  betvieen c c n t r o l  rods ana c h m n c l s .  The channels  a r e  a l igned  
by t h e  former blocks and r e t a i n b - g  s h e l l ,  which i n  t u r n  a r e  l i n e d  up w i t h  
t h e  p re s su re  s h e l l ,  The c o n t r o l  rods pire a l igned p a r t l y  by t h e  p -e s su re  
s h e l l  and p a r t l y  by t h e  c o n t r o l  rod thinibles ,  These thimbles ,  which f o r m '  
channels fo r  t h e  c o n t r o l  rods i n  t h e  zone ab0t.e t h e  b r i c k  and t o p  n e i g h t s ,  
a r e  l i n e d  up wi th  t h e  p r e s s u r e  s h e l l  a t  t h e  t o p  m d  w i t h  t h e  t o p  p l a t e  of' 
t h e  t o p  assembly j u s t  above t h e  outgoing helium plenum c h m b e r +  

e c  ? e s t  and Experimental F z c i l i t i e s .  While t h e  p r o v i s i o n  of ad& 
qua te  t e s t  ond e x p e r i m o c t d  f a c i l i t i e s  i s  a reqi i i rcnent  of major importance, 
it has been necesssry t o  devote nlmost all a t t e n t i o n  thu.s f a r  t o  t h e  o t h e r  
design f e a t u r e s  desc r ibed  previously.  It secms probRble, however, t h a t  spcc- 
in1 t e s t  channels would be Reeded, 2nd it is considercd f e a s i b l e  t o  provide 
them. 

I 

f .  Shielding. The s h i c l d i n g  i:idicated on t h e  drawings i s  on ly  
approximate and i s  b-sed on t h e  same general  c o p s i d e r n t i o n  as t h a t  now i n  
use f o r  o the r  p i l e s ,  

g.  S p e c i f i c a t i o n s  f o r  E e r y l l i u n  Oxide Bricks 2nd R e f l e c t o r  Plugs a 

The following t a b u l a t i o n  p r e s e n t s  t h c  s p c c i f  i c a t i o n s  t e n t a t i v e l y  s e l e c t e d  
f o r  f a b r i c r t i o n  o f  Be0 b r i c k s  and r e f l e c t o r  plugs:  

(1) Brick ( T o t a l  weight 18,1?5 l b ~ . ) ~  

(a) 

- 
5730 hexagons ns per  F ig .  19 (weight 16,330 l b s * ) e .  

1, 

2 .  

3. 

4,. 

5. 
6. 

7. 

8, 

i_ 

6" l eng th  (c?bout 6-7/16" o v e r a l l  t o  end of s p i g o t ) .  

3" width of hexcgon zcross  f l a t s .  

2" dirmeter  of i n t e r n a l  l o n g i t u d i n a l  channel,, 

1/8" r a d i u s  f i l l e t s  a long o u t e r  edges o f  t h e  
hexagon 2nd 1/16" r a d i u s  f i l l e t s  a t  t h e  ends. 

Dincnsionnl tolerar .ces  as l i s t e d  on F ig .  19.  

Eel1 afid s p i g o t  BS shown on Fig. 19* Dimen- 
s i o n a l  t o l c r x c c s  f o r  b e l l  w d  sp igo t  must 
be worked out  w i t h  t h e  m m u f n c t u r e r s  

Density 2.85 m e r a g e  w i t h  2.8 minimum. 
must be d i scussed  wi th  t h e  mmufcc tu re r ,  
and s0mev:hp.t lower va lues  mcy hzve t o  be 
accept ed 

(Th i s  

Brick t o  be nade n i t h  m y  s u i t a b l e  powder 
which producss b r i c k  o f  s u i t a b l e  d e n s i t y  tvith 
a boron con ten t  n o t  t o  exceed 1 ppm, 

.. .. .. .. .. 0 0  

... .. . 
0 0 0  

- 41 - . . . . . . . . . . . .  . . . . . . . . . .  . . . . . . . . . .  . . . . . . . . . .  . . . . . . . . . .  
0 0 0 0  0 0 0 0  0 0  0 0 0 

... .. . . 0 0 0  

.. .. .. .. .. 
0 0  



(b)  345 hexL?gons i d e n t i c a l  1 5 t h  ' ' (z)"  above exccpt 4 
inches  long i n s t e n d  of  6 Lcches. 

318 hexagons identicc.1 n i t h  t t ( f ' - ) l '  except  3 inchcs  
lozg i n s t end  o f  6 ir,ches ( w i g h t  1210 lbs . ) .  

(meight 655 l b s . ) .  

( c )  

(2)  Re f l cc to r  P lugs  (weight 5380 l b s . )  

(a) 4140 c y l i n d e r s  w i t h  rounded ecds as pe r  F ig .  2 5 .  

1. 5" l ength .  

2. l-7/&" di3meter . 
3. 

4. 

5. 

Rou:ided e i d s  i n  accord,zrlce w i t h  F ig .  2 5 .  

Dinensional t o l e r a c c e s  n s  l i s t e d  on  Fig.  25. 

Density 2.6 t o  2.7 t o  be determixed by d i s c u s s i o n  
w i t h  nznufnc turcr .  
p r e f e r a b l e )  a 

Plugs t o  be made n i t h  m y  s u i t z b l e  povIder which 
c i v e s  t h e  r equ i r ed  d e n s i t y  jv'lth 2. boron content  
not t o  exceed 1 p p .  

(A d e m i t y  of 2.35 Tivould be 

6. 

A 
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I. ALL SURFACES SHALL BE FREE'OF IBLE CRACKS, FOLDS 
AND CHIPPED AREAS. MINOR CHI D AREAS M A Y  BE 
BL'ENDED BY GRINDING SUBJECT' . \  TO FINAL ACCEPTANCE 
BY USER - 

2. CYLINDER MUST BE STRAIGHT FROM END TO END WITH+ 
IN  ' 4 4  
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2. Fuel  Elements. 

The f u e l  c o n s i s t s  o f  uranium o r  a uranium compound, enr iched  t o  30% 
U235, d i spe r sed  uniformly i n  a r e l a t i v e l y  bulky mat r ix  o f  be ry l l i um oxide,  
g r a p h i t e ,  o r  bery l l ium me ta lo  
l i e v e d  t o  be capable ,  when s u i t a b l y  designed and f a b r i c a t e d ,  o f  sus t a ined  s a f e  
o p e r a t i o n  a t  12,000 K,/. The development program has n o t  proceeded s u f f i c i e n t l y  
t o  determine j u s t  how high t h e  power l e v e l  can s a f e l y  be pushed f o r  t h e  var ious  
m a t e r i a l s  and d e s i g n s ,  

3 
Fuel  e lements  o f  all t h r e e  m a t e r i a l s  a r e  be- 

The m a t e r i a l s  a r c  f a b r i c a t e d  i n t o  elements conforming, w i t h  s u i t a b l e  
c learance ,  to t h e  two-inch c i r c u l a r  channels o f  t h e  r e a c t o r .  
s igns  a minimum r a d i a l  c l ea rance  of one-s ix teenth  inch  i s  provided b e t m e n  t h e  
channel wall and t h e  c e n t e r i n g  p r o j e c t i o n s  o f  t h e  f u e l  e l e n c n t s ,  and f o r  hand- 
l i n g  convenience t h e  elements a r e  f i v e  inchcs long. 

In c u r r e n t  dc- 

a. Beryl l ium Oxide. Fucl elements have been madc f r o m  a mixture  o f  
Be0 and UOZ4 h o t  presscd  t o  a s p e c i f i c  g r a v i t y  of 2.9. E a r l y  development work 
i n  f a b r i c a t i o n  o f  t h i s  m a t e r i a l  y ie lded  th ick-wal led  s i n p l e  tubes,  and a l s o  
s i m i l a r  tubcs  w i t h  t h e  a d d i t i o n  o f  c e n t e r i n g  f i n s  as shown i n  F i g o  26-A. Such 
tubcs  can be f a b r i c a t e d  i n  quan t i ty ,  b u t  t h e i r  low r e s i s t a n c c  t o  thermal  ruptuzc 
l i m i t s  them t o  r e l a t i v e l y  low powcr output .  
t h a t  h o t  presscd  m a t e r i a l  can be f a b r i c a t e d  i n t o  shapes cons ide rab ly  more com- 
p lex  and w i t h  Considerably t h i n n e r  walls than  t h e  o r i g i n a l  t u b e s p  
shown i n  Fig*@ 26;B.has becn produced i n  h o t  p re s sed  m a t e r i a l ,  and s t i l l  more 
complex shapes and th inne r  w a l l s  are bein; s t u d i e d  f o r  samplc product ion ,  

La te r  dcvclopmcnt work has shovm 

The des ign  

Other methods o f  f a b r i c a t i n g  BeO-U02 mixtures  show t h a t  it i s  p o s s i b l e  
t o  o b t a i n  m a t c r i a l  having Considerably b e t t e r  r e s i s t a n c e  t o  thermal  rup tu re  t h a n  
t h c  hot  p rc s scd  m t c r i a l .  
i n d i c a t e d  tha'c f o r  a given shapc, ccrar : i ica l ly- f i rcd  m a t e r i a l  can  be opcra tcd  a t  
twice  t h e  pocrcr l e v e l  p o s s i b l e  crith t h c  h o t  pressed  m a t e r i a l .  
a shape khat has been s a t i s f a c t o r i l y  extruded and cc ramica l ly  f i r e d ,  
na ry  cxperimcnts i n d i c a t e  t h c t  it w i l l  be p o s s i b l e  t o  make s t i l l  morc complex 
shapes o f  t h e  type  shown i n  Fig.  27 capable  o f  s t i l l  h igher  ou tpu t ,  

Thermal rup tu re  t e s t s  of  f i r s t  t r i a l  samples  have 

F i g o  26-8 shows 
P re l imi -  

' T o  swnmarizc, t h c  c u r r e n t  s t a t u s  of be ry l l i um oxide f u e l  elements i s  
a s  follows: 
f u c l  elements t h a t  have been devclopcd t o  da te .  
t h a t  t h e  c u r r e n t  and proposcd r e s e a r c h  programs descr ibed  i n  d c t a i l  i n  S e c t i o n  
V w i l l  y i e l d  g r e a t l y  improved m a t e r i a l s  and shapes,  and so  l e a d  t o  f u e l  elements 
t h a t  w i l l  provide a wide margin of s a f e t y  a t  t h e  des ign  r a t i n g  o f  t h e  p i l e .  

The p i l e  can be opera ted ,  a l though probably a t  reduced powerr w i t h  
I t  i s  c o n f i d e n t l y  expected 

bo 
ab le  shapes. 
from g raph i t e  b lock .  
ma t r ix  have been developed and a l s o  methods of making t h e  g r a p h i t e  r e l a t i v e l y  
impervious t o  gaseso 

Graphitc,, Graphi te  can be r e a d i l y  cxtruded o r  machined i n t o  s u i t -  
A sample element having t h e  dimensions of Fig.  26-D was machined 

Methods o f  uniformly i n c o r p o r a t i n g  uranium i n t o  t h e  

- 43 - 
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C .  Bcryl l ium iVIctal. Fig.  26-C shows a des ign  f o r  a bcryll iwn-uranium 
This i s  c a l c u l a t e d  t o  pe rmi t  cont inued s a f e  o p e r a t i o n  a t  thc r a t e d  out-  a l loy,  

p u t  of the p i l e ,  E s s e n t i c l l y ,  t h e  clcinent c o n s i s t s  o f  p a r a l l e l  p l a t e s ;  f a b r i -  
c a t i n g  problcms d i c t a t c  whether the c l c m n t  can 'oc formed as  shovm (by  hot 
bending) ,  o r  whether it w i l l  be assembled and f a b r i c a t c d  from s c p a r a t c  p l a t c s .  

A morc d e t a i l c d  d i s c u s s i o n  of f u c l  elements i s  g iven  i n  Sec t ion  V. 
In  p a r t i c u l a r ,  t h a t  s e c t i o n  shows t h e  importance o f  tem9craturc  and i r r a d i a t i o n  
on t h e  p r o p e r t i e s  of tlic m a t r i x  m a t c r i a l s  and consequent ly  on t h e  cxpcctcd per -  
formancc of f u e l  c lcmcnts ,  
of f a b r i c a t i o n  of the mat r ix  m a t c r i a l s  and i t s  e f f e c t  on f u c l  elcment dos ign  is 
prescn tcdo  

I n  add i t ion ,  in format ion  on t h e  p r e s e n t  technology 

I 
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3 .  Fuel  Handling. 

a )  General.' All fuel elements descr ibed  i n  t h e  previous s e c t i o n  
-I___ 

pass  through approximmakely t h e  same o v e r a l l  cyc le  xhich  i s ,  broadly,  as 
f o l l o w s :  S u f f i c i e n t  f u e l  and r e f l e c t o r  elements t o  f i l l  a complete chance l  
a r e  assembled i n  proper  o rde r  and i n s e r t e d  i n t o  a gas t i gh t .  c o n t a i n e r  which 
provides  e a s y  handl ing  and main ta ins  R low moistu.re con ten t  :.?iithin t h c  f u e l  
elements.  I n  t h i s  cond i t ion  t h e  elements a r e  d e l i v e r e d  t o  s t o r n g e  f a c i l i -  
t i e s  t o  awai t  subsequent use. The con ta ine r  i s  oponed only a f t e r  d e l i v e r y  

' t o  t h e  p i l e  loeding  a r e a  and immediately before  t h e  f u e l  elements e n t e r  
t h e  p i l e ,  t h e  exposure t o  2-tmosphcre being s o  s h o r t  t h a t  mois ture  absorp- 
t i o n  i s  n e g l i g i b l e .  The elements a r e  removed f r m  t h e  c o n t a i n e r  and i n -  
s e r t e d  i n t o  t h e  p i l e  -&.ere they  remain u n t i l  t h e  allowaSle l i m i t  o f  fuel , 

d e p l e t i o n  has been reached. They a r e  t h e n  removed f rom t h e  p i l e  and 
de l ive red  t o  a decay chanber t o  permit decay o f ,  t h e  f i s s i o n  products  
u n t i l  t h e  a c t i v i t y  le-re1 has decreased t o  a low enough im.1~0 t h a t  repro-  
ces s ing  ma.y be i n i t i a t e d .  
d i s so lved  or burned t o  p::rmit s e p a r c t i o n  o f  .the Vranim from t h e  m a t r i x  o f  
moderator m a t e r i a l .  Th2 Uranium i s  p i r i f i e c !  and en r i chsd  i n  t h e  235 
i so tope  and ye-used i n  t h e  f a b r i c a t i o n  of add i t io i i a l  f u e  1 elements as  
dcsc r ik~ed  in ,  t h e  p r e v i o m  snc t ions .  

A t  t h e  r ep rocess ing  p l an t  t h e y  a r e  crushed,  

Fue l  handl ing ,  which i s  concsrned x i t h  all h m d l i n g  o f  f u e l  elements 
e x t e r n a l  t o  t h e  reprocess ing  and fa 'crice.t ion p l a n t s ,  r e so lves  i t s e l f  i n t o  
two problems. A l l  t r a n s p o r t ? . t i o n  between phases o f  t h e  c;ycle i s  cons idered  
as e x t e r n a l  handl ing;  i n s e r t i o n  i n t o  t h e  p i l e  ' m d  removul f rom t h e  p i l e  are  
c a l l e d  t h e  charging and &.scharging operz t ions .  This l a t t o r  phase hzs 
receimzd more a t t e n t i o n  s i n c e  .it r 2 p r e s e n t s  t h e  more d i f f i c u l t  problen 
and i s  one %kicii must be so lved  be fo re  ope ra t ion  of t h e  p i l e .  
handl ing equipment can s u c c e s s f u l l y  be i n v e s t i g a t e d  a f t e r  charg ing  and 
d i scha rg ing  equipment i s  we11 alorig i n  dos ign  s i n c e  mod i f i ca t ions  and 
improvements c m  be m a d e  a t  2-n-y time dur ing  t h e  l i f e  o f  t h e  p i l e .  Be- 
cause o f  t h i s  t he '  d e s c r i p t i o n  mi! d i scuss ion  o f  f u e l  handl ing  equipment 
problems revolve  l a r g e l y  around t h e  probl.ezi;s comerned  v i t h  t h e  charging 
and c l o s e l y  r e l z t e d  components. 

Zx te rna l  

Charging and d ischarg ing  a r e  accomplished by one mschine loca ted  i n  
t h e  en t r ance  gas p2.enum chamber below t h e  Di1-e. Cont ro l  rods  p e n e t r a t -  
ing t h e  o x i t  plenum chamber a t  t h e  t o p  o f  &e p i l c  prec lude  t h e  des ign  o f  
a machine t o  achieve e i t h e r  f u n c t i o n  a t  t h a t  2nd. A l a t c h  mechanism 
sunpor ts  t h e  f l ic l  column i n  t h e  p i l e ,  v e t  p e m i t s  un la t ch ing  t o  v i thdra iv  
s m n t  -channc Is . 1 

Since t h i s  r c s q l t s  i n  a n ' c n t i r e  channel being charged a t  a t ime,  p i l e  
'iced. t o ,  o r  n e a r l y t o ,  zero. I t  i s  not  nocessary,  however, t o  
r e s su re  i n  t h e  helium c i r c u i  , t o  ech ieve  loading.  . 

t o  f h c  charging machine through a. gas l o c k  which 
t h e  a-t;;nosphcl- and p i l c  iicliLn;l and provides  a 

c h m b c r  i n  which gascous contan inants  may be removed f rom the  new f u e l  
elements.  The "chargifig machinc" c o m i s t s  o f  thct indsxing  machine f o r  
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s e l e c t i o n  of  t h e  channels  t o  be  served ,  t h e  indexing d r i v e  and i t s  c o n t r o l  
and t h e  charg ing  ran t o  e i f e s t  t r a i i s f e r  o f  f u e l  betviaen t h e  indexing machine 
and t h e  p i l e .  i n  d i scharg ing ,  t h e  machine rmioves t h e  spent  e lemsnts  from 
t h e  channs l  and d e l i v e r s  them t o  t h e  d ischarge  lock.  
t h e  elements  a r e  cooled t o  remove s e n s i b l e  h e a t  and t h e  h e a t  genera ted  by 
decay o f  f i s s i o n  proaucts .  Subsequent removal f r o n  t h e  d ischarge  lock  t o  
t h e  decay chambsr i s  cons idered  a 2hase of' e x t s r n h l  hand l ing  a l though it 
is 2 o s s i b l e  t n a t  t h e  dacay chamber nay be s o  i r i t i n a t e l y  a s s o c i a t e d  w i t h  
t h e  d ischarge  lock  as t o  be d i f f i c u l t  t o  d i s t i n g u i s h  phys ica l ly .  

Luring t h i s  o p r h t i c n  

b,, G-s Lockso Fig. 28* sho,.s :. b:&sic dLsign o f  a chtLrgir;g gas l ock  znd 
inc ludes  a s tep-by-step d e s c r i p t i o n  02 lock  o p e r a t i n g  procar'v.re. 
Sssence,  t h e  l o c k  consis-cs of a c y l i n d e r  2-1/4" i n  diamzter  and 80" long, 
s u f f i c i e n t  t o  hold  t h s  f u c l  and r e f l e c t o r  e lements  t o  f i l l  a complete 
channel .  fhe  f i e 1  i s  in t roduced  t o  t h e  l o c k  through t h e  cu.rved en t r ance  
passage by an 
t h a t  it i s  impossible  f o r  a n  o 2 e r a t o r  t o  s t a n d  i n  f r o n t  or' t h e  open pass-  
age d u i n g  t h e  charg ing  i)roce(;lilre. 
p r i n a r y  va lve  used t o  s e a l  t h a  lock  f r o n  t h e  surrounding atinosphsre. The 
secondary va lve  s a 2 a r a t i n g  t h e  l o c k  f r o x  t h a  2 i l e  i s  l o c r t e d  a t  t h e  i n n e r  
( l e f t )  end of t h s  lock. l ' r anspor ta t ion  of  t h e  f u e l  e l w i e n t s  from t h e  lock  
t o  t h e  charg ing  rimchina is a c c o q l i s h e d  by the  t r a i s f a r  p lunsz r  shown 
schenia t ica l iy  a t  t h s  r i g h t  end o j  t h e  lock. Cons t ruc t ion  and o p e r a t i n g  
p r i n c i p a l s  o f  t h i s  p lungzr  ari: similar t o  thosa  of t h a  charg ing  ram des-  
c r i b e d  later.  

In 

a x t a r n a l  machine E i t  t h e  losdin,; f c c e  mhich i s  so des igned  

inco rpora t zd  ir, t h i s  passage i s  t h e  

The purg ing  system i s  comprised of  a haliuin supply and an exhaust  sys-  
tem. The former provides  a supFly of pure  helium t o  match t h e  lock  atmos- 
?here  w i t h  t h a t  of  tho  p i l e  i ) r ior  t o  the  openine o f  che  secondhry va lve  f o r  
t r ans f ' d r  o f  f u e l  i n t o  t h j  charg ing  nachine.  inc luded  i n  t h e  helium supp ly  
l i n e  i s  a c o n s t a n t  ;>ressur2 rzducing  va lve  mhich main ta ins  i; lock  atmos- 
$here 
excess  o f  p i l e  ;3ressure. l ' h i s  s l i g h t  pre:.sure d i f f e r e n t i a l  p reven t s  leak-  
age of contaminated heliurn from t h e  2 i l e  i n t o  t h e  lock. 

e 
o f  pure  helium dur ing  2 i l e  o p a r z t i o n  and Ei t  a p res su re  s l i g h t l y  i n  

i'he exhaust  system is provided t o  reduce the oxygen content  be fo re  
p e s s u r i z i n g  w i t h  helium and t o  d ischarge  t h e  contaminated helium e n t e r i n g  
t h e  lock  dur ing  t n a  t ima t h a t  the second'ary va lve  i s  open. &inoval o f  t h e  
oxygen i s  achiovJd by thc vacuum punp which w i l l  reduce the' p recsu re  t o  
.001 atmos2heres i n  15 seconds. S ince  t h e  d s t i n a t e d  volume of' the  lock,  
w i t h  allovcance f o r  va r ious  passages,  i s  about 1/2 t o  2/3 o f  
t h e  pump requ i r2d  t o  evacuate  the chamber s r i th in  t h e  t ima linit i s  i n  t h e  
range of l a r g e r  s i z e d  l abora to ry  equ ipmnt  . Discharge of  contaminated 
helium, w h i l e  it could  be a c c o q l i s h e d  by t h e  vacuum pu;np, i s  nore  r e a d i l y  
accomplished by  simplb blow-dovm p-ocedure. Accordingly,  a by-pass is  
provided 2rGund t h z  2ump which 
t o  t h e  s t a c k  dischhrga systam. ' t h i s  by-pass va lve  remains open du r ing  t h e  

2 cubic  f o o t ,  

d e l i v o r s  t h e  contaTicatGd hel ium d i r e c t l y  

.* The time schadule noted. i s  bas&d on t h e  loading  o f  58 channels  i n  a 
two-hour shut-down as desc r ibed  under "Loading Schedule" . 
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i n s e r t i o n  of f u e l  i n t o  t h e  lock  as t h e  nega t ive  p r e s s u r e  of t h e  s t a c k  
system induces a d r a f t  of f r e s h  a i r  through t h e  lock. 

The use o f  two valves  i n  s e r i e s  i n  t h e  exhaust system i s  lvorthy of 
mentiono 
times p e r  channel loading and i s  
time. 
p o s s i b l e  by i n c l u s i o n  o f  t h a  "main discharge va lve"  l o c a t e d  between t h e  
lock and t h e  by-pass va lveo  Since t h i s  va lve  i s  opened cnd c losed  only 
once par  loading p e r i o d  i t s  l i f e  i s  expected t o  excced t h a t  o f  t h e  p i l e ,  
Vihen it i s  c losed  it' i s  p o s s i b l e  t o  r e p l a c e  t h e  by-pass va lve  wi thou t  a l tsr-  
ing  t h e  lock  cond i t ions ,  

I t  i s  a2parent  t h a t  t h e  by-pass va lve  must be ope ra t ed  t h r e e  

Replacement of t h i s  va lve  wh i l e  t h e  p i l e  i s  o p e r a t i n g  i s  rendered 
t h u s  s u b j e c t  t o  wear ove r  long pz r iods  of 

The e s s e n t i a l  requirements of t h a  d i scha rge  gas lock  a r e  similar t o  
t h o s e  of t h o  charging lock, b u t  w i th  t h e  a d d i t i o n a l  requirement of cool-  
i ng  t h e  spen t  elements du r ing  and a f t e r  d i scha rgeo  

C. 
t u b e  capable  o f  r e c e i v i n g  from t h e  cha rg ing  gas lock an e n t i r e  channel 
l e n g t h  o f  cleinents and so cons t ruc t ed  t h a t  t h e  d e l i v e r y  end of t h e  t u b e  
may be indexed wi th  m y  channel i n  t h e  p i l e .  RYgistry w i t h  t h e  d e s i r e d  
channel  i s  achieved b y  Ld jus t ing  t h e  dclivGrj. 2nd t o  t h a  d a s i r e d  r a d i u s  
and r o t a t i n g  t h e  e n t i r e  u n i t  t o  t h 3  r e q u i r e d  angu la r  displacement from a 
f i x e d  r e f e r e n c e  angle. 

Indexing Machine, The indsxing machine takes t h e  form of a mono- 

To achieve t h e  r a d i a l  adjustment ,  t h c  mono-tube i s  c o n s t r u c t e d  i n  two 
p ieces  each formod i n  t h e  shape of a shal low le7;tGr S such t h a t  t h e  c e n t a r  
l i n e  o f  t h e  tube  i s  t a n g m t  a t  i t s  ox t r cm3t i i s  t o  two p a r a l l e l  l i n e s  separa-  
t e d  by a d i s t a n c e  equa l  t o  one-half t h e  maximum r a d i a l  displacement of tk 
d e l i v e r y  and from t h o  c e n t e r  l i n e  cf  t h e  p i l e .  The inner  o f  t h a s a  two 
tubes  reaches from t h a  con te r  l i n e  of t h e  p i l e  t o  t h e  mid r a d i u s  znd i s  
f r e e  t o  r o t a t e  about t h o  p i l e  c e n t e r  l i n e .  The o u t e r  t u b e  is  s o  supForted 
as t o  be c s p a b l c  o f  r o t a t i o n  about t h e  o u t e r  ex t r ami ty  o f  t h o  c e n t e r  
l i n e  o f  t h e  i n n a r  tube.  By assuming vz r ious  angu la r  p o s i t i o n s  o f  this o u t e r  
t u b e  w i t h  r e spec t  t o  t h e  i n n e r p  t h e  f r e e  ( d a l i v a r y )  end of t h e  assembly is 
capable  of' reaching any r a d i u s  f r o n  zero t o  t h s  maximum des i r ed  r a d i u s &  

@ 

The method of  ach iev ing  t h o  r a d i c l  sdjustinent i s  most r e a d i l y  exp la ined  
by r e f e r e n c e  t o  Fig. 29 which is  a, s chena t i c  and view of t h e  charging machine. 
I n  t h i s  drawing, A i s  t h e  innor  tube and B i s  t h a  o u t z r  t u b e  a i t h  t h e  de- 
l i v e r y  end dcnoted b y . l c t t e r  C :  
p o s i t i o n s .  
angle  and in t h i s  p o s i t i o n  t h e  d e l i v q r  and, C, i s  a t  t h e  naximun o b t a i n a b l e  
r ad ius .  i n  "b", "c" and "d", as t h e  m g l e  betwaen t h e  two arms dccreases ,  
t h e  delivGry po in t  C i s  shown s u c c e s s i v c l y  a t  2/3 R,  1/3 R and a t  z3ro 
r a d i u s  e 

The draiving p i c t u r e s  t h e  u n i t  i n  f o u r  r a d i a l  
f u l l y  extended t o  form a s t r a i g h t  I n  view "a" t h e  t u b z s  are 

Inspec t ion  o f  t h a s e  f o u r  p o s i t i o n s  shows t h u t  t h e  d e l i v e r y  snd fol lows 
a s t r a i g h t  l i n e  r a d i a l  motion from R t o  zero. 
be seen  cons ida r ing  A and B as t h e  l e g s  o f  a f ami ly  of i s o s c e l e s  t r i -  
ang le s  w i t h  va ry ing  apex ang le  and having a base l i n e  equal  t o  t h s  d i s t a n c e  
between t h e  p i l c  c e n t e r  l i n e  and p o i n t  C ( i n  t h i s  ca se  t h e  v x - t i c a l  c e n t e r  
l i n e  of t h e  drawing) 

That t h i s  i s  p o s s i b l e  may 
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h s t r a i g h t  l i n e  motion i s  d e s i r a b l e  i n  o r d e r  t o  prevent  the n e c z s s i t y  
com?dnsation f o r  r a d i a l  2 o s i -  of  i n t roduc ing  i n t o  t h e  angular  ad jusznant  

t i o n .  The necessa ry  d r ive  i s  provicied by gears  I, 11 and Ii1, The reac-  
t i o n  g e a r  I may t z x p o r a r i l y  be cons ide red  as rigidly i i x e d  i n  space.  l h c  
d r i v e  p in ion  I1 i s  sup ,or tud  b y  tube  A but  f r a e  t o  r o t a t e  about  i t s  o m  
a x i s  as it meshes w i t h  r z a c t i o n  gear  I. it a l s o  aeshas  w i t h  t h e  d r i v a  
p in ion  I11 which 
o f  p in ion  111 i s  t r a n s f d r r e d  d i r 2 c t l y  t o  t h e  o u t a r  t u b e  B. By making t h e  
r a d i u s  of t h e  d r i v e  ; inion one h a l f  t h a t  of t h e  r e a c t i o n  gea r  ( r s g a r d l d s s  
o f  t h e  s i z e  o f  t h e  d r i v e  ;>inion) it can be s s e n  t h a t  thc  
III i s  such as t o  cause t h s  o u t z r  t ube  B t o  move r e l a t ive  t o  inne r  t ube  A a t  
t w i c e  t h e  angular  v e l o c i t y  o f  A and i n  t h e  oppos i t a  d i r e c t i o n .  
no ted  i n  "a", "b" and itc' ' and "d" show t h a t  t h i s  p o d u c o s  t h e  d e s i r e d  r a d i a l  
motion o f  zhe d e l i v e r y  m d  C. 

i s  r i g i d l y  a t t a c h z d  t o  the? o u t e r  t ube  B so t h a t  t h e  motion 

motion of  gear 

The angles  

In  o r d e r  t o  s a l e c t  t h e  channel  once t h e  r a d i a l  adjustment has bzen made 
t h e  m t i r e  u n i t  must be r o t a t a d  t o  t h z  p r o p r  angle .  LO accornplish t h i s  it 
can bc seen t h a t  t h e  r d a c t i o n  gsa r  I csn n o t  be anchorzd but  a u s t  be  cap- . 
ab12 of  r o z a t i o n  through 560 degrees.  I f ,  dur ing  t h i s  r o t a t i o n  or' t he  
r e a c t i o n  gear ,  a f i x e d  r o i n t i o n  betvrzGn it ar,d innc r  t uba  A i s  maintained,  
it w i l l  ba no ted  t h a t  th; machine r -volves  a s  a u n i t  about  t h z  c e n t e r  l i n e .  

Fig. 30 shows a c ros s - sac t ion  o f  a c o n s t r u c t i o n  aes ign .  I t  must be 
borne i n  mind i n  r ead ing  t h i s  drawing t h h t  t h z  cen to r  l i n e  of tb p i l e  i s  
v e r t i c a l  wh;reas t h e  drawing shows i t  as h o r i z o n t a l .  klhen r zad ing  t h e  draw- 
i n g  t h z  r i g h t  end must be  cons idzred  ss t h o  t o p D  

'The tubas  p r m i o u s l y  mentionad can be seen a t  thi: upper end o f  t h e  
machina and are sup;jorted b y  c a s t  armsI The c o n s t r u c t i o n  pzrmi ts  u s e  o f  
a hea t  t r s a t e d  a l l o y  f o r  t h a  tube  t o  o b t a i n  r easonab i s  hardnass  f o r  ab ras -  
i on  r 3 s i s t a n c e 4  The o u t e r  arn i s  supported on two baarin2.s vlhich tire i n  
t u r n  supzjorted by t h s  i n n a r  arm. 
two bea r ings  may be szen tb dr ivan  p in ion  which i s  ' r i g i d l y  at-ttichad t o  
t h e  o u t a r  sup2or t  arm. 

T m e d i a t ~ l y  a d j a c e n t  t o  t h e  lower o f  t h e s e  

The d r i v i n g  ; inion i s  supZortad by the i n n c r  arm, t h e  lower end o f  
which forms a long  hol lcw s h a f t  t h rough  which zha r h d i a l  d r ive  i s  achieved. 
This s h a f t  i s  s u p ~ o r t e d  on bca r ings .by  t h e  o u t e r  s h a r t  which i s  t h e  engu la r  
p o s i t i o n  d r ive .  The o u t s r  s h a f t ,  by means o f  a n  ax tens ion  a t  t h o  u22er 
su2,ports t h e  r z a c t i o n  g e a r  o f  the 2 l a m t a r y  indexing d r ivd ,  l he  l o w e r  
end  of t h i s  ox tens ion  cakes  t h e  term of  savdra l  su_iporting f i i ig - rs  i n  o r d e r  t o  
p r sven t  accumulst ion o f  
ings * 

end 

d u s t  around tb d u s t  s i? ie lds  over t h e  u9,)er bea r -  

I n  both  cases, t h o  us?3r baa r ings  are t h r u s t  baar ings  which t u k e  t h e  
weight  of t h2  e n t i r a  machinery 
t o  t h e  s t a t i o n a r y  main housing which i s  i n s e r t e d  i n  t h e  ex tens ion  of  the 
p r e s s u r e  s h e l l .  
l o c a t i o n  as near t h e  p i l e  support  p l a t e  as p o s s i b l e  s o  as t o  minimize r e -  
l a t i v e  a x i a l  motion betwzen t h o  p i l e  and th.3 cha rg ing  machine. 

from t h 3  i n n e r  s h a f t  th rough t h e  o u t e r  s h a f t  

i h e  u;:par l o c a t i o n  i s  chosen i n  o r d e r  t o  provide  a x i a l  
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The s h a f t s  t e r m i m t e  a t  t h e  laxer end w i t h  t h e  d r i v i n g  gears  r e q u i r e d  e f o r  r a d i a l  and angular  d r i v e s a  
s e a l  provided t o  s e p a r z t e  t h e  c o n t a n i n s t e d  heliwn of t h e  p i l e  from t h e  
chamber i n  w h i c h . t h e s e  gea r s  operate .  
s e a l s  i n  which an intermsdi:-.te zone of p r e  helium i s  in t roduced  between 
the  two a r e a s  which are t o  be sepa rz t cd ,  
a t  R pres su re  s l i g h t l y  zbove t h a t  e x i s t i n g  i n  t h e  zones on e i t h e r  s i d e  
i n  o r d e r  t h a t  ;my leakage which occurs w i l l  be outvirrrd f r o m  t h e  b u f f e r  
zone; 
t h e  o p e r a t i n g  chamber f o r  the d r i v i n g  gezrs ,  
t h e s e  s e a l s  can be observed nea r  t h e  l e f t  end o f  t h e  drawinge 

Above each o f  t h e s e  gears  t h e r e  i s  a ges 

These s e a l s  t a k e  t h e  form o f  b u f f e r  

This b u f f e r  helium i s  maintained 

Thus t h e r e  i s  no p o s s i b i l i t y  of contaminated helium pass ing  i n t o  
The supp ly  o f  helium t o  

I n  t h e  case  of t h e  angu la r  adjustment  d r i v e  g e a r  t h e  s 5 c t i o n  shown on 
t h e  drawing has been chosen t o  d i s c l o s e  t h e  p rov i s ions  made f o r  ready r e -  
placement o f  t h e  d r i v i n g  machinery which c o n s i s t s  o f  r e l a t i v e l y  high 
spead e l e c t r i c  motors and gecr r e d u c e r s o  
mom f requen t  s e r v i c i n g  t h a n  t h e  s l o w  moving p a r t s  
i ne  end a r e  t h e r e f o r e  
t h e  u n i t s  can be made wi thou t  

These u n i t s  w i l l  probably r e q u i r e  
of t h c  indexing m c h -  

incorporztetcd i n  such E f a s h i o n  t h g t  replacement of 
t h e  n e c e s s i t y  of r3ducing p i l e  p r e s s u r e B  

Tho a n g u l a r  ad jus tmzn t  driv:: gear  is i n  cons t cn t  m s h  w i t h  %m i d i e r  
g e a r  suppor t ed  i n  p a r t  by t h e  mnin housing and i n  p a r t  by t h e  p re s su rc  
housing of the lomzr end of t h e  chzrging r?.achine. 
gear i s  su2gorted by t h e  i2rossure housing, a s a d  o f  r e i a t i v G l y  simple 
c o n s t r u c t i o n  i s  provided t o  s e p a r a t e  the gear  chamber from t h e  d r i v i n g  
motor chamber. hhen t h e  d r i v i n g  u n i t  i s  instal1.sd i n  t h i s  chGunber, t h e  
p r e s s u r e s  on b o t h  s idds  of t h i s  w a l  ;re oqual izod;  t h e  drivc- f r o n  t h e  
o u t  p u t  o f  t h e  re&ucing gcc.r t o  t h e  i d l e r  gea r  being achieved by t h e  
s p l i n a d  connect ion shown. brhen it i s  necessa ry  t o  r e p l a c e  t h e  mlstor and 
r educe r ,  t h e  chamber i n  which t h e  u n i t  i s  i n s t a l l e d  may b i  dep res su r i zed  
and the e n t i r s  u n i t  remov2a from t h e  chamber, The smzll suc.1 ,.round t h e  
s h a f t  of t h e  i d l e r  gear  i s  r e l i o d  upon t o  reduce helium leakage from t h e  
gear  chmbGr t o  2.n ccceptcibly low vnlueo A sirnilcr 2 rov i s ion  i s  inco rpora t ed  
f o r  the r a d i a l  edjustno1it d r i v e  and f o r  t h e  rc?m drivemcchcnisin.  

A t  t h e  po in t  whcra t h i s  

d, Indexing Cont ro l ,  Fig. 31 is  an c l ec t ro -n2chcn lca l  schematic draw- 
ing o f  t h e  c o n t r o l  system f o r  tlio i ndex ing  machins, This  systsm c o n s i s t s  
o f  t w o  servo-nechanisns w i t h  a msc!ianic31 i n t e r l o c k  which p s r m i t s  remote 
c o n t r o l  o f  t h e  zngular  and r a d i r l  iridcxing o f  t h e  machine. 

The system is so designed thxt r o t m y  :ilovznent of the indox c o n t r o l  
. s h a f t s  o f  the.  i n p u t  d i f f c r c n t i a l  i n p o r t s  c p r o p o r t i o n z l  motion t o  t h e  

corresponding p o s i t i o n i n g  s h a f t  of t h e  indexing -mrchiner i h i s  i s  accomplished 
w i t h  master  m d  follow-up selsyns coupled x i t h  r o t a t i n g  and e l e c t r o n i c  
a m p l i f i e r s ,  Any discrepancy between t h e  d e s i r e d  s e t t i n g  as indic::ted by 
t h e  mastar s d l s p ,  and t h e  a c t u a l  s e t t i n g ,  as ind ic rked  by t h e  follow-up 
selsyn, i s  d e t e c t a d  by t h e  e l e c t r o n i c  a m p l i f i e r  as  a phase d i f f e rence .  
The output  o f  t h e  e l e c t r o n i c  a n p l i f i e r  provides  e x c i t a t i o n  f o r  t h e  r o t a t i n g  
c m p l i f i e r  which genemteg  s u f f i c i e n t  power t o  d r i v c  the machine u n t i l  t h e  
selsyns a r e  i n  again phaseo 
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The input  d i f f e r e n t i a l  i s  noczssary  s i n c e  t h e  des ign  o f  t h e  mnchine 
r e q u i r e s  t h a t  t h e  r a d i a l  2 o s i t i o n i n g  shaft  be d r iven  synchronously w i t h  
t h e  angu la r  p o s i t i o n i n g  shhf t  when indaxing f o r  angle  only ,  and t h a t  it 
be d r iven  i n d d p n d e n t l y  of Yne a n g u l r r  s h a f t  when indzxing f o r  rhdiuse  

i n  con junc t ion  iv i  t h  t h e  nechan ica l  i n t a r l o c k  an e l e c t r i c a l  i n t a r l o c k ,  
n o t  shown OF t h o  dravJin;, 
o p e r a t i o n  of  t h e  
i n  t h e  r a d i a l  d r i v e  sys-cem. 
t r a v b l  of t h e  r a d i a l  e d j u s t i n g  mechanism. 

i s  provided f o r  t h e  pursosc  of p reven t ing  
angLlar  d r i v a  motor ir, t h z  s v e n t  t h 2 t  Troitbli: Cevclops 

I 'his is  nzsduc! t o  prevm-, d m a g ~  due t o  ovdr 

Con t ro l  o f  the i n p t  d i f f e r e n t i a l  w i l l  be p o v i d o d  by a mchan i sm 
which w i l l  m a b l e  t h e  oporz to r  t o  s ? l e c t  the d e s i r e d  channel  by pushing 
a s i n g l e  but ton .  Once noti 'on i s  i n i t i a t e d , :  .the machine w i l l  completo 
t h o  indexing  motion bei'cre subsequent  opa ra t ions  (charg ing  o r  d i scha rg ing )  
can be s t a r t = d .  ' t h i s  rneciianisp his no t  been d3signed t o  d a t e  s h c e  it 
o f f e r s  no problems unique t o  t h i s  a p p l i c a t i o n ,  and a m ~ l e  exper ience  i s  
a v a i l a b l e  t o  draw upon i n  t h a  design,  

e- ,  Chzrging Ram. . The rLm l o r  moving ~ ~ 1 ~ : ~ : ~ n t s  i n t o  and ou t  o f  the  
p i l e  i s  incor;iorat.=d w i t h i n  tk;. ho l low c o n t r a 1  p o r t i o n  o f  t h e  r a d i a l  a d j u s t -  
ment d r ivz  s h a f t  t o  o b t a i n  t h e  nininum o v s r a l l  l eng th  o f  t h 2  charg ing  machine 
a l though  a t  sone exgznse i n  compl.ication of t h a  mnchinsry. 
l a t e r a l l y  f l a x i b l e  y e t  a x i a l l y  r i g i d  i n  o rde r  t h z t  it ba capablo o f  pass ing  
through t h e  e n t i r e  l c n g t h  of '  t h e  charg ing  ixc!iinu i n  my p o s i t i o n  t h a t  t h i s  
machine may assume,, 'Tha c o n s t r u c t i o n  as shown on t h e  d r w i n g  (Yig. 3 0 )  
is i n  t h e  form of a su.ccession o f  elements 5 " ' i n  l eng th  jo inad  end t o  m d  
by b a l l  and socket  j o i n t s .  'I'ki'o c l m e n t s  w e  f l u t o d  i n  o r d s r  t o  p v r n i t  
passago o f  coo l ing  hsliurn -during d i scha rge  opz rh t ions . .  

The ram i s  

The ram i s  . suppor ted  xi t h i n ,  a s t z t  ioriary hou.sing vi l ich a l so  ancom- 
passes  t h e  d r i v i n g  system u.sod t o  i q a r t  tho  necessa ry  a x i a l  motio:i t o  
thi. rax. The driving maans 2roposed on .tl?s drzwing c o n s i s t s  o f  n p a i r  
o f  chnins  disr;osc.d 1 a t z r F l l y . o n  e i t h a r  s , ide of the  rm ? r o p r . .  A r i g i d -  
l i n k  a t t c c h e d  betw2en t h e s e  two cha ins  engag3s an ex tens ion  o n  tho lowest  
o lenent  o f  t h e  ram iacchai?isI!1 End troxsfers t h o  dr iv t .  from t h e  cha ins  t o  
t h e -  ram,, The cha in  i s  drivar? by t h e  1os:fer sp rocka t s  which a re  p o w r e d  
by a motor and gear  m d u c e r  . l oca t ad  at t ' he  1ow3r and  o f  t h a  unit.. 
b u f f o r  typz  s e a l  sinii lcr.  to. .  those  S e t w e n  the  mzin d r i v i n g  s h a f t s  and t h e  
s t a t i o n a r y  housing is  inco rporz t ed  t o  pr'ovido f o r  raady  replacement of t he  
d r ive  motor and r educ t ion  . p a r , .  

ri 

Ths r a m  mchanism housing i s  s u p p o r t t d  on a frzmc-iiork which s t r a d d l e s  
t h s  charg ing  machine cirives and i s  s u i p o r t s d  on t h e  main housing. 
t o  pr 2vont leakage of contaminatsd helium through t h e  annulus  betvraen t h o  
ram housing and t h e  inne r  s h r f t ,  a f o u r t h  b u f f d r  ty9e seal  i s  providzd a t  
t h i s  l oca t  ion. 

I n  ordzr  
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f. Fuel Latch. F ig ,  3 2  shows t h e  design of  a l a t c h  which i s  used once 
and d i sca rdsd  a t  t h e  com2letion of i t s  pe r iod  o f  s e r v i c e e  A working xodel ,  
photographed i n  fou r  important p o s i t i o n s  i n  t h e  c y c l e ,  i s  shown i n  Fig. 33. 
It  c o n s i s t s  of a s h o r t  c y l i n d r i c a l  t u b e  2" i n  diameter and approximately 
5" long s o  t h a t  i b  may pass r d a d i l y  through t h o  charging mcchine. 
o r a t e d  w i t h i n  t h i s  t u b e  ard thrGe l a t c h  f i r .gars  sp r ing  loaded i n  t h e  out-  
ward d i r e c t i o n  i n  o rdor  t h a t  t h e s e  f ingGrs may angLge t h e  l a t c h  r e c e s s a  
To charge a channel it i s  nscessa ry  on ly  t o  mova t h z  f u c l  elomcnts m d  l a t c h  
high mough i n t o  t h e  p i l e  f o r  t h c  l a t c h  f i n g 3 r s  t o  engcge t h e  rCcesse 
Subsequent withdrawal of t h a  rm leaves t h e  f u e l  r e s t i n g  ir, t h z  channele 

Incorp- 

In  o r d e r  t o  discharge t h e  channel t h e  l a t c h  f i n g s r s  must be r e t a i n e d  
i n  a c losed  p o s i t i o n  s o  t h a t  t h e y  cannot  engage e i t h e r  t h c  l a t c h  r eces s  o r  
t h e  e n t e r i n g  edge o f  tlz f u e l  cha rg ing  mechanism. 
l a t c h  i s  a locking r i n g  s o  dcsigned t h a t  when t h o  f i n g e r s  e n t d r  a 2" d i c -  
metor c y l i n d r i c a l  p o r t i o n  t h e  r i n c  f a l l s  by g r a v i t y  i n t o  t h e  i n t L r n a l  r d c c s s  
on t h e  l n t c h  f i n g e r s ,  
engaging any shelf i n  t h c  cha rg ing  system. 
by pushing t h e  channel upward 1" beyond tlu o p e r a t i n g  levo1 causing t h e  
f i n g e r s  t o  e n t e r  t h o  2" d i a n e t t r  p o r t i o n  o f  t h z  s u p ~ ) o r t  p l a t e  gas passagee 

Provided x i t h i n  t h e  

In t h i s  c o n d i t i o n  thc: f i n g e r s  a r e  incapab lc  of 
In  t h e  p i l u  t h i s  i s  a c h i x o d  

Locking during thr :  i r l s e r t i o n  ope ra t ion  i s  rer,dcred im2oss i b l e ,  by S O  
des ign ing  t h e  e n t r a n c e  passage t h a t  no Fortiorr has a d i n n s t d r  l ess  t h a n  
2 1/4". Although it i s  p o s s i b l e  f o r  onc f i n g z r  t o  b c  depressed t o  t h e  
locking p o s i t i o n  i n  pcssing through t h e  load ing  mcchino, t h e  t h r e e  s t a b i l i z -  
i ng  f i n s  inco r2ora t ed  on t h c  locking r i n g  ? reven t  droping o f  t h i s  r i n g  
u n t i l  all t h r z e  f i n g c r s  ars s imultaneously d2pressado 

The use  o f  sp r ings  f o r  a c t u a t i o n  of  t h e  1t;tch f i n g e r s  i s  considared 
e n t i m l y  s a f e  s i n c e  s o f t e n i n g  o f  t h e  sp r ing  during in sc? r t ion  i s  impossible.  
S o f t m i n g  during operc,tion w i l l  n o t  C ~ S B  I ' e i l u r u  o f  t h3  l a t c h  s i n c e  the 
s p r i n g  i s  need3d on ly  uuring t h e  i n s e r t i o n  operation, 

g. Charging and Discharging Procedure. i i i t h  t h 3  charging m c h i n c  l o -  
c a t e d  i n  a p o s i t i o n  180 degru.es f r o m  thc t  shovm on t h z  drawing, fuel i s  
in t roduced  through t h e  en t r ance  pass&go providod be:-cvrazn t h e  gas lock,  2nd t h e  
cha rg ing  machine tube.  (Tha f l z x i b l e  j o i n t  noted on thti drawing i s  pro- 
v ided  t o  accomnodato t h e  r e l a t i v e  motior, between t h c  lock  m d  the  p r e s s u r e  
s h e l l  caused by tha rma l  cxpansion of t h e  l a t te r  u n i t ) .  
alernents i s  accomplished by t h e  t r a n s f e r  ;2lunger inco rpora t ed  i n  t h e  gas 
lock  which mov3s t h e  elomcnts i n t o  t h e  charging m c h i n c  u n t i l  t h e  f i n g w s  
of the l z t c h  ongtlgc t h s  l a t c h  r ecoss  l o c a t e d  s l i g h t l y  below t h e  p l a o  o f  
t h e  main t h r u s t  bea r ings ,  The f u c l  column i s  s q p o r t e d  r t  t h i s  i n t e rmed ia t e  
s t c g e  during w i t h d r w a l  o f  t h e  t r a n s f e r  plungdr,  an6 dur ing  indexing 
which i s  i n i t i e t o d  c s  soon as t h c  t r a n s f e r  ran has boen~vrithdrawn bayond 
t h e  two main s h a f t s .  GRce t h e  propsr  o r i c n t a t i o n  o f  t h e  d c l i v o r y  p o i n t  
has been achieved, t h c  charging r a m  t r a n s f e r s  t h e  f u c l  e l anon t s  from t h e  
charging m c h i n e  i n t o  t h e  p i l e a  

T rnns f t r  of t h e  
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Discharging i s  achieved by r a i s i n g  t h e  charg ing  ram u n t h  t h e  f u d  

Re t r ac t ion  o f  the! ran lowers 
and l a t c h  have been r a i s z d  thul necess-ry &.mount t o  achizve locking  o f  t h e  
l a t c h  f i n g j r s  i n  t h o  r e t r a c t e d  p o s i t i o n ,  
t h e  e n t i r e  chcznnel o f  f u e l  safely below t h e  p i l e  su2por t ing  p l k t e ,  pv r -  
m i t t i n g  inci=xing t o  t h e  d i s c h r g a  passage t-mough irhich t h e  spen t  elements 
are  d e l i v a r a d  t o  th\: d i s c h a r g e  gas lock. 
form o f  a simp13 30 degrde Slbo'iJ l o c c t e d  ilmnctdictely outsid:  t h e  r d f l c c t o r  
and o;posita t h o  chc rg ing  lock  so t h a t  when t h e  machine has bsen d ischarged  
it i s  E l r a rdy  i n  p o s i t i o n  t o  r z c e i v e  a new chzrge o f  f u c l  e lementsa 

The d i scha rge  p s s a g 6  t&ss tk  

As ha5 been mentioned, t h o  f u e l  e lements  r e q u i r e  c o o l i n g  t o  ma in ta in  
raesonable  t smpere tures  during ' t h e  d i scha rg ing  oport..tion. 
c a t e s  t h e  supply of coo l ing  h s l i u n  i n  t he  f u e l  en t r ance  p s s z g e  which p ro -  
v i d s s  f o r  coo l ing  f l o w  through t h e  rnonotubz while s p e n t  elernents a r e  i n  
t h e  machine. Thc helium~flov,rs from t h i s  supply  l i n e  through t h o  ,zntrnnce 
passzge i n t o  t h e  annulus  sur rounding  t h e  cha rg ing  machine s h e f t s  which i s  
providad i n  o rda r  t o  psrmi t  fra:: flow o f  hsl ium regardless of cngu la r  
l o c a t i o n  of' t h e  channal  being dischargzd.  Although n o t  shown on t h e  draw- 
ing ,  a gas entrGnce p o r t  is  i irovidzd i n  t h e  outGr s h a f t  i m w d i a t e l y  ad jncent  
t o  t h o  en t rance .  chF.nnul i n  o r d a r  t o  SGrni t  passage o f  helium i n  any r a d i a l  
p o s i t i o n  o f  t h e  charg ing  machineq 

Fig. 30 i n d i -  

A 

-52- 

. . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . . .  
0 0  0 0 0  0 0 0 0  0 0 

.. . . 
0 0  

............ . . . . . . .  ......... . . . . . . .  . . . . . . .  
0 0  0 0 0 0 0 0  D. 



u 
I 

I 

I 
I 
c 

. .  
. ri 

i 

..I' 

# 

8 
I *  

' j  
the Patianal 

defense of the United States within the meaning of the 
E s p i o q e  Act, U. S. C. 60, 31 and 32. Its transmission 
or the revelation o f  its contents in any  manner to arl 

, 

onauthorized Demon ia pmhih iw hv law,: ... . ... . .. , .. .. . .. 0.. . . . e. 0 .  . ... . ... .. ... ... ... . .. .. .. 
0 0  ooa 0 0 0 0 0  0 0  0 0 0  0 0 0 0  0 0 0 0  0 0  0 0 0 0 0 0  O D  

WIONSANTB CHEMICAL COMPANY-- 
CLINTON LABORATORIES 

KNQXVICLE, TENN. 

". . . I I 
~~ --. * .  - 1  

0 0  0 0 0  0 0 e o  0 0 0 0  0 0  0 0  



t- 

i 
V 
w 
2 
IL 

' 0  

2 

8 
2 
Y c 
x 
w 

8 a 

I 

K C - D E L I V E R V  LNO 

I 
R 
2 
- 

m- DRIVEN PlWlON 

, A-INNER TUBE 

E- DRlVlNe PINION 

~ - -1- REACTION QEAR 

PILE h 

I F  

I 

(C) 

DANIALS EXPERIMENTAL POWER PILE 
EPICYCLIC QEARIWB RADlVS 

SELECTION 

YONSINTO ~ n ~ ~ l c l l ~ c w m w  
CLINTON LABORA- 

I I  ....................... . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . .  C- 2239 

01)  nvo o ooo o e 0 0  o o  o o (I U O D  O D  



-- 
r -- I 

I 

I I I I I I I I I I I I I I 

I 

,
 

I 



A
 

'1.1 
' 

.............. 
............ 
.................. 
................. 
................ 
5

:
 

=,, 
0
 

0
0

0
 

0
 

0
 

5
2

 
c

o
 

a 
0
 

0
 

0
0

0
 

0
0

 



-- 
I . -- - -  - .. 

- I- 

fi& 32 

... ..'. ................... . . . . . . . . . . . . . . . . .  .... .' . . . . . . . . . . . . .  ... ., . . . . . . . .  $ )  ? )  



, . .  

. .  

I 

1 IO.... 

1 o..: 
I ,  o.... 

< .. 
r .  

O... 
I .  

0 .  

O.... 

I o... 
e .  

' I o... < .  
< .. ' 0 0  . 
:. :. 

0 .  . 
< om... 

' , o.... ! .. . 
< o.... 

< 0.9.. 
I .. 
c *  
< o.... 
0 . 
e... 

. L .  

.' , 

CHARGE- - - -  LATCHED 

FIG. 

LOCKED 

33 
\i FUEL LATCH -WO%KING MODEL 

\r 

PISCHARGE 



4, Nuclear  C h a r a c t e r i s t i c s  ---. 

The e s s e n t i a l  n u c l e a r  c h a r a c t e r i s t i c s  of  t h e  p i l e  a r e  shown i n  
F igu res  8 ,  9 ,  and 10, 
p i l e  c r i t i c a l  as a func t ion  of the  r a d i u s  of t h e  r e a c t o r ,  t h e  thickness of  
t h e  r e f l e c t o r ,  and t h e  f r a c t i o n  o f  t h e  r e a c t o r  c r o s s  s e c t i o n a l  dred used f o r  
gas pdssages,  i * e . ,  the p i l e  voids.  
of  vo ids ,  t h e r e  i s  a r e a c t o r  r a d i u s  which g ives  a minimum c r i t i c a l  amount of 
f i s s i ona b 1 e ma t e r i a  1. 

Thcse show t h e  amount of U23502 r equ i r ed  t o  m k e  t h e  

I t  w i l l  be noted t h a t  f o r  each va lue  

The p i l e  has  been designed on the b a s i s  of  minimizing t h e  c r i t i c a l  
mass o f  f i s s i o n a b l e  material wh i l e  a t  the  same t i n e  provid ing  a h igh  degree 
o f  f l e x i b i l i t y  a s  t o  t h e  k ind  and p t t c r n  of loading  s o  t h a t  s t u d i e s  can be  
made on v a r i o u s  shapes o f  f u e l  m i t s ,  va r ious  f u e l  u n i t  ma t r ix  materials 
and on convers ion  cf thoriumd Three poss ib l e  loading  p a t t e r n s  a r e  i l l u s -  
t r a t e d  i n  Fig.  34 and t h e i r  corresponding ope ra t ing  c h a r a c t e r i s t i c s  Lre 
given i n  'Tabls I V .  
and the  lowes t  c r i t i c a l  mass o f  U235, b u t  provides  no conversion excep t  t h e  
small amount t a k i n g  p l ace  i n  t 3 e  $38. 
neu t ron  economyand provides  a convers ion  b l a n k e t ,  b u t  a t  a r e l a t i v e l y  low 
power and f l u x  r a t i n g  due t o  t h e  r educ t ion  i n  t h e  r e a c t o r  volume. 
g ives  a f l u x  somcv<kat lower than  B t t e r n  h b u t  a t  the  same tino provides  
a col?version b lanket .  I n  each  o f  t hese  cizsss be ry l l i um oxide vas assumed 
as t h e  f u e l  u n i t  ma t r ix  m a t e r i a l .  If f u e l  el.ements w i t h  be ry l l i um metal as  
t h e  m t r i x  material and having t h e  same vo ids  as  t h e  Be0 f u e l  elem&nts are  
used i n  t h e  p i l e ,  t h e  c h a i n ' r e s c t i o n  c h a r a c t e r i s t i c s  o f  t h e  p i l e  r e m i n  
e s s e n t i a l l y  the  same '3ecause of  t h e  s i m i h r i t y  o f  the  n u c l e a r  p r o p e r t i e s  of 
Be and BeO, If f u e l  e lermnts  o f  g r a p h i t e  a r e  used, t h e  c r i t i c a l  mass of 
U235 i n c r e a s e s  somewhat. 
l i m i t  t o  t h e  c r i t i c a l  mss h s s  been s e t  b cons ide r ing  t h e  e n t i r e  f u e l  
e lement  a s  void. ' The c r i t i c a l  mass o f  V2"O2 f o r  case A on t h i s  assumption 
i s  6.2 kg. 
when s o  c a l c u l a t e d  

Loading P a t t e r n  A r e s u l t s  i.2 t h e  h i g h e s t  neut ron  f l u x ,  

T a t t e r n  C provides  t h e  h i g h e s t  

? a t t e r n  B 

Th i s  case  has n o t  been c a l c u l a t e d ,  bu t  a n  upper 

The c r i t i c a l  masses f o r  cdses  B sfid C a r e  in ip rac t i ca l ly  high 

A 
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TABLE IV 

A 

SU~~lliUiRY OF PILE NUCLEAR C2A;UICTERISTICS 

Loading P a t t e r n  

Average r e a c t o r  r a d i u s ,  cm 

-- 
62.2 , 54 62.2 

114 114 100 Reactor  he igh t ,  c m  

Number of  a c t i v e  f u e l  channels  

Average f r a c t i o n  voids  i n  r e z c t o r  

228 22 8 174 

3 3  .28 .28 

Avernge o u t e r  r a d i u s  of r e f l e c t o r ,  c ~ i l  91 .o 76 a8 7668 

Height ,  r e a c t o r  p l u s  r e f l e c t o r ,  cm 193.3 168.0 168bO 

Average o c t e r  r a d i u s  o f  cofivcrsion blanket ,cm ---- 9140 91.0 

Height ,  r e a c t o r  p lus  r e f l e c t o r  p lus  
b l a n k e t ,  c~ i !  

Hot c r i t i c a l  mass o f  U235 02,  Kg 

I n i t i a l  ope ra t ing  charge of U23502 ,Kg 

193,s 193.3 19363 

3.6 5 61 4.6 

.00132 

6.7 

,00186 ,0024 
gms Be0 

atoms Be i n  r e a c t o r  fcJr c r i t i c a l i t y  8030 5700 4400 

zz3= 
Neutrons absorbed i n '  -- Be0 

, Neutrons absorbed  i n  U235 
i n  rezctor .146 ,185 .085 

Neutrons absorbed i n  U238 (approximcte) 006 0 0 %  @ 10 

Neutrons absorbed in '  $35 

Design r a t i n g ,  h e a t  ou tpu t  i n  kw 12000 12 000 8 100 

Average Thermal-neutron f l u x  I 6 . 5 ~ 1 0 ~ ~  4 . 9 ~ 1 0 ~ ~  3 - 8 ~ 1 0 ~ ~  
I 
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... 
a. .Oper&ting Ch:lrge of -F i s s ionab le  -- E & t e r i a l o  

i n i . t i a 1  s t a r t - u p  of t h e  p i l e ,  the  t o t a l  m i g h t  of-02 i n  t he  p i l e  must 
be cons ide rab ly  higher t h a n  t h e  c r i t i c a l  masses shown i n  Table IV.  Extra 
f u e l  must be present  t o  make up f o r  f u e l  consumption during o p e r a t i o n  and f o r  
t he  e f f e c t s  of poisons - neutron abosrbing n u c l e i  r e s u l t i n g  from t h c  f i s s i o n  

A t  the  t i m e  of -- -..-.--.----- 

of $35. . 

The amount of e x t r a  f u e l  t h a t  must be inclv.ded i n  t h e  f u e l  elements 
tomake. up f o r  t h e  f u e l  consm-ed during the  l i f e  o f  t h e  f u e l  elements 
depends upon t h e  l.ife of t h e  elements and t h e  average power l e v e l  of 
o p z r a t i n g  of t he  p i l e .  
.45 kg of U235 w i l l  be consumed i n  30 days, 
t h e  cofisumption w i l l  be .30 kg i n  30 days, 

Xenon135 has a n  a. b s o r p t i o n  c r c s s  s e c t i o n  of.3.6 x 
,has  a c ros s  s e c t i o n  o f  5-5 x 
%enon nor the  Sana r iun  i s  r"GrXed p r i m r i l y  f r o m  the f i s s i o n  p rocess ;  
occur as products o f  t h e  decay o f  lcss s t a b l e  m c l e i  forme6 i n  f i s s i o n o  
Samarium i s  a decay product o f  n e o d y n i ~ ~ ~ ~ ,  ivhich i s  formed i n  1'4% o f  ' t h e  
f i s s i o n s  and Xenon i s  a dec2y proc!,uct o f  ' ~ e l l u r i u n l ~ ~ ,  formed i n  5,'9% o f  
t h e  f i s s i o n s .  l"runon135 i s  i t s e l f  u n s t a b l e ,  while S a ~ x 2 r i w ~ ~ ~ ~  i s  s t s b l e ,  
The decay cha ins  a r e :  

If t h e  p i16  ope ra t e s  cont inuously a t  12,000 kw, 
A t  a power l e v e l  of 8,000 kw 

149 Th.e t w o  main poisons formed i n  t!ic p i l e  a r e  Xenon135 and Samarium 
14 9 cm2 and Samarium 

Ne i the r  t he  crn2 f o r  t h e r m 1  nautrons(,  
bo th  

135 13 5 13 5 13 6 52 To - 2 -- n i n  $. 53I 6.7 h r o  , 54X;c 9,2 hr .  55Cs 
9 

14 9 60Nd149 1 @ 7  -+ h r  . 6111 _1_3 47 h r  62Sm 

Both Xenon and Samarium builc! up w i t h  t ime t i s  t h e  p i l e  o p e r a t e s ;  3 0 t h  
approach s t e s d y - s k t e  concen t r a t ions  if t h e  f l u x - l e v e l ,  i n  t he  p i l e  i s  
maintained cons t an t .  The s t eady  s t a t e  i s  reached f o r  Sm rvhcn the r a t e  o f  
f o r m t i o n  by f i s s i o n  i s  equal  t o  t h e  r a t e  of d -e s t ruc t ion  by neutron 
a b s o r p t i o n ,  This s t e a d y - s t a t s  c o n c e n t r a t i o n  is  independent of t h e  flux 
l e v e l  i n  t h e  p i l e ,  but  t h e  r a t e  a t  which t h e  s t c a d y  s t a $ e  is  approached 
does depend on t h e  f l u x  l e v e l a  
when the  r u t s  o f  product ion by f i s s i o n  i s  eqv:dl t o  t h e  sum o f  t h e  ra tes  of 
d e s t r u c t i o n  by neutron a b s o r p t i o n  m d  n + t u r a l  deccly t o  Cs.. Both t h e  s t eady-  
s t a t e  c o n c e n t r a t i o n  qnd t h e  r a t e  of approzch t o  t h a t  c o h c e n t r a t i o n  a r e  
func t ions  o f  the f l u x  lcml i n  t h e  p i l e o  
S a w r i m  in t h e  p i 1 e : c s n  be expressed i n  terms of t h e  Crractional change 
( 5 k/k) they would produce i n  t h e  m u l t i p l i c a t i o n  constFnt  o f  a n .  i n f i n i t e  
p i l e  (see Appehdix Cgfor d e t a i l s d  d e f i n i t i o n  o f  k). 
of  Xe and Sn are  shown, i n  terms of 5 k/k, Q S  func t ions  of t h e  o p e r a t i n g  
t i n e  a t  va r ious  therrfal  f lux l e v e l s  (nv) f o r  a p i l e  hav'ing t h e  average 
c h a r a c t e r i s  t i c s  t a b u l a t e d  i n  Table IVd , 

The s t e a d y - s t a t o  coficentrat ion o f  Xe occurs  

Ike concs .n t r ahon  of Xenon and 

In; Fig. 35, t h e  growths 
I 
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Secause .bo th  ..poisons a r e  forned by r a d i o a c t i v e  dec2y of n u c l e i  th;lt 
a r e  l e s s  e f f e c t i v e  as  neutron-absorbers , t h e i r  poisoning e f f e c t s  cont inue-  t o  
b u i l d  up f o r  a t i m e  s f t e r  t h e  p i l e  !ias been s h u t  downo Fig. 36 shows t h e  
bui ld-up o f  Xenon and Samarium poisoning immediately a f t e r  t he  thermal f l u x  
i n  t h e  p i l e  has been reduced from a va lue  nv t o  zero. The curves a p p l y  t o  
t h e  c s s e  i n  which t h e  p i l e  has been o p e r a t i n g  long'enough a t  t h e  f l u x  nv f o r  
t h e  Xenon and Samariuq concen t r a t ions  t o  have assuned a s s e n t i a l l y  cons t an t  
Valuese 
b u t  not brought completely t o  zero. 
poisoning a f t e r  t h e  f l u x  l e v e l  i n  the '  p i l e  i s  changed suddenly from 5x1Ol3 
t o  v a r i o u s  lower vs lues ,  
enough f o r  t h e  s t e a d y - s t a t e  Concentrat ion o f  Xenon t o  have bsen reac!lcd. 
i s  ev iden t  from Figs.  36 and 37 t h a t  a l a r g e  excess  of f u e l  above t h e  i n i t i a l  
c r i t i c a l  value is  necessary if l a r g e  and r a p i d  changes i n  power a r e  t o  b e  
p o s s i b l e ,  o r  i f  t h e  p i l e  i s  t o  be r e s t a r t e d  during the i n t e r v a l  f r o m ,  say, 
two t o  twenty-four hours a f t e r  shutdown6 

li s i m i l a r  e f f e c t  occurs i f  the  f l u x  l e v e l  . in t h e  p i l e  i s  reduced 
F.ig, 37 shows t h e  bui ld-up o f  Xenon 

Operat ion a t  5 ~ 1 0 1 ~  i s  assumed t o  have l a s t e d  long 
It 

. .  
Fig. 38 shows t h e  changes i n  5 k/k due t o  %enon poisoning t h a t  would 

occur during a sequence of o p e r a t i n g  cond i t ions ,  i nc lud ing  in s t an taceous  
s t a r t - u p  o f  t h e  unpoisoned p i l e ,  o p e r a t i o n  n t  a f l u  o f  5 x 1013p ins t an taneous  
shu t -o f f ,  and in s t an taneous  s t a r t - u p  a t  t h e  peak of' t h e  poisoning curve,  I t  . 

m y  be noted t h a t  o p e r a t i o n  a t  a t h e r m 1  f l u x  o f  5x1013 reduccs the accumulated 
Xenon c o n c e n t r a t i o n  q u i t e  r a p i d l y e  

The minimum f u e l  charges f o r  ope ra t ing  t h e  p i l e  with t h e  loadings 
p r e v i o u s l y  discussed a re  given, i n  TaSle V I  
poisonin& i s  j u s t  enough t o  a l l o w  s t e a d y  o p e r a t i o n  a t  the r a t e d  f l u x +  
Decreases i n  power could Se m d e  only a t  a very s l o w  ra te  and r e s t a r t i n g  would 
have t o  occur e i t h e r  i m - e d i a t e l y  a f t e r  shutdown, o r  a f t e r  a pe r iod  of  t h e  
o r d e r  of 30 ho,ursb A sml l  f u e l  nllowence has bsen made f o r  poss ib l e  e f f e c t s  
o f  moderator impur i t i e s .  
o f  i m p u r i t i e s  e q u i v a l e n t  t o  
c e r t a i n  t h a t  t h i s  p u r i t y  ' ' level can be a t t a i n e d ,  

The al lo-mnce f o r  f i s s i o n  product  

The h o t  c r i t i c a l  miss was computed on the  assumption 
p a r t  p e r  mi1l.ion o f  Boron, b u t  i t  i s  n o t  

T U L E  V 

O'prb  t i n g  Charge o f  U23502 

n 

Loading, p a t t e r n  k B C --- 
Hot c r i t i c a l  M S S ,  kg . 3 + 6  

Moderator . i m p n r i t i e s ,  kg 

Fiss ion-product  poisons k g  ,55 a85 a 7 8 '  

I .45 -45 +30 - - - - I_  

Deplet ion,  30 days,  kg 
5.0 607 6.0 

Reprocessing m k e  up o f  U02 pe r  month, k g  , .482 .487 ,327 

Enrickqent of wke-up  U02 9394% 9 2 e 5 $  91b7$ 

..... ... .... ... ..' . . 
0 0  P?, 

.. . .. 
3 
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The r ep rocess ing  rr3ke-up l i s t e d  Su.ppli& only t h e  f u e l  a c t u a l l y  consumed per 
month, and does n o t  t a k e  i n t o  a c c o m t  chon ics l  o r  f a b r i c a t i o n  losses,  The 
k k e - u p  f u e l  must be enr iched  t o  92 o r  93;z U235 ( s e e  t a b l e )  i f  the  average 
enrichment i n  t h e  p i l e  i s  t o  be held a t  303. 
w i t h  303 enr i ched  urariiwn, t h e  monthly q u a n t i t y  o f  make-up U235 must be  
inc res sed  by  abou t  20% t o  ccmpsnsste f e r  t h e  i n c r e s s i n g  poisoning e f f e c t  o f  
t h e  17238~ 

If t h e  p i l e  i s  r ep len i shed  

b. Inventory  of F i s s i o n a b l e  Uiterial ,  A schedule  of t h e  f u e l ,  
expressed  i n  Kg of Ud33 02, r equ i r ed  t o  o p e r a t e  t h e  p i l e  cont inuous ly  i s  g iven  
i n  Table V I .  Because it t a k e s  f ive  months f o r  t h e  dep le t ed  f u e l  t o  be 
reprocessed  and r c f a b r j c a t e d ,  a s t e a d y  s t a t e  be twcm t h e  f u e l  added t o  
ope ra t e  t h e  p i l e  and the  f u e l  i n  process  i s  reached i n  sevcn  months from the  

@ so2 ,, In  o r d e r  t o  m i n t a i n  n c o n s t a n t  i s o t o p i c  c o n c e n t r i t i o n  o f  302, i t  
w i l l  be  necessary  t o  add q u a n t i t i e s  of 903 t o  1005 enr iched  U02 t o  tht;  f u e l  
dur ing  process ing .  
a f t e r  t h e  f i r s t  y e a r r  

r t  of opera t ions ,  A t  t h i s  t i n e  t h e  t o t a l  inventory  w i l l  be  40,2 Kg of  

Ehe s d d i t i o n s  a re  t a b u l a t e d  and a re  3.12 i<g per  year 

T'ne maximum average power l e v e l  g iven  (7000 KV) i s  not  t h e  mximwn 
power l e v e l  a t t a i n a b l e .  It  i s  a n  e s t imJ ted  l v e r l g c  th3t  cillows f o r  decroaso 
o f  t h e  power r a t i n g  of t h e  f u e l  e l c n e n t s  dur ing  t h e i r  l i f s  because o f  f i s s i o n  
damage. 
a re  l i m i t e d  by t h e  f i s s i o n  danclgc which c sn  be t o l c r 3 t e d  i n  t h e  f u e l  rodso  
A maximum d e p l e t i o n  of 7.57; x s  a s s m c d  i n  ? repa r ing  Ta5lc V I .  
damage i s  small, i t  my be p o s s i b l e  t o  1 ~ : d v c  t h e  f u e l  i n  t h e  p i l e  a longer  
t i m e  w i thou t  chdnhing. If the  f u e l  could be l c f t  i n  t h e  p i l e  5 months, t h e  
inven to ry  of 1 ~ ~ ~ ~ 0 2  would then  be only about  15*5  Xg, as  i s  shown i n  Table 
VII. 

Both t h e  power l e v e l  and operating time, hcnce bhc f u c l  d e p l s t i o n ,  

If t h e  

B b l e  V I  assumes a n  ope ra t ing  mass of  6.70 Kg of  U23502 i n  t h e  p i l e  
a t  time o f  loading.  
t h u s  t h e  sudden appearance of 6.70 Xg i n  process.  Both t a b l e s  apply  t o  t h e  
case wherein t h e  e n t i r e  p i l e  i s  r e f u e l e d  a t  t h e  same time. 
invcntory ( a t  least i n  t h e  case o f  t h e  7000 K-n;-month fuel elements)  could 
be achieved  b y  a schedule  o f  p a r t i a l  re loadings  which would ope ra t s  t h e  f u e l  
e lements  ir, t h e  lower-f lux r eg ion  near  t h e  edge of t h e  p i l e  longer  than  
those  near  t h e  c e n t e r  of  t h e  pile, ,  One method of accomplishing t h i s ,  
assuming 10% dep le t ion ,  i s  desc r ibcd  i n  S e c t i o n  V. 

Durin$ t h e  t h i r d  rnonti?, t h e  e n t i r e  p i l e  i s  r e f u e l e d ,  

Some ssLving i n  
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TABLE V I  

I$ 502 II~lJ’TORY 

Fuel-element L i f e  7000 K w  - months 

$3502 i n  F resh  F i l e ,  6.7,O Kg 

Month Average Consumption To $3502 Accu@ulated 30% $”502 To ta l  30% 

Level d u r i n g  U23502 Procs  s s Inventory  
process ing  added (Pile plus  
(So-loop dur ing  process  ) 

Pows r pe r  month P rocess ing  added t o t a l  o f  i n  $ 3 5 0 ~  

-- enr iched  ) Proces s i  Fg - 
--- --- --- 0 6.7 Kg --- --- --- 0 6.7 --- e-- - -- 0 6.7 

1 1000 KA! 
2 2000 .07 

6a48 Kg b22 Kg .22 Kg 6.7 Kg 1364 
13.4 20.1 

3 3000 .11 
4 4000 .15 6 ..55 1 5  037 
5 5000 D 19 6.51’ . 19 o 56 20.1 26.8 
6 6000 

I 0 S t a r t  
.04 Kg 

-23 6.47 e 23 0 73 26.8 33,5 

8 7000 e 2 6  6.44 ‘ 026 1.31 33.5 
.26 6.44 e26 1.57 33.5 40.2 

10 7000 .26 6.44 ,26 1.83 33.5 
.26 6.44 e26 2.09 33.5 40.2 

12 7000 e26 6044 e26 33.5 40.2 

7 7000 ’’ .26 6,44 e26 1.05 33.5 40 02 
40.2 

40.2 
9 7000 

11 7000 

--- 2.35 _-- - _- _I_-C-___.__._ ...... _-_. -_.. __.-.-I_---- ______ _._ ___-___-.” _._.__ ___._.____ . _.-____.-_-__._-_ -.__ ---- --.- ......-- --.---.- 

TABLE VI1 

$350, INVEXTORY 

Fuel-element L i f e  35000 ICX - months 

i n  Fresh P i l e ,  7.75 Kg 

. @  
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

S t ? r t  
1000 m7 
2000 
3000 
4000 
5000 
6000 
7000 
7000 
7000 
7000 
7000 

0 7,75 Kg 
0 7.75 
0 7.75 
0 . 7.75 
0 7.75 
0 7.75 
0 7.75 
0 7.75 

7.75 Kg 15.50 
7.75 1 5  50 
7.75 15.50 
7.75 15.50 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  
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d i  Neutr . The g rcs s  t h e r m 1  and e p i t h c r m l  
tv i thcut  the  thcr ium blanket, i r e . ,  n e u t r c n  f lux  d i s t r  , 

l c a d i n g  p a t t k r n  A, i s  shy?T,vn + n  Figs .  6 & 76 
pcr u n i t  volume i s  a p p r o x i r i t e l y  p rcpor t iona l  t o  t h e  t h e r p l  neh t rnn  f lux  
i n  t h e  vclwno, t h i s  f i g u r e  also shc.ws t h e  g ross  d i s t r i b u t i o n  o f  power 
genera t i o n  throughout  t h e  p i l e .  

-- 
Since  t h e  h e a t  product ion  
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5, P i l e  Control .  

The purpose of p i l e  c o n t r o l  i s  t o  rcach  2nd main ta in  E d e s i r e d  
power l c v c l  and t o  r n p i d l y  rcducc t h e  p i l o  power l c v c l  t o  zcro be fo re  
d?mage r e s u l t s  i n  c m e  of p i l c  f a i l u r c  o r  f a i l u r e  of a u x i l i a r y  equipment. 
The p i l o  povrer l c v c l  i s  p ropor t iona l  t o  p i l c  ncut ron  f l u x  dens i ty .  I t  i s  
t h c r c f o r c ,  t h i s  ncut ron  f l u x  d e n s i t y  th2.t must bc c o n t r o l l e d v  
n f f c c t i n g  t h e  p i l e  ncutron f l u x  densit ; /  are:  

Fac to r s  

Voluntary changes i n  neut ron  flux d e n s i t y  duc t o  d e s i r e d  
chmgcs i n  power l cve l .  

Small i nvo lun ta ry  chmges i n  neut ron  f l u x  d e n s i t y  due t o  
chmgcs  i n  t cnpc rn tu re ,  formation of' ncu t ron  poisons 
rcduct ion  o f  f u e l  enrichmcnt duc t o  dep le t ion ,  xtd un in tcn t iona l  
i n t r o d u c t i o n  o f  poisons.  

I n v o l u n t n y  changcs i n  ncut ron  f'ltix d o c c i t y  o f  such nngni tudc 
t h e t  t h e y  requirc: i nncd in tc  reduct ion of  ncutron. f lux d e n s i t y  
t o  ze ro .  

a. Contro l  Rods. Tho r c x t l v i t y  of thc p i l e  -,-ill bc c o n t r o l l c d  by 
means o f  rods wmcn arc h igh ly  nbso~hcn ' i  t o ' n c u t r o n s .  
are d iv ided  i n t o  t h r e e  c l a s s e s  : 1. Safckj. ,  2 ,  Shin, mid 3 .  Regulating. 
Thcrc a r c  s i x  s n f c t y  rods, s i x  s h i n  rods,  pnd o m  r2gulzt in:  rod locclted 
ns shovn i n  Fig. 2 1 ,  

Thcsc colztrol  rods 

Prel iminnry c z l c u k t i o n s  hnvc bccn mxlc a s  t o  t h c  approximrtc con t ro l  
c f f o c t  o f  t h e s e  rods. 

No. m d  Type 
o f  rods k 

0.158 
six safety rods a l l  the r v q r  ine I e 150 

Six  shim m d  one r c g u l a t i n g  
rod d l  t h c  vay i n  t h e  P i l e .  

One shim rod a l l  t h e  m y  i n  ( c c n t e r )  ,082 
One safety rod  011 t h e  wry in ' e 0 2  5 

* Q  054 (one o u t e r  shim r o d )  
1. Driving Mechanisms. 

( 2 )  Pwier Units. Thc t y p c  o f  Fo-tTcr u n i t  for each c o n t r , o l  
rod depends upon t h e  r a ~ c t ; i o n  o f  t h c  r o d  i n  Con t ro l l i ng  t h e  p i l c  r e a c t i v i t y o  
Thc rods must t rcve l .  upvmrd, out  o f  t h e  p i l c ,  t o  i nc rczsc  %he r e c c t i v i t y  
and t r n v c l  domvard,  i n t o  t h e  p i l c ,  t o  rcducc r e m t i v i t y .  
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The r e g u l a t i n g  rod i s  dr ivcn  both out  and i n  by a d i r c c t  c u r r e n t  1 H.P. 
m o t o r ,  t h e  speed and d i r e c t i o n  of which i s  con t ro l l ed  by t h e  power l c v c l  
r e g u l a t o r  

The shim r o d s  (Refer t o  Fig.  39)  a re  dr iven  out  and i n ,  f o r  p i l e  power 
r e g u l a t i o n ,  by a 1/4 HOPo d i r e c t  c u r r e n t  moto r .  To d r ive  t h e  rods  i n t o  
t h e  p i l e  a t  high speed, f o r  an emergency shutdown, 5 H.P., l o w  s t a r t i n g  
torque ,  a l t e r n a t i n g  cu r ren t ,  t h r e c  phase, f u l l  spced motors a r c  used. 
Thcse motors a r e  equipped with c l c c t r i c a l l y  operated mechanical brakcs,  
t o  s t o p  t h e  rods j u s t  above t h e  lower l i m i t  o f  t h c i r  s t roke .  

The sRfe ty  rods (Refer t o  Fig.  40) a r e  l i f t e d  by a convcnt iona l  cab le  
h o i s t ,  They are dr ivcn  i n t o  t h e  p i l e  by t h c  fo rce  o f  g r a v i t y  wncn t h e y  arc 
r e l eased  from t h e  magnet, which holds them out  of t h e  p i l c  dur ing  operation. 
Thc downward fo rce  o f  t h e  rods is  absorbed by a s p e c i a l  shock absorber  when 
t h e y  c r e  almost completely i n s e r t e d  i n t o  t h e  p i l c ,  

b. Power Transmission. The a c t i v e  neut ron  absorbing s e c t i o n  o f  
t h e  rod, which is  i n  t h e  p i l e ,  i s  vxlded t o  a d r iv ing  rod which ex tends  up 
through, t h e  140O0F. gas chamber, t h e  500°F. gas chxnbcr, and t h e  b i o l o g i c a l  
s h i c l d  a t  t h e  t o p  of the main IJressure s h e l l  where it connects t o  t h e  main 
d r i v i n g  mechanism ( r ack  and p in ion  o r  p lunzcr ) .  This mechenism and d r i v i n g  
rod are enclosed i n  a thimble co:itEining h c l i m  gas a t  about 5000F. and 
surroundcd by cool ing  a i r  under prcsswee  
type of c o n t r o l  rod i s  s h o w  on Fig.  41. 

The complctc assembly f o r  each 

The mechanism f o r  t h e  r e g u l a t i n g  rod i s  s i m i l e r  i n  all r e s p e c t s  t o  t h c  
shim rod mechanism except t h a t  t h e  h igh  speed AC m o t o r  i s  omit ted e n t i r e l y  
and, as a r e s u l t ,  t h e  d i f f e r e n t i a l  g c a r  mechanism i s  not  necesszry.  
DC m o t o r  i s  geared d i r e c t l y  t o  t h e  p in ion  gear d r i v e  s h a f t ,  

The 

%Q 
The mechanism f o r  a t y p i c a l  shim rod i s  shown assembled on Fig.  3 9 .  The 

main d r i v i n g  mechanism i s  a r ack  ( A )  and a Pinion ( B ) ,  
by a shaft  ( C )  which extends h o r i z o n t a l l y  out  o f  t h e  pressure  thimble,  through 
a con tac t  type  pressure  SCCI, and t h e n  through a b i o l o g i c a l  s h i c l d  t o  t h e  
d i f f e r e n t i a l  gear  OX, 
gears  ( G ) .  
gear  ( J )  t o  t h e  d i f f e r e n t i a l  c i r r i c r  gear  (E) ;  
s p i d e r s  and s p i d e r  gears  ( K ) .  
Speed bevel gear (F) ,  

The d r i v e  f o r  t h i s  speed i s  t h e  1/4 HOPo D.C. motor. 
worm gear ( J )  which d r i v e s  t h e  d i f f e r e n t i a l  c a r r i c r  gear (G) .  
speed geer  ( F )  a t t ached  t o  t h c  A.C. m o t o r  s h a f t  ( E )  i s  he ld  s t R t i o n a r y  by 
t h e  m o t o r  brake and, as R r e s u l t ,  a l l  motion o f  t h e  d i f f e r e n t i a l  c a r r i e r  
( G )  i s  t r a n s m i t t e d  t o  t h e  s h a f t  ( C )  & i c h  d r ives  t h e  p in ion  and rack.  

This p in ion  i s  d r iven  

The s h a f t  i s  f a s t ened  t o  one o f  t h e  d r iven  bevel  
The v a r i a b l e  speed D.C. motor i s  connected through t h e  worm 

The f u l l  speed A . C .  motor t u r n s  t h e  High 
This gear  c a r r i e s  t h e  

? 

The r a c k  speed i s  l i m i t e d  t o  0.3 f t .  pcr  minute i n  an o u t m r d  d i r e c t i o n o  
This m o t o r  t u r n s  a . 

The h igh  

Under normal condi t ions  o f  r e a c t i v i t y  c o n t r o l  t h e  r ack  speed invrard i s  
aga in  about 0.3 ft. per minute. 
as desc r ibed  i n  outward motion exccpt  t h a t  t h e  m o t o r  runs i n  t h  
d i r e c t  ion.  

This i s  suppl ied  by t h e  D,C. motor e x a c t l y  

- 6 1  - 
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'%en a qu ick  r e d u c t i o n  i n  r e a c t i v i t y  i s  r equ i r ed ,  t h e  A . C .  motor i s  
energized and i t s  brake i s  r e l e a s e d  a t  t h e  same t ime. The motor d r i v e s  i t s  
gea r  (F)  a t  h igh  speed. The s p i d e r s  (IC) t r a n s m i t  t h i s  motion t o  t h e  d r i v e n  
gear ( G )  i n  t h e  oppos i t e  d i r e c t i o n  d r i v i n g  t h e  r a c k  doilMvmrd, 
ca r r ie r  (IS) i s  kept  from t u r n i n g  by t h e  ~ v o r m  gea r  (J) .  
t h a t  even if t h e  D.C. d r i v s  were energized and t u r n i n g  s lowly  n t  t h e  tune  o f  
an emergency shutdown t h e  a c t i o n  of t h e  fas t  A.C, d r i v e  would over-r ide t h e  
s l o w  speed d r i v e  and d r i v e  t h e  rods downward i n t o  t h e  p i l e ,  a t  h igh  speeds 

The s p i d e r  
I t  should be noted 

The s a f e t y  rods  (Refer t o  Fig. 40) a r e  f a s t e n e d  t o  a s e l e n o i d  plunger 
which i s  enclosed completely i n  a tube o f  non-magnetic s t a i n l e s s  s t e e l .  
Thc plungcr,  which f i t s  l o o s e l y  i n  t h e  tubc ,  i s  guided by a g r a p h i t e  bear- 
i n g  r i n g  a t  t h e  lower end o f  t h e  plunger.  
s e l c n o i d  c o i l  s l i d e s  on t h e  o u t s i d e  o f  t h i s  tube. 
t h e  plunger r e s t s  on t h e  upper rod guide a t  t h e  t o p  of t h e  b i c ; log ica l  s h i e l d .  
To lift t h e  rod t h e  c o i l  i s  loivercd around t h e  plunger and energized0 
c o i l  i s  t h e n  l i f%ed  by t h e  c a b l e  h o i s t ,  l oca t ed  o u t s i d e  o f  t h e  upper bio- 
l o g i c a l  s h i e l d ,  r a i s i n g  t h e  plunger  and rod along w i t h  it, 
engages t h e  s t o p  c ? t  t h e  t o p  o f  t h e  t u b c  and locks i n  p l ace  magnet ical lyo 
In t h i s  p o s i t i o n  t h e  magnetic holding f o r c e  becomes vcr;. large and t h e  
c u r r e n t  of t h c  magnet can be reduced by a r h c o s t z t  t o  j u s t  encugh t o  hold 
t h e  rod and plunger m i g h t B  
t h e  plunger  a i d s  i n  s t a b i l i z i n g  t h e  assembly when t h e  rod i s  " a l l  outl'a 

A d i r e c t  c u r r e n t  c lectro-megnet ic  
%%en the  rod i s  " a l l  i n"  

The 

The p l w g e r  

The self c e n t e r i n g  co i i s t ruc t ion  a t  t h c  t o p  of 

Then 2.n emergency shutdovn i s  r equ i r ed  t h e  magnet c u r r e n t  i s  c u t  off ,  
through a qu ick  r e l e a s e  c i r c u i t ,  and t h e  sa fe ty  r o d  f a l l s  due t o  t h e  m i g h t  
of t h e  plunger and rod. 

To reduce shock a t  t h e  end o f  t h e  f a l l ,  t h e  i n t c r n a l  diameter of t h e  
thimble i s  reduced f o r  about one f't, above t h e  s t o p ;  so  t h a t  a. gas cushion 
i s  formed between, t h e  plunger,  t h e  s t o p ,  and t h e  thimble walle 

c o  Rod Stroke.  The r e g u l a t i n g  rod s t r o k e  i s  l i m i t e d  t o  4.5 i ncheso  
The s t r o k e  i s  l m i t e d  by mechanical s t o p s  Lznd b y . e l e c t r i c a 1  l i m i t  switches 
loca t ed  i n  t h e  p o s i t i o n  measuring cquiLmcnt e 

The shim rods cm- t r a v e l  a t o t a l  s t r o k e  l e n g t h  o f  70". The proposed 
assembly i s  shown on Fig. 41. 
makes t h e  t o t a l  required l e n g t h  of thimble,  abovc t h e  b i o l o g i c a l  s h i e l d ,  
about 10'-4" m 

i s  d e f i n i t e l y  l i m i t e d  t o  7O1l0 E l e c t r i c a l  l i m i t  s x i t c h e s  ,de-energize t h e  
d r i v e s  n e a r  t h e  mechanical s tops .  
by d r i v i n g  t h e  rod s lowly w i t h  t h e  D e C ,  motor. 
energized about l f't. above t h e  lower mechanical s t o p e  
a t  h igh  speed i s  l i m i t e d  t o  about  5'-1OttO 

Tnis d i s t a n c e  p lus  c l ea rance  and guide spacing 

The r a c k  has a m e c h m i c a l  s t o p  a t  each end so  t h a t  t h e  stroke 

The. f i n a l  "all in" p o s i t i o n  i s  reached o n l y  
The h igh  speed d r i v e  i s  de- 

Hence, t h e  s t r o k e  

The s a f e t y  rods have t h e  same stf-okc (70") as t h e  shim rods. The 
mcchanical s t o p s  which confine t h e  s c l e n o i d  plunger  provide t h e  l imiks  f o r  - t h i s  s t r o k e -  



do Speed of Rod Trave lp  The r e g u l a t i n g  rod i s  used as a f i n o  
c o n t r o l  device  and i t s  speed i s  cont inuous ly  vczriablc from z c r o  t o  about 
2 f c c t ' p e r ' s c c o n d ,  i n  e i t h e r  d i r e c t i o n ;  as d i c t a t c d  by t h e  porver l e v e l  
rcgulckor.  

The shim rods arc dr iven  i n t o  m d  out  of  t h e  p i l e  a t  a constcant speed 
o f  about 0,3 f e e t  per  minute when c o n t r o l l i n g  power l e v e l o  

'%en rap id  i n s e r t i o n  i s  requi red ,  t o  qu ick ly  decreasc  power l c v e l ,  t h e  
A.C. m o t o r  i s  cncrg ized .  A d i r e c t i o n e l  m o t o r  s t a r t e r  i s  used f o r  t h e  H o C d  

mo to r  s o  t h a t  t h i s  m o t o r  can o n l y  d r i v e  t h e  rod i n t o  t h e  p i l e .  
speed r e s u l t i n g  a t  t h e  r a c k  from t h i s  d r i v e  i s  about 500 f't/min, i n  a f u l l  
s t roke  t r a v e l  o f  70". 

The average 

The average i n s e r t i o n  speed f o r  t h e  s a f e t y  rods i s  t h e  speed r e s u l t i n g  
from t h e  a c c e l e r a t i o n  o f  g rav i ty .  
f r e e  f a l l  o f  5'-0" before  t h e y  encounter  any shock absorbing c f f c c t .  
time o f  f z l l  t h i s  d i s t a n c e  i s  zpproximztcly 0.5 seconds o r  an avcrage speed 
o f  about 400 ft./min. 

If t h e  rods are  r e l cascd  t h e y  have a 
The 

e , Synchronizing and In te r locking .  The incthod of  i n t e r l o c k i n g  
and synchronizing the var ious  r o d s  i s  s h o m  on Fig.  42 which covers t h e  
r equ i r ed  b a s i c  e l e c t r i c a l  con t ro l  sys t en  i n  b lock  d i a g r m  form. The draw- 
ing  can bes t  be followed by consider ing,  s t z r t  up, n o m a 1  opera t ion ,  o r  an 
emergcncy shutdown znd t r a c i n g  t h e  a c t i o n  o f  t h e  r e l a y s  and c o n t r o l s  th rough 
t h a t  phase o f  a n  operat ion.  

The f i r s t  purpose of  t h e  c o n t r o l  systcm is t o  prcvcnt  s t a r t i n g  t h e  p i l e  
i f  an  unsafe  cond i t ion  e x i s t s o  Before " s t a r t  u p " ' a l 1  t h e  rods will be as 
far 5 s  possible i n t o  the p i l e .  This rod  p o s i t i o n  i s  t h e  scmc as we would 
want a f t e r  an cmergency shutdown. 
cause a l l  t h c  rods t o  run i n t o  t h e  p i l e  should a l s o  prevent  t h e  rods f rom 
being withdrawn t o  s t a r t  t h e  p i l e  i n t o  opera t ion .  

Hence, t h e  i n t e r l o c k s  2nd s i g n a l s  which 

O n  F ig*  42 t h e  s 5 f c t y  re lay is shovn rece iv ing  power f r o m  the control 
c i r c u i t  power supply,  through c number o f  con tac t s  opcra ted  as fol lowso 
(The l e t t c r s  after eexh d e s c r i p t i o n  a rc  t h e  l e t t e r s  used t o  des igna te  t h e  
i n t e r l o c k  on F i g o  42.) 

I 
1, Manual lock-out swi tch  (11) can be opened by t h e  ope ra to r  vhcn 

p i l e  shutdown i s  d e s i r e d ,  %en locked open t h i s  switch w i l l  prevent  s ta r t  up. 

2. Contacts ;  open upon s t e m  pressure  f a i l u r e  t o  both coolan t  blower, 
tu rbo-genera tors  (SBTG / f l;+2 ). 

3. A contac t  which opens i f  helium pressure  i s  below a tnospher ic .  (XP), 
A i r  w i l l  l e ak  i n t o  t h c  p i l e  if t h e  hclium pressure is  bclow atmospherico 

4 *  
(HPD). 

A con tac t ;  open when t h e  r a t e  o f  helium prcssurc  decrease  i s  h igh  
This  i n d i c a t c s  a bad helium lcck, 

\ 
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9 4  
5. A l i m i t  switch;  i s  c losed  ?hen e i t h e r  o f  two main helium o u t l c t  

valves  t o  t h e  p i l e  a r e  open. 
helium cannot c i r c u l a t c .  

(HMOV #l; i 4 2 ) .  Tihen n e i t h e r  valve i s  open 9 - h  - 

6 .  A l i m i t  sw i t ch ;  c losed  when e i t h e r  o f  t h e  main helium i n l e t  va lves  -_ 
t o  t h e  p i l e  i s  opened (HMIV#l; #2). 
not c i r c u l  a t  e. 

!hen  n c i t h o r  valve i s  open helium can- 

7. A c o n t a c t ;  c losed  by one of f o u r  tachomcters ,  one o f  which w i l l  be 
on each  helium blovJcr (HBS $1; $2; #3; &). 
c o n t a c t s  a r e  open@ 
minimum q u a n t i t y  o f  helium i s  a v a i l a b l e o  

Below a s e t  minimum spccd these 
This i n s u r e s  t h a t  t h e  blower c a p a c i t y  r equ i r ed  f o r  a 

8.dC9. Limit switches,  on t h e  i n l e t  and o u t l e t  va lves  of t h c  b l o m r s ;  
c losed  whcn t h e  vclves are  open (HBOV $1; Sfz; #3; -#% and HBIV #l; #2; #; 
t h a t  hclium can c i r c u l a t e  t o  and f rom t h e  p i l e o  

This i n s u r e s  t h a t  vrhencver a blower i s  running i t s  va lves  arc open and 

lo1 A c o n t a c t ;  opcn when t h e  oxtput  h e l i a n  tcmpera turc  a t  t hc  p i l e  
o u t l e t  duct i s  t o o  h igh  f o r  t h e  p i l e  power l c v c l  s e t t i n %  (HOT), 

11, A c o n t a c t ;  open :.:hen t h e  hclium ternpcrature u t  t h e  i n l e t  t o  t h e  
This i n t e r l o c k  i s  n chcck on 10, but h e a t  exchanger i s  t o o  h igh  (RITE) .  

it i s  f e l t  t h a t  t h i s  is s u f f i c i c n t l y  important  t o  warrant  a d u p l i c a t e  in- 
d i c a t i o n  of  t r o u b l e .  

12. A con tac t ;  open when t h e  helium tempcruture  a t  t h e  h e a t  exchanger 
o u t l e t  i s  t o o  h igh  f o r  t h e  p i l e  pover l e v e l  s e t t i n g  (HOTZ), 

13. A c o n t a c t ;  open when t h e  helium mois tu re  d e t c c t o r  i n d i c a t e s  t h z t  
A s t e m  lcak from t h e  b o i l e r  t h e  moi s tu re  conten t  of t h e  helium i s  high. 

t o  t h e  helium a t  c ruptured  hea t  cxchangcr tube would cause t h i s  con tac t  
t o  oporate  (€&IC). 

14. 

15. 

16* Severa l  c o n t a c t s  i n  tcmpcra ture  s e n s i t i v e  ins t ruments  . These con- 
t a c t s  open z t  h igh  p i l e  tcmperaturcs .  The tempora ture  s e n s i t i v e  elements 
a r e  loca t cd  a t  several po in t s  i n  t h e  p i l e  where h o t  spots  a r e  expected t o  
develop. (PT 1; 2; 3; etc.)  

A c o n t a c t ;  open i f  t h e  hydrogen con tcn t  of the helium i s  high. (HHC) 

k contact;  open i f  t h e  oxygen contcnt  o f  t h e  helium i s  high. (HOC). 

17. A c o n t a c t ;  open .:!hen b o i l e r  steam pressure i s  excess ivc .  

18. 

19. 

(SP). 

A c o n t a c t ;  open ' i f  t h e  b o i l e r  feed pumps f a i l  t o  ope ra t e  (EX). 

A c o n t a c t ;  open whenever t h e  f u e l  loading  mechanism i s  energ ized  (FL). 

20. A c o n t a c t ;  i n  t h e  power lcvc l  r e g u l a t o r ,  vhich i n d i c a t e s  h igh  nout ron  
f l u  (NV). L 

0 ,  

-64- I 



2l0 A con tac t ;  i n  t h e  power lcve l  r egu la to r ,  which i n d i c a t e s  n high  
t ime d e r i v a t i v e  o f  t h e  ncutron f lux (NVD). 

220 A con tac t ;  i n  t h e  temperature  r e g u l a t o r ;  opon when e s s e n t i a l  com- 
ponents of t ho  r e g u l a t o r  are n o t  ope ra t ing  p rope r ly  (TR).  

ponents of  t h e  power l e v e l  r egu la to r  a r e  n o t  ope ra t ing  p rope r ly  (RR). 

The c o n t r o l  c i r c u i t  i s  energized f'rom t h e  main power supply. 

23, A c o n t a c t ;  i n  t h e  pover l e v e l  r e g u l a t o r ;  open when e s s e n t i a l  com- 

24. If 
t h e  supply f a i l s  t h e  c i r c u i t  i s  dc-cncrgizcd and t h e  s a f c t y  rods drop i n t o  
t h e  p i l e .  This p r o t e c t i o n  i s  inhe ren t  i n  t h e  c i r c u i t  design. 

T i t h  a l l  t h e  above i n t e r l o c k  swi tch  con tac t s  c losed no unsafe  condi t ion  
e x i s t s  and t h e  s a f e t y  c i r c u i t  i s  ready f o r  t h e  p i l e  t o  ope ra t co  

The sccond purpose o f t h e  c o n t r o l  c i r c u i t  i s  t o  prevcnt  pcrformance of 
an improper ope re t ion  sequence by t h e  p i l e  opcra tor .  

A s a f e t y  c o n t r o l  re lay  i s  energized through s i x  ' l imi t  switches.  
42 one swi tch  i s  shown as lTL, t h e  o thc r  five rods and switchcs are no t  
shown because all c i r c u i t s  a r c  s i m i l : ~  t o  #l shim rod c i r c u i t .  
a r e  c losed  when t h c  shim rods  c.rc " a l l  in".  Another s k i l a r  l i m i t  swi tch  
(RL on Fig. 42), closed vrhen t h e  r egu la t ing  rod i s  "a l l  in1'# i s  a l s o  i n  
s e r i e s  wi th  t h e  S a f e t y  Control  Relay. 

On Fig.  

These switches 

To complete t h c  c i r c u i t  a manual c o n t r o l  swi tch  and a c o n t a c t  f'rom t h e  
S a f e t y  Rclay must bc closed. 'Xhcn the S a f e t y  Control  Relay c loscs  onc of 
i t s  con tac t s  w i l l  by-pass t h e  shim rod and r cgu lc t ing  rod l i m i t  switches so 
t h a t  t h e s c  rods can bo ;irithdramn without  opening t h i s  Sa fe ty  Cont ro l  Relay 
c i r c u i t  

This c o n t r o l  c i r c u i t  cond i t ion  can be descr ibed  a s  "ready f o r  p i l e  
op e r  z.t i on  e 

I f ' t h e  S a f c t y  Rclay and t h c  S a f e t y  Control Relay arc cnerg izcd  as des-  
cribed, n con tac t  f'rom t h e  Sa fe ty  Control  Re1c.y will cnerg ize  t h e  l i f i i n g  
and hold ing  magnet c i r c u i t s  f o r  cll t h e  s a f e t y  rodse On Fig.  42 one s a f e t y  
rod c i r c u i t  i s  shown, t h e  o t h e r  f ive  a r e  s i m i l a r .  The magnct C r U  bc r r . ised 
by t h e  h o i s t s ;  l i f t i n g  t h e  s a f e t y  rods t o  t h e i r  ''~~11 out" pos i t i ons ,  where 
l i m i t  switches (1SRL on Fig. 42)  will be closed.  

The h o i s t s  a r e  energized through 5: six p o s i t i o n  s e l e c t o r  swi tch  which 
v l i i l l  a l low only  any one of t h e  h o i s t s  t o  ope ra t e  a t  a t imo. 
on ly  one s a f e t y  rod can be pul led  out zt any one t i m e .  
l i m i t e d  by h o i s t  l i m i t  swttches on t h e  h o i s t  s h a f t .  ( ~ s H R  and lSHL on Fig. 42.) 
Then de-energized t h e  h o i s t  motor i s  prcventcd from t u r n i n g  by an c l e c t r i c c l l y  
opercted brakeo ' 

When t h c  l i m i t  switch (1SRL on Fig.  4 2 )  o n  each of t h e  s i x  s a f c t y  rods 
i s  closed,  i n d i c a t i n g  t h a t  all s i x  rods a r c  " a l l  out", t h e  witMp1:r s i v n o '  

This mems t h a t  
Hoist  t r a v e l  i s  
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c i r c u i t  i n  t h e  Power Level Regulator  i s  completed, except  f o r  a Pa i se  l i m i t  
swi t ch  on t h e  r e g u l a t i n g  r o d . t r a v e 1  l i m i t  (HR on F i g o  42) .  
be c losed  u n t i l  t h e  Regulat ing rod reaches t h c  l i m i t  o f  i t s  t r m e l  outward. 
I t s  pr imary f u n c t i o n  i s  t o  s t o p  t h e  rod at t h a t  po in t .  A t  s t a r t  up, w i t h  , 
t h e  rod " a l l  in", t h i s  swi tch  (RR) i s  c l o s e d o  

This swi tch  w i l l  
I 

The movement o f  t h e  r e g u l a t i n g  rod i s  determined by t h e  power l e v e l  
r e g u l a t o r .  
p o s i t i o n i n g  o f  t h e  shim rodso  

The r e g u l a t i n g  rod ' s  p o s i t i o n  i n  i t s  s t r o k e  determines t h e  

A l l  s i x  o f  t h o  shim rods must be withdrawn o r  i n s e r t e d  t h e  s m e  d i s t a n c e  
i n  t h e  p i l e  a d  t h e y  must move t o g e t h e r ,  
s i g n a l  i s  t aken  from a potcnt iometer ,  which can vnry a v o l t a g e  s i g n u l  f r o m  
zero t o  maximum. 
from t h e  shim rod remote p o s i t i o n  i n d i c a t o r s  i s  used t o  p o s i t i o n  t h e  shim 
rods. Th i s  error s i g n a l  i s  ampl i f ied  and app l i ed  t o  t h e  f i e l d  o f  a De C, 
gene ra to r  t h e  output ,  o f  vhich,  i n  t u r n  d r i v e s  t h e  D.C, motor on t h e  shim rod 
d r i v e  gearsg As  a r e s u l t ,  t h e  rods a r c  e i t h e r  i n s e r t e d  or vsithdrawn t o g e t h e r  

To accomplish t h i s  a master  vo l t age  

The e r r o r  between t h i s  vo l t age  and a s i m i l a r  vo l t age  s i g n a l  

and t h e  'same dis tance .  

The poten t iometer  i n  t h e  mcs ter  vo l tago  s i g n a l  gene ra to r  i s  d r iven  by a. 
cons tan t  speed m o t o r  which incrcnscs o r  dccreases  t h e  vo l t age  s i g n a l  a t  a 
cons t an t  r a t e  as long as t h e  motor i s  cncrg izcdo  

A t  t h e  l i m i t s  of t h e  shim rod t r a v e l  t h e  i n s e r t  o r  withdraw s i g n a l s  
c i r c u i t s  a r e  de-energized by t h e  i n s e r t  l i m i t  swi tch  ( 1 T L  on F ig ,  42)  o r  
t h e  withdraw l i m i t  switch (1TR on Fig.  42 ) ,  

The power l e v e l  r e g u l a t o r  p o s i t i o n s  t h e  r e g u l a t i n g  r o d o  ?Then t h i s  rod 
i s  t h r e e  q u a r t e r s  withdrawn, it ene rg izes  a l i m i t  switch.  (E7 on Fig.  42). 
This ene rg izes  t h e  mas tcr  s i g n z l  motor and it s t a r t s  t o  i nc rease  t h e  master  
vo l t age  s i g n a l  a t  a cons t an t  r a t e .  The shim rods respond t o  t h i s  vo l t age  
change and run outward3 keeping t h e i r  r c s p c c t i v e  e r r o r  s i g n a l s  zero.  This 
causes t h e  power l e v e l  o f  t h e  p i l c  t o  r i s e  u n t i l  it exceeds t h e  d e s i r e d  
power l e v e l  by a ve ry  smal l  m o u n t ,  The power level  regula tor  responds t o  
t h i s  cond i t ion  and causes  t h e  r e g u l a t i n g  rod t o  run inwardo l-ihen t h e  rod  i s  
almost a t  t h e  c e n t e r  o f  i t ' s  s t r o k c  a 1 i m i t . s w i t c h  (RC on Fig ,  4 2 )  i s  opened. 
The swi t ch  de-encrgizcs  -the master  vo l t age  s i g n a l  m o t o r  End t h e  shim rods s t o p  
running outwards 

When t h e  power l e v e l  r e g u l a t o r  C ~ U S C G  t h e  r e g u l a t i n g  rod  t o  r u n  inward, 
t o  decrcase  t h e  power l e v e l  o f  t h e  p i l e ,  fc.r enough t o  reach  m o t h e r  l i m i t  
swi tch  ( R I  on Fig.  421, t h e  mas te r  s i g n a l  vo l t age  i s  dccrenscd and t h e  
shim rods  rcspond by running inward. 
upon reduced u n t i l  t h e  power l e v e l  r c g u l a t o r  w i t h d r a w  "te r e g u l a t i n g  rod  
f a r  enough t o  open t h e  l i m i t  swi tch  RC and s t o p  t h e  shirn rods.  

The power l c v e l  o f  t h e  p i l e  i s  t h e r e -  

A maximum and minimm limit sviitch 
t r a v e l  of t h e  mas te r  s i g n a l  po ten t iometcr .  

and 341 on Fig. 42)  l i m i t  t h e  
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The f u e l  1oc.ding mechanism should no t  be operated vhen t h e  s a f e t y  rods  
w e  " a l l  out"  of t h e  p i l e o  
. v i 1 1  c l o s e  t h e  c i r c u i t  t c  t h e  f u e l  loading mechznisms c o n t r o l  c i r c u i t  lvhcn 
a l l  o f  t h e  s a f e t y  rods p.re " a l l  in". 
"all i n "  t h e  fuel looding mechcnism cannot be opere.tede 

A l i m i t  switch on e?.ch rod (1SLL on Fig.  4 2 )  

Convcrscly when t h e  s a f e t y  are n o t  

If my of t h e  s a f e t y  con tac t s ,  i n  t h e  s r f e t y  r e l a y  c i r c u i t ,  a r e  open, 
t h e  r e l a y  opens. This de-energizes t h e  ho ld ing  mzgnet c i r c u i t s  and l e t s  
t h e  s a f e t y  rods fell i n t o  t h e  p i l e ,  A t  t h e  sane t ime  ( i f  power f a i lu re  
has n o t  been t h e  czuse of s a f e t y  rod i n s e r t i o n )  t h e  h i g h  speed motors on 
t h e  shim rod d r i v c  nre  energized and d r i v e  t h e  shim rods i n t o  t h e  p i l e  a t  a 
h igh  speed..  A l i m i t  switch on each shim rod (1TFL on Fig. 4 2 )  w i l l  open 
when thpLt rod i s  =bout one foo t  from t h e  inwcrd end of i t s  s t r o k e r  This 
de-energizes t h e  motor cnd a p p l i e s  a brake t o  s t o p  t h e  rods  

Simultaneously,  w i t h  t h e s e  a c t i o n s ,  n s i g m l  s imula t ing  a h i g h - p i l e  
flux i s  app l i ed  t o  t h e  power level r e g u l a t o r  End d r i v e s  t h e  shim rod t o  
t h e  "all i n "  p o s i t i o n  through t h e  normnl r e g u l c t i n g  c i r c u i t s @  When t h e  
high speed d r i v e  on t h e  shim rods i s  c u t  off t h e y  ; i l l  s t i l l  r ece ive  a 
s i g n a l  from t h e  r c g u l c t i g g  rod c c l l i r _ g  f o r  thcm t o  run i n o  I n  response t o  
t h i s  s i g n a l  t h e y  run inward u n t i l  t h e  l o m r  l i m i t  (1TL on  Figo 4 2 )  i s  
reached where t h e y  s t o p t  
B. s a f e t y  s t m d p o i n t  because t h e  fast  d r i v c  runs -the rods beyond t h e  dep th  
o f  t h e  p i l e  reflctora 

This l w t  "d r ivc  in"  s i g n a l  i s  n o t  necessa ry  from 

A mcnucl switch,  i n  t h i s  h i g h  f l u x  s i g n a l  c i r c u i t ,  allovrs t h e  o p e r a t o r  
t o  l o w e r  t h e  power level d i r e c t l y .  

If a power f a i l u r e  caused t h e  energency shutdown, t h e  s a f e t y  rods 
Rlone should be i n s c r t e d  i n t o  t h e  p i l e  because t h e  povcr t o  i n s e r t  t h e  
shim rods would n o t  be av?.ilnble* A f t e r  power i s  r e s t o r e d  t h o  shim rods 
would run i n .  

This cyc le  of  c o n t r o l  c i r c u i t  a c t i o n  causes  a complete r e - s e t t i n g  o f  
n l l  p i l e  dev ices  s o  t h n t  ::hen the cause o f  R shutdown i s  removed the p i l e  
can be r e - s t a r t e d .  

f .  P o s i t i o n  I n d i c e t o r s .  For t h e  r e g u l a t i n g  rod, t h e  p o s i t i o n  
i n d i c a t i n g  me 2. i:roi-m d r i v e n .  t r n v e l i n g  n u t ,  a long which 
t h e  l i m i t  s w i  'and r.d j u s t e d .  Various s t anda rd  makes of 

t r a v e l i n g  n u t  i s  a. mezsure of  t h e  p o s i t i o n  o f  t h e  r.od i n  t h c  p i l e .  This 
p o s i t i o n  i n d i c a t o r  i s  gezred t o  t h c  dr i -k  s h a f t  and i s  locn ted  i n  t h e  d r i v e  
cornpzrtmcnt above t h e  p i l e .  By means of  a p a i r  o f  selscn mctors,  one i n  t h e  
d r i v e  compartment 'and, one a t  t h e  remote c o n t r o l  l o c a t i o n ,  t h e  rod p o s i t i o n  
i s  shown, f o r  o p e r a t i n g  purposes, ct t h e  c o n t r o l  board. 

A similar a r rmgemcnt  i s  used f o r  t h e  shim rods.  

' l i m i t  s n i t c h e s  are s u i t a b l e  f o r  t h i s  a p p l i c a t i o n .  The p o s i t i o n  or" t h e  

Here t h e  fo l lower  
s e l s c n  i s  p a r t  o f  thc:i shim rod a n t r o l  system m d  i s  used f o r  synchronizingr  
For t h e  s a f e t y  rods, ' .m "all in" and "c l l  out"  p o s i t i o n  i n d i c a t i o n  i s  re- 
quired,  b u t  r o d  p o s i t i o n  between t h e s e  limits need n o t  be known f o r  normal 
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opere.ting Durposes . 
t h e  t o p  and bottom of t h e  sa . fe ty  rod t h i n b l c ,  where t h e  plungor c~an 
ope ra t e  them, and i n d i c a t e  t h e  presence of t h e  rod a t  e i t h e r  extrcn-e. 
des ign  of t hose  si,Yitches has n o t  been worked ou t  b u t  t h c y  must be t o t c l l y  
enclosed a g a i n s t  t h e  h e l i ~ m  atmosphere and cooled by a d r a f t  of cold a i r  
o r  8 f low of o i l .  

S p c c i a l l y  d c s i p e d  l i m i t  switches a r e  i n s t a l l e d  a t  

The 

g. Seals.  h t y p i c a l  sea l  i s  s h o m  as p a r t  o f  Fig.  39 cad i s  
g e n e r a l l y  ref- t o  as a, r e f r i g e r a t o r  type,  c o n t a c t  seal .  
o i l  cooled, t h c  p re s su re  o f ' t h c  o i l  being h ighe r  t h a n  t h c  p rc s su rc  of t h e  
hclium i n s i d e  t h e  thimble.  
under t h e  "blowers and seals" s e c t i o n  of t h i s  r e p o r t o  S c a l s  a r c  r e q u i r e d  
f o r  t h e  s i x  shim rod d r i v e  s h a f t s  and t h c  one r e g u l a t i n g  rod d r i v e  s h a r t e  

This seal i s  

The e x p e r i n e n t a l  work on t h i s  seal  i s  desc r ibed  

2, D e s c r i p t i o n  o f  Control  Rodso 

n e  Number m d  l oca t ion .  The l o c a t i o n  p a t t e r n  i s  shown on Drawing 
Fig.  40. One r c g u l a t i n g  rod i s  i n s t a l l c d  i n  t h e  c a t e r  channel  o f  t h e  p i l e ,  
S i x  shim rods are i n s t a l l e d  i n  a r i n g  sround t h e  c c n t c r  r e g u l a t i n g  rod about  
let from t h e  c e n t e r  o f  t h e  p i l c .  

S ix  s a f c t y  rods  are i n s t n l l e d  i n  a r i n g  ou t s id2  o f  t h c  shim rods, 18" 
from the  c e n t e r  o f  t h e  piles 

b. Rod M a t e r i a l .  The roc! rnater i?<l  i s  l$ boron s t e e l .  Tho p h y s i c a l  
p r o p e r t i e s  o f  t h i s  natcr ip .1  a re  s i n i k r  t o  s t andc rd  typcs  o f  s t e e l  cxeept  
t h n t  it i s  someivht more b r i t t l c .  Tests  of t h i s  a l l o y  must be run before 
design vork can be completcd. The p r i n c i p l e  t c s t s  needcd a r e  s t r e s s  V S e  
s t r a i n  curves cnd c reep  VS. s t r e s s  curves  f o r  va r ious  temperatures  up t o  
about 1600'F. 

c 6  Rod S i z e  cnd Shape. The p a r t  of  t h e  shim and s a f e t y  rods which 
e n t e r  t h e  p i l c ! h v e  an c f f e c t  on r e a c t i v i t y  i s  an annulus i n  c r o s s  
s e c t i o n .  The o u t e r  diameter i s  4 cm. m d  t h e  i n s i d e  d i m e t e r  2.54 cm. The 
r c g u l a t i n g  rod has G 1 cen t ime te r  o u t s i d e  diemeter and a s o l i d  c r o s s  s e c t i o n .  
R o f c r  t o  Fig.  41 f o r  rod assemblies.  Thc r e a c t i v i t y  c o n t r o l  p o r t i o n  o f  t he  
rods is .  vrcldcd t o  t h c  d r i v e  rod. A p o r t  i s  provided nca.r t h i s  j o i n t  t o  
d l o w  500°F. hclium gas t o  c n t o r  t h e  rods.  This  helium i n l e t  p o r t  i s  shown 
on Fig. 41. 

d e  Cooling. The tcmpcrature  of t h e  rods,  while  t h e  p i l e  i s  oper -  
a t i n g ,  i s  between 500°F. and about 800'F. The tempcrzturc  i s  due p c r t l y  t o  
r a d i a t c d  cvd conducted hcc.t from t h e  p i l c  chznnel s u r f a c e s  and p a r t l y  t o  
neutron absorpt ion.  +The temperature  o f  t h e  h e l i m  gas, evai lablr :  f o r  cool- 
ing,  i s  500°F1 
been made bu t  t h c y  must be kept belo1.v 800'F. t o  r e t e i n  s u f f i c i e n t  mcchanical 
s t r e n g t h .  The 500°F: gas from t h e  c h m b c r  nbovc t h e  p i l e  w i l l  be allowed t o  

between t h c  rods and l thc i n s i d e  s u r f a c e  c f  t h e  Be0 b r i c k s .  The q u a n t i t y  of 
gas f l o v  depends upon t h c  c o n s t r u c t i o n  o f  t h c  p i l c  chnnncls i n  - -hich the 

Excct c a l c u l n t i o n  of t h e  r c s a l t i n g  rod tcmpcrature  hcs n o t  
I 

7 e n t c r  t h o  rods through t h e  helium i n l c t  p o r t s  i n  t h e  rodso  Some g a s  f l o v s  

n rods oneratc .  
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3 .  Shie ld ing  of Control  Rods, 

The c o n t r o l  mechanisms a r e  l o c a t e d  above t h e  5 '  biologicc?l  s h i e l d  
which i s  d i r e c t l y  above t h e  t o p  of t h e  pressure s h e l l .  Refer t o  Fig.  40. 
A c i r c u l a r  compartment w i th  a w z l l  of b i o l o g i c a l  s h i e l d  2 '  t h i c k  con ta ins  
t h e  n e s t  o f  thimbles .  
rods run t h rough  ho le s  i n  t h i s  2 '  of s h i e l d i n g ,  
s h i e l d  i s  left f o r  t h e  i n s t e l l a t i o n  of t h e  motors and t h e  d r i v i n g  gearso 
Around t h e  o u t s i d e  of t h i s  m o t o r  compnrtment i s  a b i o l o g i c a l  s h i e l d  about 
5' i n  t h i c k n e s s .  fibove t h e  motor compartment m d  thimble compnrtment t h e r e  
i s  m o t h e r  b i o l o g i c a l  s h i e l d  5' t h i c k .  
l o c a t e d  above t h i s  s h i e l d  and lift t h e  magnets by mecans o f  cables which run 
through h o b s  i n  t h i s  s h i e l d ,  

The d r i v e  s h a f t s  f o r  t h e  r e g u l a t i n g  rod and shim 
X space mound t h i s  i n n e r  

The h o i s t s  f o r  t h e  s a f e t y  rods are 

This i s  shovn on Fig.  40. 

4. Replacemont o f  Rods and Mechanisms. 

a. Regulat ing and Shim Rods. The s e c t i o n a l i z i n g  o f t h e  s h i e l d i n g  
i s  ehom on F i g e  400 
down, workers can e n t e r  t h e  d r i v e  and motor compartment through manholes. 

Tho s h i e l d i n g  i s  b u i l t  s o  t h a t ,  v-hen t h e  p i l e  i s  shut-  

The d r i v e  end motor equipment can be removed by s e p a r a t i n g  t h e  s h a f t  
coupl ing i n  t h e  motor compartment. This i s  a bo l t ed  coupling. 

The coupl ing i n s i d e  t h e  i n n e r  r i n g  of s h i e l d i n g  i s  keyed and can be 
opened by p u l l i n g  t h e  s h a f t  outwardc 

n 

~ . 

Remotely o p e r r t c d  t o r c h e s  C m  be used t o  c u t  t h e  thimbles  loose  from 
t h e  b i o l o g i c a l  s h i e l d  i f  t h e  thimbles  are t o  be reli:ovedo 

The 4' d i a n c t c r  s o c t i o n  of s h i e l d i n g  j u s t  above t h e  th imbles  i s  remov- 
a b l e  and t h e  thimbles  m d  rods t o g e t h e r  can be pu l l ed  up through t h i s  opening. 

be S a f e t y  Rods. The h o i s t s  a r c  alvmys a v a i l c b l c  f o r  mdn tenance  
because t h e y  w e  above t h e  upper b i o l o g i c a l  s h i e l d .  

The h o i s t s  can b'e removed by p u l l i n g  t h e  magnets upward th rough  ho le s  
provided nbove each thimble.  

The thimbles  can be c u t  loose and t h e  thimbles  and rods p u l l e d  up 
through the  4' opening, i n  t h e  scme m y  3.s the  rogu la t ing  nnd shim rod 
th imbles  m e  removede 

69 - 

- -  

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  
0 0  0 0 ,  0 0 0 0  0 0 0 0  0 0  0 0 0 0 0 0  0 0  

____ - _- .- - -_ __-.. _ _  



I I 

.
.

 

11 
. 

, 

.. .. . .. . . ., ., . .a 

.a . .
I
 

I 

.. . . .a .( * .I 

.I . . . 

lambc
Line



I 



.
.

 

.
 

b '. 1 

-
\
 

t 

. 
-_

 . 
. 

T
 

I 

, 

_
-
-
.
 

. .. ,. 
e. 

.o
 

.e 0
 

.D
 

.O
 

a
*
 

. .O
 

.. -
 

.* .. . . .. . .. .. . .. .. .* .D
 * 

.O
 I) 

. 0 .e 0
 

.O
 

.e 

.e 

.. . . . .O
 

.. . .O . 0 
.. .e 

lambc
Line



r l- 
c 

I 

., . . .. .. 

. .* .a 

. . . 
. I 

.a 
. 

.a 

. . .a 

- 

.. 

.. 

.. 
' 
. . 
' 
. .* .. 
.. .. . 
.. 

.. 

e .. e . a 
% 2 
$ . .. .. 
. .. . . 
0 

.. . .. 

- 

.. .. 
* 
. ' .. 
.. .. . 

* 

. .e 
'. 
.. 9 

.. a 

. e .. * . .. .. 
e. 
.. . . . 
. . .. e. 

. .. . . . 
.. . .. 



... . .... 
7 I 1 
I I I I I I I I t -.I I 

" 

I /I I I 

-
 

.... ... .... .. ... . . .... .e. 
.. 
... e 
.. .. 
.. .. 
.... 

r
 

I t I I I I I I I I I I I I I I I I I 

--- 

.... 
.. ..be 

.... .. .... ... 

- 
I
-
 

__. 

... . .... . .. .... .... . .. ..e. .... .. 
.

e
 

. .
e

 
.. . ... .. 

e.. 

.e.* 
. ... . 

I 

.. 
..... 

... . .... 
I 

I 

- .. ...... 
.

.
 

,, 
. 

.
.

 

.
'
.
 

.. 
.

.
 . 



b. Automatic Powcr h v e l  Regulator.  Bccause of  t h e  h igh  cxcess  
r e a c t i v i t y  of t h e  p i l e ,  and t h e  complex interdepcndcnce o f  s e v e r a l  c o n t r o l  
p e r m e t c r s ,  t h e  powcr output  of t h c  p i l e  i s  under t h e  constant  c o n t r o l  o f  
m automatic  power l c v c l  r egu la to r  throughout t h e  normal processes  assoc ia-  
t e d  with s ta r t -up ,  mnintcnance of p v m r  love l ,  d e s i r c d  changes i n  power 
l c v c l ,  and shut-down. Mcnuzl c o n t r o l  i s  n o t  precluded i n  my phase o f  p i l e  
oper?.t ion if s a f e t y  r equ i r cnen t s  a r e  n o t  t rnnsgrcsscd ,  a l though t h e  des ign  
o f  t h e  automatic  r egu la to r  rcndcrs  manual a t t c n t i o n  unnecessary exccpt ing  
as a maintcnance measure t o  i n s u r e  t h a t  all equipment func t ions  properly.  
P i l c  ope ra t ion  remains under t h c  f u l l  c o n t r o l  of t h e  zutomatic powcr leve l  
r e g u l a t o r  unless any olio o f  va r ious  condi-kions a r i s e s  which i n d i c a t c s  ab- 
normal danger t o  opcra t ing  pcrsonncl,  p i l c  m a t e r i a l s ,  o r  e s s c n t i a l  a u x i l i a r y  
apparatus0 In such an event,  c o n t r o l  of t he  p i l e  i s  t r m s f e r r c d  immcdiatoly 
and au tomat i ca l ly  t o  t h e  s a f c t y  c i r c u i t  f o r  i t s  prompt a c t i o n  i n  caus ing  
p i l c  shut-down, which t h c  automatic  r c g u l a t o r  cont inues t o  a s s i s t ,  

% 

(1) Objcct ivcs .  Thc nutomatic p o w r  l c v e l  regulz-.tor se rves  
t o  c o n t r o l  tho  complete system which i s  shorm i n  functiona.1 f o r m  i n  Fig. 
43. 
hea t  exchanger, and t h e  turb ine-dr ivcn  c l e c t r i c o  1 gcncra tor .  
i s  designcd f o r  t he  folloilring d e t a i l e d  o b j c c t i m s  : 

( a )  S tar t -up .  

A s  m a j o r  Components t h c  system inc ludes  t h c  p i l c  i t s e l f ,  t h e  b o i l c r  o r  
Thc rcgulc.tor 

1. Incroase of p i l c  power output  f rom z e r o  t o  a 
s e l e c t e d  va lue  i n  t h e  operr..ting rangca 

2. Limiting of t h e  r a t e  of i n c r e m e  o f  p i l e  
r e a c t i v i t y  t o  a s a f e  value.  

3 .  S t r b i l i z a t i o n  a t  t h e  d e s i r e d  poiircr lcvcl  wi th in  
a minimum t i m e  c o n s i s t e n t  wi th  s z f c t y  requiremcnts.  

4. hbscnce o f  excess ive  ovsrshoot  o r  hunt ing  i n  t h e  
regulator system, 

(b )  Main tcnmcc of  povcr l cve l .  

1. E s s e n t i a l l y  conplc te  compcns2.tion f o r  long-pcriod 
v e r i a t i o n s  i n  t h e  nuc lea r  c o n s t m t s  of t h e  p i l e ,  i c c o :  

.Ch,me;e o f  p i l c  r e a c t i v i t y  v i t h  tcmpsrnture .  
Deplc t ion  of f i s s i o n n b l c  mc.tcri::l vrith opcra t ing  timer 
kccumulxbion of f iss ion-produced poisons e 

% 2. Maintcnancc o f  full c o n t r o l  s e n s i t i v i t y  a t  any 
s t e a d y  s t a t e  p o w r  l eve l .  

, 3 0  I iegulat ion o f  p i l a  flux indcpendent of sho r t -  
per iod load f l u c t u  a t '  ions,  

.I. 70 - 
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.i ( c )  Chnnge i n  P o m r  Lcvel. 

1. Inc rease  o r  dec romc  i n  p i l e  power output  from 
onc o p c r a t i n g  l e v e l  t o  any o t h e r  i n  t h e  opcr'ating r:.nge, i o e o s  

I n  response t o  a mcnual change o f  regulFhor s c t t i n g p  
I n  response t o  a maintained change i n  ou tpu t  locdo - 

2, Chmgc t o  s t a b l e  o p e r a t i o n  a t  t h e  d e s i r e d  pox<Jer 

Absence o f  excess ive  overshoot  o r  hunt ing i n  t h e  

l c v c l  w i th in  a minimum t imc  c o n s i s t c n t  w i t h  s a f e t y  requiremcnts .  

3 @  
. r c g u l a t o r  systemo 

It, &crgoncy: Automatic d c l i v e r y  t o  s a f e t y  c i r c u i t  
under abnormal o r  dmgcrous  cond i t ions ,  w i th  continu.ed a t t empt s  t o  c o n t r o l  
on t h e  p a r t  o f  t he  power l e v e l  r e g u l a t o r ,  i c e D :  

If loga r i thmic  rdx of  inc rensc  of p i l e  ncut ron  flux 
exceeds a s e l c c t c d  veluc. 

In  case of  f a i l u r e  o f  any cr i t i cc .1  c o n t r o l  component 
f o r  ivhich nutometic changc-ovcr t o  an ,n.ltern:.te u n i t  
i s  n o t  providcdo 

2,  I\JorniaI: Grzdual dec rcesc  i n  p i l e  power ou tput  
from m y  o p c r a t i n g  l c v c l  t o  'zero under c o n s t m t  c o n t r o l  of t hc  regulEtorp ice.: 

Under manual c o n t r o l  of pover s e t t i n g  

Under automatic  schcdul ing  of power s e t t i n g ,  fo l lo l l i ng  
a tirnc o r  a dcmmd-operated c o n t r o l  s i g n a l .  

( 2 )  I n t e l l i g c n c e e  I n  order  t o  enable t h o  power l e v e l  rcgulator 
t o  pcrform t h e  vn r ious  c o n t r o l  f u n c t i o n s  1 which h w c  j u s t  been l i s t e d ,  t h e  
fo l lowing  q u a n t i t i e s  a r c  meastwcd and made cont inuous ly  a v a i l a b l c  as c o n t r o l  
parameters  : 

(a).  
( b ) ,  
( c ) ,  

( e ) .  

P i l e  neut ron  flux,, as an  i n d i c z t i o n  o f  p i l e  power.. 
Tine d e r i v a t i v e  of p i l e  neut ron  flux.. 
Steam p res su re  i n  t h e  b o i l c r ,  t o  bc hc ld  constcvlt l  

Averaged t imc d e r i v a t i v e  of e l e c t r i c a l  pover demand 
of t h e  loado 

. (d)., Time d e r i v a t i v e  of b o i l c r  s t c a n  p r e s s u r e o  

(34 Phys ica l  Doscri,$iol> o f  Po--rc;r I1 Bcgulxtor. 
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major c l a s s i f i c a t i o n s e  
a re  P.S fo l lows:  

Together wi th  t h e i r  func t ions ,  t hese  c l r s s i f i c a t i o n s  *@if- 
, 1, The c o n t r o l  parameter i n s t r m e n t a t i o n ,  which 

de r ives  up-to-date information on t h e  ope re t ion  of t he  p i l e ,  t h e  heot  ex- 
changer,  and t h e  tur'7inc-powered e l e c t r i c  generz tor  , 

2. I n s t r m e n t s  which e s t a b l i s h  r e fe rence  l e v e l s ,  
der ived  e i t h e r  from a manual s e t t i n g  o r  f'rom output  demand upon t h e  power 
p i l e  system, which expresses  t h e  des i r ed  v a l u e s  of t h e  c o n t r o l  p a r m e t e r s .  

. 3. A servomcchcnism which responds t o  t h e  d i f f e r e n c e  
between d e s i r e d  and measured va lues  of t h e  con t ro l  p a r m e t e r s ,  end d e l i v e r s  
an output  s i g n a l  which reduces t h e  d i f f e r e n c e  toward z e r o  by a d i r e c t  ad- 
justment of p i l e  power output  o 

'lo Instruments  which se rve  t o  l i m i t  t h e  magnitude 
o r  r a t e  of  change o f  con t ro l  s i g n a l s ,  o r  t h e  degrcc o r  rate o f  response of 
c o n t r o l  components 

Each of t h e  abpvc c l a s s i f i c a t i o n s  inc ludes  instruments  which w6rran-L 
d e s c r i p t i o n  i n  some d e t a i l o  

(b) ,  Conttok parmotsr i:zr;trmnerh$iionr I n s t r m o n t s  i n  t h i s  
c l a s s i f i c a t i o n  make continuous measurements o f  p i l e  neut ron  f lux and i t s  
t ime r a t e  of change, b o i l e r  steam pressure  and i t s  time r & e  o f  change, and 
an average r a t e  o f  change of t h e  e l e c t r i c a l  poxer demnd o f  t h e  loads  
c o n t r o l  purposes,  t h e s e  p a r m e t e r s  a r e  s u f f i c i e n t  t o  s p e c i f y  t h e  ins tan taneous  
behavior of t h e  pover p i l e  system, although, o f  course,  o t h e r  p a r m e t e r s  
are requi red  f o r  l i m i t i n g  func t ions ,  

For 

1, Neutron d e t e c t o r  and ampl i f i e r .  Over a range 
o f  approximately 1C6, ins tan taneous  p i l e  power l e v e l  is measured by a c a l i -  
b ra t ed  neut ron  d e t e c t o r  which responds i n  d i r e c t  p ropor t ion  t o  t h e  thermal  
neut ron  flux level i n  thc  p i l e .  Togcthcr 4 t h  i t s  a s soc ia t ed  a m p l i f i e r ,  t h e  
d e t e c t o r  i s  l oca t ed  ou t s ide  t h e  p i l e  r c z c t o r  vhere tho  neut ron  f lux  level 
i s  s u f f i c i e n t l y  low t o  permi t  mezsuremcnt a t  t h e  h ighes t  p i l e  pover  levels 
which a re  used. To take  f u l l  advantagc of t h e  e n t i r e  rmge o f  s e n s i t i v i t y  
o f  t h e  d e t e c t o r  and of ampl i f i e r  l i n e c r i t y ,  t h e  a m p l i f i e r  i s  provided wi th  
a servo-operated ga in  c o n t r o l  which main ta ins  constant  m p l i f i e r  ou tput  and 
the reby  avoid over loada  The gain c o n t r o l  se rvo  a l s o  ope ra t e s  t h e  s l i d e r  
of a potent iometer  which i s  supp l i ed  wi th  zi cons ten t  vo l t age  source,  and 
t h e r e f o r e  f u r n i s h e s  a c o n t r o l  s i g n a l  which i s  propor t ion+ t o  neut ron  flux, 
nv, o r  t o  ins tan taneous  p i l e  p o w r e  Ui th  t h c  use of magnetic c lu tches ,  t h e  
speed o f  response of such a servomechanism can be made vdrymuch more r ap id  
than  a n t i c i p a t e d  changes i n  t h e  power l e v e l  o f  t h e  p i l e ,  

- 

. 2,  Neutron f l u x  d i f f e r e n t i a t o r .  ! E i t h e r  of  two 
methods may be used t o t  o b t z i n  a c o n t r o l  voltcLgc p ropor t iona l  t o  d(nv) ,  t h e  
t ime d e r i w t i v e  of p i l e  neut ron  f lux I nvo - 

d t  Q 
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The f i r s t  invo lves  use of t h e  d i f f e r e n t i a t i n g  a m p l i f i e r  and servo 
c i r c u i t .  According t o  t h i s  method, which i s  s u p e r i o r  from t h e  s t andpo in t  
of  speed o f  response,  a d i f f e r e n t i a t i n g  a m p l i f i e r  ('Fig,. 44) o p e r a t e s  upon 
t h e  ou tpu t  c o n t r o l  s i g n a l  p r o p o r t i o n a l  t o  nv which i s  fu rn i shed  by t h e  
neu t ron  d e t e c t o r  desc r ibed  i n  t h e  p r e c e d i n r s e c t i o n .  The d i f f e r e n t i a t i n g  
a m p l i f i e r  s u p p l i e s  an ou tpu t  v o l t a g e  p r o p o r t i o n a l  t o  d(nv)/dt ,  which i s  
added d i r e c t l y  as m a n t i c i p a t o r y  c o r r e c t i o n  t o  t h e  measured va lue  of t h e  
neu t ron  f lux.  

I n  t h e  second method a electro-mechanical  d i f f e r e n t i a t o r  and servo 
c i r c u i t  may bo employed. 
ob ta ined  e l e c t r o - m e c h a n i c d l y  w i t h  a c i r c u i t  such as t h a t  shown i n  Fig. 45. 
A v o l t a g e  p r o p o r t i o n a l  t o  nv, t h e . n e u t r o n  f l u x ,  supp l i ed  by t h e  ou tpu t  s e rvo  
o f  t h e  neu t ron  d e t e c t o r  amplifier, i s  app l i ed  in s e r i e s  oppos i t i on  t o  a 
second vol tage 'betwcen one s i d e  and t h e  v a r i a b l e  arm of  a p a r a l l e l  po ten t io -  
meter .  
f i e r  Those output  f u r n i s h e s  f i e l d  e x c i t a t i o n  f o r  an e l e c t r i c  generator ,  vh i c h  
i s  d r i v e n  8.t cons tan t  speed by an a u x i l i a r y  p o m r  sourceo The ou tpu t  o f  t h e  
gene ra to r  poivcrs an  e l e c t r i c  motor which i s  lirilred mechanical ly  with t h e  
v a r i a b l e  arm of t h e  potent iometer  i n  t h e  a m p l i f i e r  i n p u t  c i r c u i t  t o  complete 
t h e  fecdback loop of a servoniochanism ivhich a d j u s t s  t h e  potent iometer  arm 
t o  reduce a m p l i f i e r  i n p u t  tomard zero .  So f a r  c s  t imc l a g s  i n  t h e  systcm 
pe rmi t ,  t h e  motor t h e r c f o r o  compels t h e  s l i d e r  o f  t h c  i n p u t  po ten t iomc tc r  
t o  f o l l o w  b o t h  t h e  p o s i t i o n  and tire v e l o c i t y  of  t h e  po ten t iome te r  s l i d e r  

' which i s  s e t  by t h e  neutron f l u x  servo. As a r e s u l t ,  a gcnorator  tacho- 
meter d r i v e n  b y  t h e  motor s h a f t  t h e n  d e l i v e r s  n v o l t a g e  p r o p o r t i o n a l  t o  
d (nv)/dt 

ii v o l t a g e  p r o p o r t i o n a l  t o  d(nv)/dt  may a l s o  be 

The d i f f e r e n c e  vo l t age  i s  app l i ed  as t h e  inpu t  s i g n a l  o f  an m p l i -  

The electro-mechanical  d i f f e r e n t i n t o r  c m  be cxpected t o  perform 
s a t i s f R c t o r i l y  on ly  i f  t h c  phase change around t h e  servo loop from i n p u t  
t o  ou tpu t  i s  s m a l l o  Expressed i n  o t h e r  terms, t h e  t ime lcg i n  t h c  servo- 
mechznism must be small i n  comparison t o  t h c  pe r iod  wi th  vh ich  t h e  p i l e  
neu t ron  f l u x  cha.ngcso 

(3 0 S t e c m  gaugc. S t e m  pres su re  i n  t h e  boiler o f  t h e  heat 
exchanger is t r n n s  l n t e d  d i r e c t l y  i n t o  a , p r j p o r t i o n a l  e l e c t r i c a l  c o n t r o l  
s i g n a l  by a c t u c t i n g  I: spring-locded p i s t o n ,  a s t r e t c h e d  d i a p h r a p ,  o r  a 
Bourdon tube which d r i v e s  t h e  v a r i a b l e  arm of a potent iometer .  iL constcant 
vo l t age  i s  app l i ed  ac[ross t h e  compl'ete qo tcn t iomc te r  winding, whilo t h e  
c o n t r o l  vo l t age  r:rhichi i s  p r o p o r t i o n a l  t o  s t e m  p r e s s u r e  [ i s  t a k e n  b e t v m n  
t h e  v a r i a b l e  mn and-;the a p p r o p r i a t e  end of t h e  -*inding.  
stem pres su re  i s  intended t o  remain c o n s t a n t  a t  450 P s i  G du r ing  n o m a 1  
operat ion,  t h e  elcctro-mechzinical steam gnge i s  expected t o  ope ra t e  w i t h  zn 
ou tpu t  p r o p o r t i o n a l  t o  t h e  cmcess of  s t e m  pres su re  over  atmospheric p re s su re  
between 0 and 500 Psi .  

Inasmuch as b o i l e r  

4. S t e m  p res su re  d i f f e r c n t i s . t o r e  Thc t ime r a t e  of  change 
o f  b o i l e r  steam p r e s s  
a m p l i f i e r  which oper o r t i d n a l  t o  s t e r n  
p r e s s u r e m  
p a t o r y  c o r r e c t i o n  t o  t h e  mcesured p r c s s u r c  ,, 

of a I d i f f e r c n t i a t i n g  

h p l i f i e r  butput ,  p r o p o r t i o n a l  t o  d p l d t  i s  used as m a n t i c i -  

5. Power change i n d i c a t o r *  k f i n a l  c o n t r o l  s i  
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der ived  f r o m  t h e  r a t e  of  change of k i lowa t t  dcmand of t h e  load, meraged  
over a per iod  of 5 seconds, 
s i g n a l  involves  a simple k i lowa t t  movement which d e l i v c r s  a v o l t a g e  
p r o p o r t i o n a l  t o  in s t an taneous  p o m r  demande 
vol tcge ,  ob ta ined  as t n e  output  of  2. d i f f c r c n t i a t i n g  a m p l i f i e r ,  i s  app l i ed  
t o  R s e r i e s  RC ( r e s i s t ~ c c - c a p ~ c i t a n c e )  c i r c u i t  vrith a t ime c o n s t r n t  of  
5 seconds. 
RC c i r c u i t .  

The in s t rm 'en t  which d e r i v e s  t h e  c o n t r o l  

The t imc derivati-ire o f  t h i s  

The c o n t r o l  vo l t age  then  appears ac ross  the  condenser of t h c  

( P ) ,  Reference l e v e l  instrumentati-on. The ins t ruments  of t h i s  
c l a s s i f i c a t i o n  e S t ; ' L b l i S h  vo l t ages  o r  potcntiorr-eter s e t t i n g s  which r ep resen t  
t h e  d e s i r e d  vnlues of c e r t r i n  c o n t r o l  p a r m e t e r s .  

l9 Reference vo l t cge  s e t  f o r  p i l e  neut ron  f lux .  During 
manual operat ion,  t h e  desired l e v e l  Yor p i l e  neut ron  Ylux is s c t  up bctween 
one s i d e  and t h e  varis?ble a m  of 2. potent iometer  which i s  suppl ied  w i t h  
cons t an t  vo l tage .  The c r r o r  s i g n a l  vo l t age  f o r  neut ron  f l u x  i s  t h e n  t h e  
d i f f e r e n c e  between the vo l t ago  output  of t h i o  poten t iomctcr  and t h e  output  
o f  t h e  neut ron  d e t e c t o r  p o t e n t i o m t c r ,  supplencntcd wi th  r a t e  s i g n a l s  as 
necessa ry  f o r  s a f e t y  'mid s t z b i l i t y .  

In  normal automatic ope rc t ion ,  t nc  d c s i r c d  levc l  o f  p i l e  neut ron  
f lux i s  determined j o i n t l y  by dcoirod 2nd o f f c c t i v c  i:zdicated lcvdls o f  
b o i l e r  s t e m  pres su re  2nd by t h o  r a t e  of change o f  p o m r  output  demand 
averaged over 5 seconds. It i s  c l c x -  thak b o i l o r  s t c m  p res su re  a long  can- 
n o t  e s t R b l i s h  a vo l t age  idiich w i l l  serve as a r c fe roncc  f o r  ncut ron  flu, 
s i n c e  f o r  any s t e a d y  state t h e  p re s su re  i s  c o n s t c n t  et t h e  s,me vzlue, 
while  neu t ron  f l u x  v a r i e s  wi th  the  load. I n  f a c t ,  my noutron flux l c v e l  
i s  s a t i s f z c t o r y  i f  t h e  b o i l e r  s t e m  p rcs su rc  i s  maintained a t  a c o n s t a n t  
value.  The on ly  ind i spensab le  e r r o r  s i g n z l  f o r  ncut ron  f l u x  under au to-  
ma t i c  o p e r a t i o n  n u s t  t h e r e f o r e  come from t h e  d i f f c r c n c c  between t h e  d e s i r e d  
s t e m  p res su re  and t h e  e f f e c t i v e  i n d i c c t e d  p r e s s u r e - - i o e o g  t h e  measured 
pressure plus the  a n t i c i p a t o r y  c o r r e c t i o n  p r o p o r t i o n a l  t o  i t s  t ime d e r i v a -  
t i v e .  Such a pressure e r r o r  s i g n a l  csnnot bc app l i ed  d i r e c t l y  t o  t h e  i n p u t  
of  t h e  ncutron flux servo mplif ' ier  bcc usc of the unavoidable timc lags 
a s s o c i a t e d - w i t h  t h e  p i l e  and b o i l e r  sys 
cond i t ions ,  a chrnge i n  stepan p res su re  results f'rom t h e  time i n t e g r a l  of 8 
change i n  p i l e  neut ron  flux. 
mould t e n d  t o  producc a large and even dangerous change i n  neut ron  flux 
before  t h e  e r r o r  s i g n a l  could be apprec i ab ly  decreased. 
c o r r e c t i o n  ,mid probably complete - i n s t n b i l i t y  would fo l lowr  

A 

. I n  f a c t ,  under othci-.v5se cons t an t  

D i r e c t  a p p l i c a t i o n  of t h e  p rc s su rc  c r ror  s i g n a l  

S t rong  over- 

S t a b l e  automatic c o n t r o l  of t h e  power p i l e  s y s t c m  i s  achicvod by a 
p e r i o d i c  r e s e t  a d j u s v n t  o f  t h c  r c f c r c n c c  l e v e l  f o r  ncut ron  flux i n  prop- 
o r t i o n  t o  t h e  p re s su re  e r r o r o  
neut ron  flux e r r o r  s i g n n l s  b e t m e n  r e s e t  a c t i o n s ,  conpensat ing p res su re  
changes a re  produced which p r o g r e s s i v e l y  reduce t h e  magnitude o f  rcsct 
c o r r e c t i o n s  toward zcro under cond i t ions  o f  cons t an t  load. 

I n  t h e  course of '6 l imina . t ing  t h e  r e s u l t a n t  

1 

If cxpcctad changes i n  e l e c t r i c n l  power output  dcmand imre slow com- 
pared t o  t h c  timc cons tan t  o f  t he  pile and b o i l c r  systcm, a pres su re  e r ror  
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s i g n a l  would probably be adequate cven frm t h c  p r a c t i c a l  ~ t ~ u l d p o i n t .  
because t h e  t h e  constcant o f  t h e  p i l c  and b o i l c r  systcm has a va lue  o f  some 
20 scconds, a change i n  output  demznd mcy r e s u l t  i n  a very epprec iab le  
p re s su re  change bcfore  steam i s  bcing gcncra ted  i n  t h c  bo i l e r ,  z t  a r a t e  
which begins t o  dcc recse  t h e  e r ror  s i g n a l .  
of t h c  p i l c  t o  chmgcs in  load i s  n o t  necessary,  inasmuch as t h e  time 
cons tan t  of t h e  p i l c  and b o i l c r  systcm i s  g r e a t  enough t o  ma in ta in  steam 
p r e s s u r e  c s s e n t i z - l l y  indcpcndent of v a r i a t i o n s  i n  load so  long as t h e  t ime 
averagc power demand i s  n o t  changcd a t  a r ap id  r a t c o  
s i r a b l c  t o  add t o  t h c  stccm pressurc e r ro r  s i g n a l  a v6 l t age  which i s  prop- 
o r t i o n a l  t o  t h c  r a t e  of chongc of power output  demand, averaged over s e v e r a l  
seconds t o  prevent  undue in f lucncc  of l a r g c  but  sho r t - l i ved  changes i n  load. 
Act ing t o  opposc t h e  t i n e  d c r i v h t i v e  o f  p re s su re  ( s i n c e  an i n c r c a s e  o f  load 
r e s u l t s  i n  a p r e s s u r e  doc rease ) ,  such an a n t i c i p a t o r y  s i g n a l  causes a 
prompt chnngc i n  p i l c  povcr output  ttbich e f f e c t i v e l y  lcssens t h e  undes i red  
cxcurs ion  of b o i l e r  p re s su ree  

But 

On t h c  o t h e r  hand, r a p i d  response 

It i s  t h e r e f o r o  de- 

This a n t i c i p a t o r y  c o r r c c t i o n  t o  t h c  c r r o r  s i g n a l  vo l t age  f o r  steam 
pressure i s  ob ta ined  as t h e  output  of t h c  p o w r  changc i n d i c a t o r  p rev ious ly  
descr ibed .  
adjustment  of r c f e rencc  ncut ron  f l u x  i s  p ropor t iona l ,  i s  t h e n  t h c  d i f f e r e n c e  
between d c s i r c d  2nd mcasured s t e m  prcssures p lus  txro c o r r e c t i o n  te rms  
which are p r o p o r t i o n a l  r c s p e c t i v c l y  t o  t h e  time d e r i v z t i v c  o f  s t e m  prcssure ,  
and t h e  t ime dor ivcLt ive  o f  t h e  e l e c t r i c a l  load demcnd cveragccl over 5 
seconds. The i n s t r m c n t a t i o n  f o r  accomplishi2g p e r i o d i c  p r o p o r t i o n a l  reset 
of r e fe rence  neut ron  f l u x  i s  included iii t h e  block schemctic d i n g y  of 
Fig. 46 while  i t s  d e t a i l e d  o p e r c t i c n  v 5 7 1  be desc r ibed  i n  S e c t i o n  de  

The complotc steam p res su re  c r r o r  s i g n a l ;  t o  which t h c  r e s e t  

' 2 *  Rcfcrcncc level f o r  s t e m  p r e s s u r e o  Inasmuch as o p e r a t i n g  
s t e m  p res su re  i s  t o  remain c o n s t m t  c t  450 ? s i  G, t h c  r e fe rence  vo l t age  
f o r  s t e m  p res su re  i s  cqucl  i n  magnitude t o  t h e  s t e m  gagc poten t iometer  
ou tput  at a stccm p res su rc  o f  4 5 0 ' P s i  G o  

. The r c fe rcncc  lcvel f o r  s t e m  prcssuro  i s  a c t u a l l y  introduccd, how- 
everg by a manual setting o f  t h e  v a r i z b l o  a r m  o f  c. potent iometer  connected 
ac ross  t h e  output  of one o f  t h e  two m u l t i p l i c r  a m p l i f i e r s  i n  t h e  p r o p o r t i o n a l  
r c s c t  c i r o u i t .  Thc c r r o r  s i g n a l  for s t e m  pressure-is never  e x p l i c i t l y  
dc r ived ;  By mcLms o f  , t h c  two m u l t i p l i e r  amplifiers, t x o  simple servo 
systcms, and a c y c l i n g  swi tch  mechanim, t h e  pressurc c r r o r  i s  used i m p l i c i t l y  
t o  in t roducc  a p e r i o d i c  c o r r c c t i o n  o f  t h c  r c fe rcnce  level fo r  neu t ron  flux 
i n  p ropor t ion  t o  t h e  r a t i o  of d e s i r e d  t o  c f f c c t i v e  s t e m  p res su re  levels. 

I 

(c l )>B Powx levc l  scrvomcchanism, P i l c  neut ron  flux and t h e r e f o r e  
in s t an taneous  p i l e  povcr i s  r c g u l a t c a  d i r c c t l y  by.motor-driven c o n t r o l  rods  
Thc complete powcr l cve l  servomechc.nism i s  dcsigncd t o  ope rc t c  f r o m  an input  
s i g n a l  which depend5 upon t h e  d i f f e r c n c c  b e t m c n  d e s i r e d  and a c t u a l  p i l e  
neut ron  flux levels, and t o  d c l i v c r  L2n output  s i g n a l  i n  , t he  form o f  a mot ion  
of t h e  c o n t r o l  rods which reduces  t h e  crror  s i g n a l  toward zeroo  Bctwccn 
t h e  input  e r r o r  vo l t zge  and t h e  output  displacement  o f  t h e  c o n t r o l  rods a r e  
t h e  fo l lowing  scrvomcchznism componcnts : 
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f 10. A power a m p l i f i e r  which f u r n i s h e s  an ou tpu t  v o l t a g e  
p r o p o r t i o n a l  t e  t h e  i n p u t  e r r e  s i g n a l .  

auxiliary power source$ whose ou tpu t  v o l t a g e  i s  p r o p o r t i o n a l  t o  i t s  f i e l d  
e x c i t a t i o n ,  which i s  supp l i ed  by t h e  ou tpu t  of t h e  power a m p l i f i e r o  

1 2 ,  A cons tan t  speed d i r e c t  c u r r e n t  gene ra to r ,  d r i v e n  by an 

3'8 A d i r e c t  c u r r e n t  motor, d r i v e n  b y  t h e  g e n e r a t o r  ou tpu t  
a t  a speed which i s  approximately p r o p o r t i o n a l  t o  t h e  a p p l i e d  vo l t agee  

. 

speed motorp which d i s t r i b u t e s  any r e a c t i v i t y  change between t h e  r e g u l a t i n g  
rod and t h e  shim rods. 

40 The c o n t r o l  rod d r i v i n g  mechanism,, powered by t h e  v a r i a b l e  

All of t h e s e  components will be descr ibed l a t e r  i n  s u b s t a n t i a l l y  more 
d e t a i l  from t h e  f u n c t i o n a l  s t andpo in t .  

( e ) .  Limiting in s t rumen ta t ion .  To achieve t h e  d e s i r e d  degree of 
s t a b i l i t y  i n  t h e  o p e r a t i o n  oT' t h e  e n t i r e  power l e v e l  r e g u l a t o r  and t o  
provide adequate sa fe ty  p recau t ions ,  it i s  necessa ry  t o  in t roduce  a number 
of secondary c o n t r o l  func t ions  which se rve  on ly  t o  l i m i t  t h e  magnitude o r  
r n t e  of change of c o n t r o l  s i g n a l s ,  o r  t h e  degree o r  r a t e  of response o f  
c o n t r o l  components. These l i m i t i n g  c o a t r o l  func t ions ,  d iv ided  according 

&o t h e i r  use f o r  s t a b i l i t y  o r  s a f e t y ,  a re  ES desc r ibed  belowa 

1, S t a b i l i t y .  A tachometer vo l t age  p ropor t iona l '  t o  t h e  
speed o f  t h e  d o c p  motor wiich d r i v e s  t h e  regulat ' ing rod i s  s u b t r a c t e d  from 
t h e  neu t ron  flux e r r o r  s i g n a l .  

' 

Safe ty .  I n  t h e  r eg ion  where p i l e  neu t ron  f lux  and i t s  
time r a t e  o f  change can be  measured, t h e  va lue  of  l/nv d(nv)/dt ,  t h e  log- 
arithmic t ime d e r i v a t i v e  o f  neu t ron  flw,.is l i m i t e d  t o  a va lue  which 
corresponds t o  a p i l e  pe r iod  of 10 Bectmdsa 
p r o p o r t i o n a l  t o  l /nv d(nv)/dt  i s  de r ived  by applying c2 d(nv)/dt ,  t h e  
vo l t age  o u t p u t  of t h e  neu t ron  f lux d i f f e r e n t i a t i n g  ampl i f i e r ,  t o  a r e s i s -  
t a n c e  t h a t  i s  se t  by t h e  neu t ron  flux servo motor t o  a va lue  p r o p o r t i o n a l  
t& nvo Since t h e  c u r r e n t  i n  t h e  ser ies  c i r c u i t  i s  t h e n  p r o p o r t i o n a l  t o  
l/nv d(nv)/dt  . t h e  v o l t a g e  which appears ac ross  a f i x e d  p o r t i o n  o f  t h e  
r e s i s t a n c e  i n  t h e  s e r i e s  c i r c u i t  a l s o  . v a r i e s  as l/nv d (nv) /d to  If l/nv 
d(nv)/dt  exceeds i t s  l i m i t i n g  value,  t h e  poit-er level r e g u l a t o r  c a l l s  f o r  
emergency shutdown o f  t h e  p i l e ,  w i th  t h e  f u l l  a s s i s t a n c e  o f  t h e  s a f e t y  
c i r c u i t s  Q 

As shdvm i n  F i g o  4 6  a m l t a g e  

If t h e  measured Galue of p i l e  neu t ron  flux, 2s i n d i c a t e d  by t h e  neu t ron  
d e t e c t o r  should exceed a p r e s c r i b e d  maximum value,  t h e  power l e v e l  r e g u l a t o r  
causes emergency shutLdotm o f  t h e  p i l e .  + 

If t h e  measured yalue o f  b o i l e r  steam p r e s s u r e  excekds a s e l e c t e d  upper 
l i m i t ,  o p e r a t i o n  of tkie p i l e  i s  t r a n s f e r r e d  from "automatic" t o  "manual", 
and t h e  r e f e r e n c e  lcvel  f o r  neutron f l u x  i s  reduced t o  a s e l e c t e d  l o ~ r  va lue  
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where steam cannot  be generated,  b u t . t h e  p i l e  i s  n o t  completely shu t  down. 

During s t a r t - u p ,  and a t  any o t h e r  t ime when steam p res su re  decreases  
.below 210 Psi G, ope ra t ion  of t h e  p i l e  i s  t r a n s f e r r e d  from “automatic” t o  

manual“ I1 

Neutron flux measuring e q u i p e n t  i s  provided i n  t r i p l i c a t e ,  wi th  pro- 
v i s i o n  f o r  automatic  r e j e c t i o n  of any one of t h e  c i r c u i t s  i f  i t s  ope ra t ion  
becomes e s s e n t i a l l y  un l ike  t h a t  o f  t h e  o the r  two. 

(4) Operat ion of Power Level Regulator.  

( E )  Star t -up .  In o rde r  t o  n in imize  t h e  c o n t r o l  problems 
which are a s s o c i a t e a  inch s a f e l y  t r a v e r s i n g  t h e  wide reg ion  of  low power 

*below t h e  u s e f u l  range of t h e  neut ron  d e t e c t o r ,  i n i t i a l  s t a r t - u p  o f  t h e  
power p i l e  i s  t o  be c a r r i e d  o u t  with the  a s s i s t a n c e  o f  an a u x i l i a r y  neut ron  
source which produces a sma l l  measurable neut ron  i n t e n s i t y  a t  t h e  l o c a t i o n  
of ’ the  neut ron  f l u x  d e t e c t o r  f o r  t h e  p i l e .  
level  as  t h e  p i l e  approaches t h e  c r i t i c a l  s t a t e  w i l l  t h e n  be r e a d i l y  d e t e c t -  
ed and c o n t r o l l e d .  
up ope ra t  ions i s  a r b i t r a r y . ,  
of t h e  power l e v e l  r e g u l a t o r  i s  as  descr ibed  i n  t h c  remainder o f  t h i s  s e c t i o n .  

Changes i n  t h i s  measured f l u x  

Use o f  t h e  a u x i l i a r y  neut ron  source f o r  subsequent s t a r t -  
Under e i t h e r  c i rcuns tanc t :  however, t h e  ope ra t ion  

The i n c r e a s e  of p i l e  paiver fron ze ro  t o  a s e l e c t e d  va lue  i n  t h e  oper- 
a t i n g  range must be i n i t i a t e d  manually,  b u t  may be t r h n s f e r r o d  t o  
i f  des i r ed ,  by t h e  i n c r e a s e  of steam p res su re  p a s t  210 ? s i  G. 
o f  events  may be followed most c l e a r l y  by r e f e r r i n g  t o  F i g r  46, a f u n c t i o n a l  
diagram o f  t h e  automatic  Foiver r e g u l a t o r o  
c o n t r o l  and t h e  p i l e  neut ron  f l u x  a t  zero, t h e  s t a r t - u p  process  i s  i n i t i a t e d  
by s e t t i n g  t h e  r e f e r e n c e  vo l t age  f o r  neut ron  flux a t  a value which corresponds 
t o  t h e  d e s i r e d  o p e r a t i n g  l e v e l .  

The schedule  

U i t h  t h e  r e g u l a t o r  on “Manual” 

Inasmuch as a c t u a l  p i l e  neutron, f l u x  i s  ze ro ,  t h e  i n i t i a l  neut ron  f l u x  
e r r o r  s i g n a l  i s  l a rge .  The se rvo  a m p l i f i e r  d e l i v e r s  a p r o p o r t i o n a l  ou tpu t  
vo l t age  t o  e x c i t e  t h e  c o n s t a n t  spccd gonera tc r  G, ivhich in  turn energizes 
t h e  doc .  motor which a c t u a t e s  t h e  r e g u l a t i n g  rod. 
can in t roduce  a t o t z l  change i n  8k c f f .  o f  on ly  0.006, it i s  withdrawn t o  
i t s  f u l l  e x t e n t  without  apprec i ab ly  a f f e c t i n g  the  c r i t i c a l i t y  of t h e  p i l e *  
A s  t h e  r e g u l a t i n g  rod passcs  a p o s i t i o n  midway from t h e  c e n t e r  o f  i t s  oper-  
a t i n g  range t o  i t s  f u l l  l i m i t  o f  outvmrd t r a v e l ,  however, a pos i t ion-ac tua ted  
swi tch  s t a r t s  t h o  m o t o r s  which withdraw t h e  s i x  shim rods. 
r e g u l a t i n g  rod i s  ful . ly ipithdrarm, a liinit swi t ch  i s  a c t u a t e d  r h i c h  i n t r o -  
duces cu t -o f f  b i a s  o n ’ t h e  servo-ampl i f ic  ou tput  t ubes  which con‘trol with- 
drawal o f  t h e  r e g u l a t i n g  rod, leav ing  i n  ope ra t ion  o t h e r  ou tput  tubes  
which c o n t r o l  r e g u l a t i n g  rod i n s e r t i o n .  Tho shim rods cont inue  t o  be with-  
drarp a t  a s l o w  c o n s t i n t  r e t e  which i s  chosen t o  l i rn i t  t h e  r a t e  o f  change 
of r e a c t i v i t y  t o  a s c f c  va lue .  
p i l e  becomes c r i t i c & .  

Since t h e  r e g u l a t i n g  rod 

Then as t h e  

Operet ion proceeds i n  t h i s  m y  u n t i l  t h e  

Once t h e  c r i t i c a l  cond i t ion  o f  t h e  p i l e  i s  reached, t h e  neut ron  chain 
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r e a c t i o n  becomes s e l f - s u s t a i n i n g ,  cnd t h e  nei.kron f lux  m u l t i p l i e s  i n  t ime  
w i t h  2. r ~ p i d i t y  Which depcnd.s d i r e c $ l y  upon t h e  O X C ~ S S  of r e a c t i v i t y  Over 
tha.t which mnkcs t h e  p i l e  c r i t i c a l .  
ly very  low compcred no t  on ly  t o  t h e ' d e s i r e d  va lue  but  n l s o  t o  t h e  f l u x  
l e v e l  which c,w be  measured, howevcr, t h e  shim rods  c o n t h u c  t o  move ou t -  
ward n t  t h e  s m e  c o n s t m t  r?.te u n t i l  t h e  e f f e c t i v e  va lue  of  neutron f l u x  
s l i g h t l y  exceeds t h e  d e s i r e d  neu t ron  f l u x  leve l .  Thereupon, t h e  grovring 
e r r o r .  s i g n a l  ol" r eve r sed  a l g e b r a i c  s i g n  ope ra t e s  th rough t h e  nc t ivc  se rvo  
a m p l i f i e r  tu.bes. t o  ene rg ize  t h e  r c g u l o t i n g  rod  motor i n  t h e  o t h e r  direction, 
and. d r i v e  t h e  r e g u l a t i n g  rod i n  toward t h e  c e n t e r  o f  i t s  r a q e ,  i n  opposi-  
t i o n  t o  t h e  cont inued slam outward t ravel  o f ' t he  s h i n  rods .  1;s t h o  regula-  
t i n g  rod  leaves i t s  f u l l y  tv i thdrmn p o s i t i o n ,  t h o  l i m i t  sw i t ch  which imposed 
cu t -o f f  b i a s  f o r  withdrzv?zl i s  opera ted  i n  reverse, r e s t o r i n g  f u l l  mp1ifj .Cr 
a c t i v i t y .  
t ine;  r a g e ,  it ope ra t e s  snother  pos i t i on -ac tua ted  swi tch  which s t o p s  t h e  
shim rod motors 

S ince  the  p i l e  n e u t r o c  flux i s  i n i t i d -  

F i n a l l y ,  2s t h e  r e g u l a t i n g  rod npprozches t h e  c e n t e r  of i t s  opcrn- 

When, i n  t h e  process  o f  s t a r t - u p  2.s desc r ibed  nbovt., t h e  r e g u l a t i n g  
rod r e t u r n s  t o  i t s  c e n t r a l  p o s i t i o n  and s t o p s  t h e  outward motibn of  t h e  
shim rods ,  t h e  cond i t ion  of t h e  p i l e  i s  e s s e n t i c l l y  c r i t i c a l .  
0.7% delayed neut rons  which p a r t i c i p n t e  i n  t h e  cI..p%fn r e z c t i o n ,  however, 
p i l e  r e a c t i v i t y  tends  t o  increase f o r  s e v o r d  seconds ,  
t h e  neut ron  f l u x  e r r o r  s i g n a l  kccps the r e g u l n t i n g  rod noving SlovJly i n t o  
t h e  p i l e ,  continu?.l ly ms in ta in ing  t h e  excess  r e a c t i v i t y  of t h e  p i l e  ct es-  
s e n t i n l . l y  zero rt t h e  d e s i r e d  l e v e l  of mec~.surod neut ron  f lux .  If i n  t h i s  
process t h e  regul,-.,ting rod passes  2 p o s i t i o n  rni&xy from t h e  c e n t e r  o f  i t s  
ope ra t ing  range t o  i t s  f u l l  inser t iop . ,  
t h e  shim rod motors i n  n d i r e c t i o n  t o  cc?u.sc shim rod i n s e r t i o n .  The scme 
s l o w  c o n s t m t  r a t e  of motion of'. t h e  shim rods i s  preserved  2.5 f o r  t h e i r  
withdrawcl  du r i r , g . the  e m l i e r  s t z g e  of s t e r t - u p ,  If conpenss t ion  o f t  r e x -  
t iv i ' cy  chmnge i s  not  F.chieved by t h e  shim rods  be fo re  t h e  regul , - , t ing rod 
reaches  i t s  f u l l  i n s e r t i o n ,  &;?other 1hit swi tch  i s  cictu,o.ted viF;ick c -pp l i e s  
cu t -o f f  bias t o  t h e  servo a m p l i f i e r  t ubes  which c o n t r o l  regul r . to r  r o d  in-  
s e r t i o n ,  l eav ing  i n  oper2.t ion t1:e tubes  which c o n t r o l  w i t h d r m c l .  

Due t o  the' 

During t h i s  pe r iod ,  

pos i t i on -ec tua ted  swi t ch  s t a r t s  

The inwsrd progress  o f  t h e  shim r.ods co th inucs  u n t i l  t h e  c r i t i c s 1  con- 
d i t , i on  o f  t h e  p i l e  c a r i o t  bc mair, taincd wi thou t  an ouCYvnrd motion o f  t h e  
r e g u l a t i n g  rod. T1lis s i t u a t i o n  i s  m.de ev idext  t o  t h e  neu t ron  f l u x  servo-  
mechanism by t h e  r e v e r s a l  o f  t h e  a l g e b r a i c  s icn o f  t h e  input  e r r o r  s i g n a l .  
Energized through opcrc.ting ou tpu t  t ubes  o f  t h e  servo  c m p l i f i e r ,  t h e  regu- 
l n t i n g  rod leaves  i t s  p o s i t i o n  of f u l l  i n s c r t i o y  a??d the reby  ope rz t e s  t h e  
l i m i t  swi tch  i n  reverse t o  r e s t o r e  f u l l  m p l i f i e r  e c t i v i t y .  It cont inues  
t o  move r2,pidly outward p.t z r a t e  vrhich e s s e n t i a l l y  coinpensPLtes f o r  t h e  
cont inuing  inward motion of t h e  shim rods.  Then, 2.s it approachos t h e  ten- 
t e r  o f  i t s  r m g c ,  t h e  r e g u l d i r l g  rod  agz in  o p c r z t e s  a pos i t i on -ac tuz ted  
s w i t c h  which s t o p s  t h e  shim 'rod motors ,  l eav ing  t h e  p i l e  e s s e n t i a l l y  c r i t i -  
cal .  

In subsequent  ope rc t ion ,  t h e  neu t ron  f lux servomcchenism responds t o  
e r r o r  s i g n a l s  o f  e i t h e r  s i g n  by moving t h e  regul&j.ng rod  i n  7. compensating 
d i r e c t i o n  w i t h i n  i t s  extreme l i m i t s .  Slctw excurs ions  of' t h e  r e g u l a t i n g  
rod beyond mid-rznge a r e  compensated by shim rod  motion as  z l rendy dcscr ibcd ,  
wi thout  t h e  n e c e s s i t y  of inact ivp. t ing t h e  se rvo  ampl i f i e r  f o r  e r r o r  s i g n a l s  

I 
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o f  e i t h e r  sign9 
however, such as would r e s u l t  from a decided change i n  t h e  r e fe rence  level 
f o r  neu t ron  f l u x ,  t n e  r e g u l a t i n g  rod q u i c k l y  moves t o  an extreme p o s i t i o n  
and s t a y s  t h e r e  u n t i l  t h e  e r r o r  s i g n a l  r e v e r s e s  i n  s ign.  
t h e  gene ra to r  tachometer ope ra t ed  by t h e  r c g u l a t i n g  rod motor and f r o m  t h e  
neu t ron  flux d i f f e r e n t i a t i n g  a m p l i f i e r  f u r n i s h  t h c  s t a b i l i t y  necessa ry  t o  
prevent  excess ive  overshoot o r  hun t ing  o f  t h e  servomechanism about t h e  
d e s i r e d  o p e r a t i n g  point .  
sequent  pracedurcs,  s a f c t y  p recau t ions  a r c  t a k e n  by l i m i t i n g  t h e  va lue  of 
t h e  loga r i thmic  t ime d e r i v a t i v e  o f  neu t ron  f l u ,  l/nv d(nv)/dt .  

I n  response t o  r a p i d  e r r o r s  of apprec i ab le  magnitude, 

Rate s i g n a l s  f r o m  

I n  add i t ion ,  throughout a l l  of t h e s e  and sub- 

The neu t ron  f lux  servomechanism so f a r  desc r ibed  i n  t h i s  s e c t i o n  s e r v e s  
a u t o m a t i c a l l y  t o  kecp t h e  p i l e  neu t ron  flux a t  a s c l c c t e d  valuc,  and t h e r e -  
f o r e  t o  s t a b i l i z e  t h e  power ou tpu t  o f  t h e  p i l e  a t  a f i x e d  level. !-dhen s o  
operatcd,  t h e  power level r e g u l a t o r  i s  under "Manual" c o n t r o l  inasmuch as 
t h e  r e fe rence  lcvel  f o r  power production--i.e., -.for ncu t ron  flux-- i s  s e t  
manuallyp As i n d i c a t e d  f u n c t i o n a l l y  on Fig. 46, however t h c  power leve l  
r c g u l a t o r  is a l s o  capable  o f  "Autonatic" con t ro l ,  v h e r c i n  t h e  power gener- 
a tod  by t h e  p i l e  i s  a u t o m a t i c r l l y  ad jus t cd  t o  mcet t h c  requirements o f  a 
locd which may change a r b i t r a r i l y ,  bct-;Jccn x idc  l imi t sa  Such o p e r a t i o n  i s  
made p o s s i b l e  by a p c r i o d i c  c o r r c c t i o n  o r  r e s e t  o f  t h e  ncu t ron  f l u x  r c f c r -  
ence lcvcl i n  p ropor t ion  t o  m e r r o r  s i g n e l  which i s  d i r e c t l y  responsive 
t o  load demand. 

Any d i s p a r i t y  between t h e  r a t e  a t  which enerky i s  producod by t h e  p i l c  
and t h e  r a t e  a t  which it i s  d i s s i p a t c d  i n  t h e  load m u s t  r e s u l t  i n  a change 
o f  p re s su re  i n  t h e  h e a t  exchmger ,  vrhich holds  most o f  t h e  r e s e r v e  energy 
i n  t h e  power p i l e  system. Converscly, any actus.1 o r  a n t i c i p a t e d  d e p a r t u r e  
of b o i l e r  s t o m  p res su re  from t h e  d e s i r e d  ve lue  of 450 P s i  G i s  an i n d i c a t i o n  
t h a t  t h e  r e f J r e n c e  l evc l  f o r  neu t ron  f l u x  r e q u i r e s  rdjustment.  Tlie p rc s su re  
e r r o r  s i g n a l  cannot bc d i r e c t l y  app l i ed  t o  t h e  ncu t ron  f l u x  se rvo  a m p l i f i e r .  
I t  i s  used i n s t e a d  t o  produce a p e r i o d i c  c o r r c c t i o n  of t h e  neu t ron  flux 
r e f e r e n c c  lcvel i n  p ropor t ion  t o  t h e  p re s su re  e r r o r  expressed as R f r a c t i o n  
o f  t h e  e f f e c t i v e  pressure.  

I n  t h e  terminology of F i g o  4 6 , . t h c  fol lowing q u a n t i t i e s  Ere important 
i n  t h e  r e s e t  func t ion :  

P = ' r e f e r e n c e  stcam pressure,  450 Psi G 

j.3 z p +- ~3 dp/dt - c4 g'j/dt f e f f e c t i v e  measured steam 
' P  pressure.  

1 p = a c t u a l  s t e m  p res su re ,  P s i  G 

dp/dt 

dL/dt 

=..tirnc d c r i v a t i w  o f  a c t u a l  steam p r e s s u r e  

=: tinie d e r i v a t i v e  o f  load demand averaged over  5 seconds. 
, 

c.'5 3 c4 = a r b c t r a r y  corzstmts  which mzy bc set  as r equ i r ed  f o r  - . .  b e s t  ope rn t ion  
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(nv) = opera t ing  neut ron  flux r e fe rence  level before r 
- 

(nv)  - opera t ing  neut ron  f lux  r e fc rcnce  level a f t e r  r e s o t  

Thus wi th  o r e l a t i v e  p re s su re  e r r o r  of  po-p 
t h e  o w r a t i n g  neu t ron  f l u x  r e fe rcncc  level from (nv) t o  a new volue ' 

Pe, t h e  r e s e t  a c t i o n  changes ( $  

'e. which may be r e m 2 t t e n  as: 
PO (nA = pe ,.nv) = (p  -I c3 dp/dt - c4 dL/dt) i;v) 

\ 
Each term fn t h e  l z s t  equat ion  excep t ing  (nv f r, t h e  r c s e t  r e fe rence  

l e v e l  f o r  neut ron  f lux ,  i s  made a v a i l a b l e  by p rev ious ly  desc r ibcd  components 
o f  t h e  power leve l  r e g u l a t o r o  
m u l t i p l i e r  a m p l i f i e r s  which form t h e  two  prcducts  po ( n v )  
and a servomechznism which a d j u s t s  t h c i r  d i f f c r e n c e  t o  zero by vary ing  

A s  s h o m  i n  F ig ,  46, t h e  i n p u t s  t o  t he  t v o  m u l t i p l i e r  a m p l i f i e r s  
a r e  ( n v l  r' and P,, while t h e i r  gains a r c  s e t  i n  p ropor t ion  t o  po and 
respe 'c t ively,  by nd justments of tho vcriz.blc arms o f  t h c i r  ou tput  potentia- 
m e t e r s o  

r e s e t  servo m o t o r  i s  made t o  a d j u s t  no t  on ly  t h e  m u l t i p l i e r  a m p l i f i e r  ou tput  
po ten t iomcter  b u t  a l s o  t h e  neut ron  f l u x  r c fc rencc  l e v e l  po ten t iometer  t o  
the new va lue  (nv I 

The equa t ion  may t h e r e f o r e  be so lved  by,txvo 
tLnd pc i n v )  yr 

nv'i, ry e nv 
I 

Then as t h c  r e s e t  equa t ion  i s  so  vcd by t h e  servomechmism and 
i s  reduced to.ward zero) t h e  \ t h e  inpu t  e r r o r  s i g n a l  po (nv, - pc. (nv 

To ma lm p o s s i b l c  t h c  o p r a t i o n  j u s t  desc r ibed  i n  which t h e  neut ron  
flux. r e fe rcnce  l e v c l  i s  r e s e t  wi th  r c s p e c t  t o  i t s  e a r l i e r  value,  two 
i d e n t i c a l  neut ron  f l u x  r c fc rence  leve l  poten t iometers  a r c  used. The s l idctr  
o f  onc poten t iometer  (2.1~0 used t o  e s t a b l i s h  neut ron  flux r e f e r e n c e  level 
in  '%manual" o p e r a t i o n )  i s  r e t a i n e d  2.t 
which a d j u s t s  t h e  s l i d e r  of  t h e  o t h e r  potcngiometer ( a c t u a l l y  i n  c o n t r o l  

1 under "Automatic" o p e r a t i o n )  t o  t h e  new rc fe rencc  level (nv, 
after t h e  r e s e t  o p e r a t i o n  has bccn accomplished, pL cyc l ing  swi t ch  a c t u a t o r  
s h o r t s  t h e  input  o f  t h e  reset  se rvo  amplifier and opcns t h c  inpu t  c i r c u i t  
of t h e  follow-up servomkc p c r a t i n g  on 2.n i n p u t  e r r o r  s i g n a l  which 
i s  t h e  r e s e t  c o r r e c t i o n ,  [g - tnv)  o ,  t h e  fo l lov-uplservo  a m p l i f i e r  
d r i v e s  a se rvo  motor ' h i c h  a d j u s t s  t h e  s l i d e r  o f  t h e  ''Manual" r e f e r e n c e  
poten t iomcter  t o  Thus, du r ing  
t h e  nex t  r e s e t  ope ra t ion ,  when t h c  follow-up se rvo  i s  aga in  i n a c t i v e ,  t h e  
neut ron  f l u x  r e fe rence  level t o  be c d r r c c t e d  by propor t5onal  r e s e t  i s  t h e  
c o r r e c t e d , l e v e l  of t h e  preceding cycle,, 

nv dur ing  t h e  r e s e t  o p e r a t i o n  

Then, 

'sm. 

nv 1 r, wherc t h e  e r r o r  s i g n a l  d i sappea r s& 

The loivest  frequency wi th  which t h e  cycl ing ope ra t ion  o f  r e s e t  and 
folloiv-up i s  repea ted ,  i s  determined by  Ithe cons t en t  e x c i t a t i o n  suppl ied  
t o  one f i e l d  o f  t h e  c o n s t a t  speed gene ra to r  which ene rg izes  the  cyc l ing  
swi t ch  a c t u a t o r  motor. Under cond i t ions  when t h e  load demsrnd and the  steam 
p res su re  change 8 l o w l ~ ,  t h e r e  i s  no reason t o  make rese* c o r r e c t i o n s  a t  a 
r a p i d  r a t e .  The c y c l i n g  operc?tion se rves  under such circumstances as o. 
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r a p i d l y ,  however, t h e  r c s e t  cyc l ing  r a t e  i s  inc reased  by an a i d i n g  f i e l d  
e x c i t a t i o n  of t h e  cyc l ing  switch genera tor ;  
e x c i t a t i o n  i s  provided by c r e s e t  cyc l ing  r a t e  a m p l i f i e r  which d e l i v e r s  
an ou tpu t  p r o p o r t i o n a l  t o  the '  a b s o l u t e  va lue  , o f  i t s  inpu t  vo l tage ,  c3 dp/dt - c4 zL/dto 
a t r i p  r e l a y  i n  t h e  a m p l i f i e r  ou tpu t  c i r c u i t  M e d i a t e l y  s e t s  t h e  c y c l i n g  
swi tch  a c t u a t o r  t o  t h e  beginning of t h e  reset  ope ra t ion  i n  o rde r  t o  c o r r e c t  
776th t h e  f u l l  advantage of sudden l a r g e  r a t e s  of change i n  p re s su re  o r  load6 
A t ime d e l a y  prevents  e a r l y  r e p e t i t i o n  o f  t h e  t r i p  r e l a y  a c t i o n o  

The v a r i a b l e  a i d i n g  f i e l d  

I n  add i t ion ,  i f  t h e  input  vo l t cge  exceeds a predetermincd level, 

The cons t an t  f i e l d  e x c i t a t i o n  of t h e  cyc l ing  swi t ch  genern tor  accom- 
p l i s h e s  a complete cyc l ing  per iod  i n  npproximetely .30 seconds . 
ing r a t e s  of change of p re s su re  o r  load demad,  t h e  c o n t r i b u t i o n  t o  t h e  
varitible a id ing  f i e l d  e x c i t a t i o n  of t h e  gene ra to r  may reduce t h e  cyc l ing  
per iod  t o  as  l i t t l e  as  15 seconds. 
of t h e  t r i p  r e l a y  i s  approximately 2 0  seconds, 

With i n c r e a s -  

Thc t ime de lay  between p o s s i b l e  a c t i o n s  

(b) Maintenmce o f  power Icvel.  

1; Long-period v c r i z t i o n s  ., Having compcnsated du r ing  
p i l e  s t a r t - u p  f o r  t h e  i n c r e a s e  i n  ~ * e : ~ . c t i v l t y  over severp.1 seconds due t o  
delayed neut rons ,  t h e  neut ron  f l u x  servomcchmim i s  capaSlc o f  ma in ta in ing  
t h e  c r i t i c a l  cond i t ion  of t h e  p i l c  a t  a f ixed  o r  an a u t o m a t i c a l l y  c o n t r o l l e d  
flux l e v e l  wi th  comparat ively l i t t l e  d i f f i c u l t y .  If the  d e s i r e d  ope ra t ing  
level i s  n o t  a l t e r e d ,  on ly  s low c h a i i p s  i n  p i l e  a c t i v i t y  remain t o  be corn- 
ponsa tedp  
f a c t o r y  f o r  c o n t r o l l i n g  t h e  p i l e  th rough s t a r t - u p  as desc r ibed  i n  S e c t i o n  
$,is  a l s o  adequate  t o  d e a l  wi th  t h e  long-pcriod v a r i a t i o n s  i n  t h e  n u c l e a r  

cons t an t s  o f  t h e  p i l e  which a r e  nom t o  be mentioned4 

It can be s a f e l y  assumed t h a t  2 r e g u l a t o r  dcs ign  which i s  s z t i s -  

Z W  Change of p i l e  r e a c t i v i t y  wi th  temperature .  F i r s t  t o  
be observed among t h e  rcasonably  long-pcrlod v n r l e t l o n s  12 p i l e  a c t i v i t y  
i s  t h a t  due t o  t h e  tcmpcraturc  s e n s i t i v i t y  of t h e  nuc lea r  p r o p e r t i e s  o f  
t h e  p i l c  m a t e r i a l s o  
c h e a p  t h e  d i f f u s i o n  l e n g t h  L f o r  thermal  neut rons  as 8 consequcnce o f  
t h e  v a r i z t i o n  o f 5 /  t h e  macroscopic abso rp t ion  c r o s s  s e c t i o n ,  i n  inve r se  
p ropor t ion  t o  the%s v o l o c i t y  epproprieLte t o  a neut ron  o f  abso lu t e  tempera- 
t u r e  T on t h e  b a s i s  o f . c q u i p a r t i t i o n  of  energyo Thcn if E i s  t h e  mean 
energy of thermal  neut rons ,  

The p r i n c i p a l  c f f c c t  of a change i n  tempera ture  i s  t o  

1 . -  . E 2 1 / 2  nv2 f-' -, T, or v & T 2  
By d e f i n i t i o n ,  

1 = , A t  -b z-& c - 6  3 t a  
3 5  

where d*t  2 1 is  t h e  t r a n s p o r t  mean free pa th  fo r  t h e  s c a t t e r i n g  of - 
1 = , A t  -b z-& c - 6  3 t a  

3 5  
where d*t  2 1 is  t h e  t r a n s p o r t  mean free pa th  fo r  t h e  s c a t t e r i n g  of - 

d 
27: thermal neut rons .  Therefore, s i n c e  
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it f o l l o w s  t h a t  1 

L2 L 1/ 5 ~ A v L T z  2 
P i l e  r c a c t i v i t y ,  9 , myy %s e x p r e s s e d - i n  terms of L , k, t h e  neut ron  
m u l t i p l i c a t i o n  cons t an t  without leakage, ;.' + , t h e  neut ron  age, and B, t h c  
ge-rmetric buckl ing o f  t h e  p i l e :  

It fo l lows  t h a t  s ince  Lz A L E ,  the  p i l e  i s  s t a b l e  with-respect t o  tempera- 2 t u r e  chmgcs ,  f o r  if T inc reases ,  L B i nc reases ,  a d  P2 decre?.ses. I n  
o t h e r  words, a small i n c r e a s e  i n  p i l e  r e a c t i v i t y  r e s u l t s  i n  t h o  gene ra t ion  
of more powcr, which r a i s e s  t h e  tempera ture  of t h e  p i l e  m a t e r i a l  2nd t h e r e -  
by reduces t h e  r e a c t i v i t y  chmgc tonard  ze ro .  

I_ ') 2 fB 
,' = k - (4 -+-I, B ) f '  

Evcn though t h c  p i l e  t ends  t o  be s t a b l e  with r e s p e c t  t o  temperature  
changes, r e g u l a t o r  a c t i o n  i s  s t i l l  neccssa ry  t o  main ta in  c o n s t m t  power 
au tpu t ,  e s p e c i a l l y  s i n c c  tcmpera ture  s t a b i l i z a t i o n  of t h e  p i l e  r e q u i r e s  
s e v e r a l  minu te sc  
compensation i s  c o n t i n u a l l y  app l i ed  f o r  r e a c t i v i t y  changes due t o  tempera- 
t u r e ,  and e r r o r s  a re  n o t  ‘cumulative s incc  t h e  neut ron  f l u x  l e v e l  i t s e l f  i s  
c o n t r o l l e d o  

7 -  rvith t h e  usc of  t h e  neut ron  f lux  servomechanism, however, 

3. Dcplc t ion  o f  f i s s i o n a h l o  m a t c r i c l  w i t h  ope ra t ing  t h e .  
Operat ion of  t h e  p i l c  dcpcnds directly, o f  course,  upon m2intcnancc o f  th e 

chain  r e a c t i o n  by means o f  v3nich f i s s i o n c b l e  atoms are c o n t i n u a l l y  des t roy -  
ed with t h e  r e l e a s e  o f  energyo 

Sincc  only  v c r y  small m o u n t s  of new f i s s i o n a b l e  m a t e r i a l  a r c  formed 
i n  t h e  p i l c  r e a c t o r  during normal ope ra t ing  processes,  it i s  c1ca.r t h a t  
cont inucd o p e r a t i o n  must reduce t h 6  amount of f issionc.blc materio-1 a v a i l -  
a b l e  t o  s u s t a i n  t h e  cha in  r c a c t i o n ,  nnd t h a t  t h c r e f o r e  t h c  p i l e  r e a c t i v i t y  
mus t  decrease  s lowly  w i t h  time. Tho maintenance of  c o n s t m t  output  povrcr 
d e s p i t e  t h e  d e p l e t i o n  of  f i s s i o n a b l e  m a t e r i a l  i s  solved by t h e  power 
leve 1 r e g u l a t o r  evcn more cas i l y  than  problems n l ready  montioncd, because 
of t h e  v e r y  long t ime constant  of  t h c  p rocesso  

4, 'Accumulation o f  f iss ion-produced poisons. Much more 
important changes i n  p i l e  r e a c t i v i t y  result rrom c e r t a i n  neutron-zbsorbing 
f i ss ion-produced  products t h m  from the  r e g u l a  sloiv decrezsc  o f  t h e  
n m b e r  of f i s s i  nable  ntons p re sen t ,  The b e s t  l.a?o.wn 2nd m o s t  i m p o r t m t  
examplo is  Xe13g, which r e s u l t s  vc ry  e a r l y  i n  the  r a d i o b c t i v e  decay cha in  
of produced d i r e c t l y  from f i s s i o n  of U2350 The abso rp t ion  c r o s s  
s e c t i o n  o f  Xe135 f o r  thermal  neu t rons  i s  6000 t imes  t h a t  o f  U235, 
a v a i l a b l e  , - f *A .i 4. /k which must bc included i n  t h c  p i l c  $0 permit c r i t i c a l  
o p e r a t i o n  undcr , , ce r t a in  p o s s i b l e  c o n d i t i o n s  when l a rge  [ m o u n t s  o f  Xe135 
may be p rosen t  i s  approximately 11%. Dcspi tc  i t s  greati  importance as a 
f a c t o r  i n f l u e n c i n g  p i l e  r e a c t i v i t y ,  however, t h e  prescnpc of Xc135 and of 
less s e r i o u s  poisons does no t  p r e s c n t  :.n impor tan t  c o n t r o l  problem so long 
RS s u f f i c i e n t  excess k i s  a v c i l a b l o  t o  b r i n g  t h e  p i l c  tlo t hc  c r i t i c a l  
condi t ion,  and provided t h a t  adcquatc  s r f c t y  p rccau t ions  arc observed w i t h  
r e s p e c t  t o  t h e  r a t e  o f  i n c r e a s e  o f  p i l c ' r e a c t i v i t y .  A s  before ,  the  under- 
l y i n g  reason  f o r  t h c  small  impor tmcc  t o  t h c  c o n t r o l  problem 

The - 
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r e a c t i v i t y  changes i s  t h a t  t h e i r  time c o n s t a n t s  a r e  ve ry  longq 

- 5 9 .  Maintenance o f  c o n t r o l  s e n s i t i v i t y ,  The neut ron  f l u x  
servomechanism i s  designed t o  ma in ta in  f u l l  c o n t r o l  s e n s i t i T r i t y  a t  any 
s t e a d y  s t a t e  power level by s o  d i v i d i n g  .my major r e c c t i v i t y  change 
between r e g u l a t o r  and shim rods t h a t  t h e  s t eady  s t a t e  i s  reached rvith t h e  
r e g u l a t i n g  rod nea r  t h e  c e n t e r  o f  i t s  ope ra t ing  range* 
rod nea r  fbe c e n t r a l  p o s i t i o n , . i t  can be moved oirer h a l f  of i t s  range o f  
motion wi th  f u l l  speod i n  e i t h e r  d i r o c t i o n ,  i . ea ,  i n  response t o  e r r o r  
s i g n a l s  c a l l i n g  f o r  e i t h e r  i nc rease  or decrease  of  p i l e  flux* 

Ni th  t h e  r e g u l a t i n g  

6.. Regule-tor a c t i o n  independent of shor t -per iod  load 
f l u c t u a t i o n s  . 
p i l e  system should not  a f f e c t  t h e  e r r o r  s i g n a l  f o r  neut ron  f l u x  s o  long 
as t h e  avcrage of  t h e  power output  demmd over a per iod  comparable Tdth 
t h e  response  t ime of t he  p i l e  and b o i l e r  system i s  c o n s t j n t .  
t h c  r a t e  o f  chcvlge of p o m r  output  demand over 5 seconds, a c o r r e c t i o n  t o  
t h e  r e g u l a t o r  e r r o r  s i g n a l  i s  obta ined  d i i c h  i s  independent of short-  
per iod  load f l u c t u a t i o n s .  

Shor t - l i ved  changes i n  power output  demmd upon t h o  polver 

By ,o.vercging 

( c ) ,  Chmge i n  poiver level .  

I r , ,  &!,?nun1 change o f  r e g u l a t o r  s e t t i n g ,  Then t h e  pover 
l e v e l  r e g u l a t o r  i s  ope ra t ing  under "Na.nue.1" c o n t r o l ,  t h e  inpu t  e r r o r  s i g n a l  
depends d i r e c t l y  upon t h e  d i f f e rence  betxeen the  manunlly s c t  flu r e f e r -  
ence leve l  m d  t h e  e f f e c t i v e  measured f l u x  level--i.e.,  upon t h c  d i f f e ronce  
between t h e  r a t e  a t  which power i s  'produced and t h e  r a t e  2.t which it should 
be producedo Thus, t o  change t h e  ope ra t ing  power l e v e l  under "Efmuc?l'' 
cont ro l ,  t h e  s e t t i n g  of t h e  poten t iometer  which d e l i v c r s  t hc  r e f e r e n c e  
vo l t zge  f o r  neut ron  f l u x  i s  changed t o  t h e  new d e s i r e d  v a l u e o  The e r r o r  
s i g n a l  which r e s u l t s  ope ra t e s  th rough t h e  servo ampl i f i e r ,  t h e  cons t an t  speed. 
gene ra to r ,  t h e  regulco.ting rod m o t o r  and t h e  c o n t r o l  rod mechanism t o  i n t r o -  
duce t h e  proper  t ime schedule of change i n  p i l e  r e a c t i v i t y  t o  accomplish 
the change t o  thc new ope ra t ing  level. Such r e a c t i v i t y  changes are 
u s u a l l y  s u f f i c i e n t l y  l a rge  t o  c a l l  f6r o. d i s t r i b u t i o n  i n  e f f e c t  between 
t h e  r e g u l a t i n g  rod and t h e  shim rods, a d  a r e t u r n  of thc  r e g u l a t i n g  rod 
t o  t h e  c e n t r a l  p a r t  of i t s  o p e r a t i n g  range when t h e  new1,povrer level i s  
reached. 'Throughout all of t h e s c  changes, r a t e  c o n t r o l s  a r e  app l i ed  f o r  
s t a b i l i t y ,  and r a t e  l i m i t a t i o n s  a r c  main ta ined  f o r  s a f e t y ,  

11 

1 I .2  Maintained ch,ulge i n  output  load0 ;When o p e r a t i n g  
under "Automatic" c o n t r o l  by s t e m  pres su re  e r r o r  and maintained change 
i n  ou tpu t  load, t h e  power level replattor does n o t  c a l l { / f o r  a changc i n  
t h e  p i l e  neut ron  flux1 l e v e l  unlcss t h e  f;,tepm p res su re  d e p a r t s  from i t s  
d e s i r e d  v?.lue o r  t h e  average pover demand of t h e  load c$mgcs,  A change 
i n  output  load f r o m  one constant  vnlue do another obvious ly  r e s u l t s  i n  a 
change i n  steam p r e s s t r e  unless t h e  .povrc,r l e v e l  of t h e  S i l c  i s  a l s o  changedso 
The a n t i c i p a t o r y  e r r o r  s i g n a l  ob ta ined  f r o m  averaging -the ra-te o f  change of 
ou tput  poTfirer demcnd over 5 seconds causes a t r m s i e n t  a d j u s b c n t  o 
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power toivcrd t h e  va lue  which i s  rcqui red  t o  main ta in  cons tan t  stcam pressure  
a t  t h e  new level o f  power demand. If t h e  magnitudc m d  durzttion o f  t h i s  
t r a n s i e n t  e r ror  s i g n a l  a r e  p rope r ly  choscn, t h e  depar ture  o f  s t e m  prcssure  
from i t s  d e s i r e d  value i s  m a t c r i n l l y  reduced.. In any cvcnt ,  hovovcr, an 
c r r o r  s i g n a l  i s  mzintained until t h e  s t e m  prcssure  i t s e l f  has s t a b i l i z e d  
E t  t h e  des i r cd  constcant l cve l  of 450 P s i  G under t h o  new load. Rate c o n t r o l s  
'and r a t c  l i m i t a t i o n s  a r e  app l i cd  as descr ibed  bcforc  t o  main ta in  s t e b i l i t y  
and s a f c t y  o f  operation. 

(ci). Shut-dotm. 

16 h e r g c n c y .  Under my of t h e  fol lowing abnormal o r  
dnngcrous cond i t ions ,  t h e  power k v c l  r e g u l a t o r  opens ' t h e  a u x i l i a r y  s a f e t y  
c i r c u i t  f o r  rnp id  p i l e  shut-do7.m wi th  t h e  s a f e t y  rods,  and t r , m s f e r s  m a j o r  
c o n t r o l  o f  t h e  r e g u l a t i n g  and shim rods t o  motors vh ich  d r i v e  thcm a t  h igh  
speed i n t o  t h e  p i l e  t o  t h c i r  f u l l  c x t c n t :  

If t h e  va lue  of p i l e  neut ron  f lux  as measured by t h e  neut ron  d e t e c t o r  
exceeds a prescr ibed  maximum vclue. 

n 

If t h e  logar i thmic  t h e  d e r i v a t i v e  or' p i l e  neut ron  flux exceeds a 
value which corr6sponds t o  9. p i l c  per iod o f  10 secondso 

I n  t h e  cvcnt of  f a i l u r e  o f  cny c r i t i c z l  c o n t r o l  conponent f o r  which 
r u t m a t i c  c h a p - o v e r  t o  2.n a l t e a l a t c  uiit i s  n o t  provided. 

2. N o r m d s  Und.cr ordirznry condi t ions ,  shut-down i s  
accomplished undcr ' the  f u l l  c o n t r o l  o f  t h e  power l e v e l  rcpydntor without  - 
any a s s i s t r n c e  f r o m  t h e  s a f e t y  c i r c u i t s .  

If t h e  r c g u l z t o r  i s  opc ra t ing  under "Manual" cont ro l ,  t h e  procedure 
f o r  shut-down i s  e s s c n t i a l l y  i d e n t i c a l  w i th  t h a t  f o r  ob tc in ing  any o the r  
d e s i r e d  po:.rcr l cvc lo  
d e s i r c d  lcvcl of ncut ron  f l u x  i s  s c t  t o  z e r o o  
results can be reduced t o  zero  only  by pilc shut-down, ivhich i s  accomplishe( 
e.s u s u d  by c o n t r o l l c d  mot ion  o f  t h e  r c d u l a t i n g  m d  shim rods.  

Thc potcnt iometer  whose output  e s t a b l i s h e s  t h e  
The e r r o r  signal which 

I 
Contro l lcd  shut-dovm of  t h c  p i l c  ccn likewise bc c a k e d  ou t  nccord- 

ing t o  TI d e s i r e d  timc schedule,  o r  it may be c a r r i e d  o u t ,  if des i r cd  by a 
c o n t r o l  s i g n a l  operc?ting from t h e  outp  
goes t o  zero. 
au tomat i cn l ly  i f  s t e m  pressure  becomes t o o  high, c l though t h e  r e s i d u a l  
neut ron  f lux  l e v e l  r e th incd  i n  t h e  p i l e  permits  rnpid  s t a r t - u p  t o  any d e s i r e d  
power l e v e l  under f u l l  r e g u l & o r  con t ro ld  

poyjer denpad y&& t h e  pp+rer demand 
The u s e f u l  power ou tpu t  o f  t h e  p i l e  i s  a l so  I reduced t o  zcro 

I 
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c6 Xutomntic Temperatiire Regulator .  

(1) Object ive.  Throughout auF.1 operr : t ion o f  t h e  power p i l e  system, 
t h e  cutomntic tempera ture  regulr . tor  maintnins  t h e  o u t l e t  tempcrnture  of t h e  
Coolnnt a t  1400' F. v r i t h i n f  10' F. b-7 c i rcu l2 . t ing  t h e  c o o l m t  through the 
p i l e  and t h e  h e a t  exchmger-at a rG.to which depends j o i n t l y  upon t h e  p i l e  
power azd t h e  paver  d e l i v e r e d  t o  t h e  hea t  exchenger.  

( 2 )  I n t e l l i g e n c e .  The on ly  c o n t r o l  p c r m e t e r  r e q u i r e d  t o  en?.ble 
t h e  tempera ture  r e g u l a t o r  t o  f u l f i l l  i t s  o b j e c t i v e  i s  t h e  t e rnpe rdure  o f  
t h e  c o o l a n t  as  it leaves t h c  p i l e ,  c a l l e d  t h e  o u t l e t  temperature  of t h e  
c o o l  ant c 

( 3 )  Phys ica l  Desc r ip t ion  o f  Temperature Regulator The tempera- 
r t u r e  r c g u l z t o r  is comprised o f  t h e  fo l lowing  f u n d m e n t a l  components : 

h s e x i i n g  element which d e l i v e r s  c vo l t age  p r o p o r t i o n a l  t o  
t h e  o u t l e t  t empera ture  of t h e  coolcn t .  

k r e f e r e n c e  l e v e l  instrument  v h i c h  s u p p l i e s  a n  output  vo l t age  
p r o p o r t i o n a l  t o  t h e  d e s i r c d  o u t l e t  t empcra ture  of t h e  c o o l m t .  

k servomechanism v:!iicl? rcsponds t o  t 5e  d i f f e r e n c e  between de- 
s i r e d  and measured ve lues  o f  o u t l e t  c o o l m t  t e n p e r c t u r c ,  and d e l i v e r s  nn 
ou tpu t  s i g n c l  which reduces t h i s  d i f fe rer .cc  toward zero by vcrying t h e  c i r -  
c u l a t i n g  ve loc iky  o f  t!ie coo lcn t ,  

L imi t ing  m d  r a t e  c o n t r o l  devices  f o r  s t a b i l i t y  nnd s a f e t y  i n  
ope re t  ion.  

ii more d c t a i l e d  s p e c i f i c e t i o n  can be g iven  f o r  most o f  t h e  
above equipment. 

( a )  Sensing Clement, An ~ccurc".te,  high-tempernturo,  f a s t  
a c t i n g  thermocouple is  used t o  d e r i v e  t h e  c o n t r o l  v o l t a g e  ifhich i s  propor- 
t i o n a l  t o  o u t l e t  c o o l a n t  t e n p e r a t u r e .  It is  e x p e c t e d  t h a t  3ne o f  t h e  ther- 
mocouple u n i t s  r c c e p t l y  devcloped by t h e  Bure7.u o f  Stz?dards f o r  use i n  
t h e  c o n t r o l  o f  g a s  t u r b i n e s  w i l l  be s z t i s f z c t o r y  f o r  t h i s  npp l i cz t ion ,  
The thermocouple vo l t age  i s  app l i cd  t o  2 constznt-output  a m p l i f i c r  w i t h  
servo-opernted g z i n  c o n t r o l c  The u s c f u l  ou tpu t ,  fu rn i shed  by t h e  s m e  ser- 
vo,  i s  t h e  s e t t i n g  of t h e  v a r i a b l e  am of a poten t iometer  i n  p ropor t ion  
t o  t h e  v o l t a g e  from t h e  thermocouple, znd t h u s  to t h e  measured o u t l e t  cool-  
an t  tcmpe r a t u r e  * 

R potcnt iomcter  suppl ied  
o l t a g e  p ropor t iona l  t o  t h e  wi th  a cons t zn t  vo 

d e s i r e d  o u t l e t  coo ing of i t s  v n r i a b l e  m e  

(b  1 

( c )  Coolant  Tenperz ture  Sdrvonechcmisn. Between t h e  input  
e r r o r  s i g n a l ,  n h i c n s  p r o p o r t i o n z l  t o  t h ~  d i f f e r e n c e  bctwecn d e s i r e d  and 
measured o u t l e t  coolan t  tempera tures ,  m d  t h e  output  s i p r l ,  which i s  2. 

chcnge i n  t h e  c i r c u l n t i n g  v e l o c i t y  o f  t h e  c o o l m t ,  are t h e  
t i P . 1  servomechanism components : 

- a5 - 



A power a r l p l i f i e r ,  which d e l i v e r s  'm ou tpu t  vo l t age  pro- 
p o r t i o n a l  t o  e r r o r  s i g n a l  i n p u t ,  

k small motor, d r i v e n  by t h e  ou tpu t  o f  t h e  power 2mplif ier .  

Two v a r i a b l e  speed alternc.ttors d r iven  by two s t e m  t u r b i n e s ,  
e sch  of w h i c h . i s  
iiel, end a v a r i a b l e  s t e m  flow through another ,  i n  p r o p o r t i o n  t o  t h e  set-  
t i r , g  o f  n va lve  which i s  d r i v e n  by t h e  ,small motor mentioned above. 

provided % i t h  a c o n s t m t  flow of s t e m  th rough  3ne c h m -  

Four l a r g e  s q u i r r e l  cage induc t ion  n o t o r s ,  two of which 
a r e  d r i v e n  by each o f  t h e  above a l t e r n r t o r s  a t  z v e l o c i t y  which v a r i e s  
d i r e c t l y  w i t h  t h e  steam flovi t o  t h e  two t u r b i n e s .  

Four l a rge  c e n t r i f u g a l  blowers, powered by t h e s e  f o u r  l a rge  
motors which c i r c u l a t e  t h e  coo lan t  a t  R v e l o c i t y  which depends d i r e c t l y  
upon t h e i r  speedo 

Besides t h e  above-naned components, t h e  fol lowing auxi- 
l i a ry  equipment i s  d i r e c t l y  a s s o c i a t e d  wi th  t h e  coo lcn t  temperature  Servo-  
mechanism t o  improve i t s  speed of response,  which would otherwise be se-  
v e r e l y  l i m i t e d  by the i n e r t i s  of  t h e  l e r g c  rotzt iz ig  nnchinery:  
t i a  b u t t e r f l y  damper i n  a low impedence coolnnt  l i 2 e  which by-passes t h e  
p i l e ,  and which moves from i t s  p o s i t i o n  of s t z b l e  e q u i l i b r i u m  t o  in t roduce  
a g r e a t e r  o r  R sma l l e r  area o f  obs t ruc t io i ?  i n  t h c  by-?ass l i n e ,  i n  propor- 
t i o n  t o  t h e  output  of t he  tempercture  e r r o r  s i g n a l  s e rvo  m p l i f i e r ,  

k low-incr- 

n 

(d) Limit ing and 2 n t e  Control  I n s t r m s n t a t i o n .  Ir, o r d c r  t o  pro- 
v ide  f o r  adcquxtte o p e r a t i n g  s t a b i l i t y  :.nd to i n s u r e  t h a t  necessa ry  sRfety .., 
precau t ions  a r e  tcken,  it i s  necessary t o  introdwcc t h e  fol lovi ing sccopd- 
a r y  c o n t r o l  f u n c t i o n s ,  xhich se rve  only t o  l i m i t  t h e  mcgnitudc o r  r:he of 
response of c o n t r o l  s i c n a l s ,  o r  t h e  degree o r  r a t e  of response of cor , t rol  
components 

(1) S t a b i l i t y .  
of  indicatccd outlet coolcaC t c m p c r n t u r c  subtracted f r o m  t h e  temperature cr- 
r o r  s i g n a l  input  t o  t h c  servo m-ipl i f ier .  
output  o f  a d i f f e r e n t i a t i n g  m p l i f i e r  which oper&os upon t h e  v o l t a g e  pro- 
p o r t i o n a l  t o  a c t u a l  o u t l e t  coo lan t  tcmperp.ture,* 2% tacliometer g e n e r a t o r  vol-  
t a g e  p r o p o r t i o n a l  t o  t h e  speed of t h e  sn3.11 motor d r iven  by t h e  m p l i f i c d  
temperature  e r r o r  s i g n a l  is  s u b t r a c t e d  from thp.t e r r o r  s i g n a l ,  

A s i g n a l  p ropor t ions1  t o  t h e  t h e  r,o.te o f  change 

This s i g n n l  i s  o'ctzined 2.s t h e  

(2 )  S d . e t y .  %lorcler speed i s  never allowcd t o  dec rease  below 
a s e l e c t c d  minimum vplue,  e i t h e r  du r i zg  s t n r t - u p  o r  i n  
Ii!inimum blower speed i s  meintained by t h e  cons t an t  s t e  
one s e t  o f  cha2ncls $ 0  t h e  blower t u r b i z e s .  A pos i t i on -cc tua tod  switch,  
ope ra t ed  by t h e  nec'rim.isn which c o n t r o l s  t h e  v a r i r b l e  s t e m  f low t o  t h e  t u r -  
bines ,  i n t roduces  c u t - o f f  b i a s  on t h e  power c m p l i f i e r  6 u t p u t  t ubes  which 
govern t h e  reduct ion of s t e m  flow, .winenever t h c  v a r i a b l e  s t e m  flow appraach- 
es zero.. 
a p o s i t i o n - a c t u a t e d  switch ope ra t ed  by ' t h c  thermocouple o u t p u t  servo opens 
t h e  s a f e t y  c i r c u i t  m d  causes p i l e  shut-down& Thc s a f e t y  c i r c u i t  i s  opened 
m d  p i l e  
t r o l  component f o r  which automatic  changc-over t o  an a l t e r n z t e  unit  i s  n o t  

ubsequent ope rn t i  on, 
flow s u p p l i e d  through 

If t h e  o u t l e t  coolant  temperature  reaches a s e l e c t e d  maximum value,  

shut-down i s  i n i t i a t e d  i n  c m e  of t h e  f a i l u r e  of m y  c r i t i c a l  con- 
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A 

(4) Operation of Automatic Temperature Regulator. 

(a)  Constant P i l e  Power Level, During all normal o p e r a t i n g  

Ths a c t i o n  of t h e  Pbuto- 
circumstances,  t h o  c i r c u l a t i o n  v c l o c i l y  of t h e  coo lan t  i s  v a r i e d  t o  main- 
t a i n  the  o u t l e t  coo lan t  temperature  e t  1400' F. 
ma t i c  temperature  r e g u l a t o r  i n  Rchieving t h i s  end may be follovfed c l e a r l y  
by r e f e r r i n g  t o  t h e  diagram of Fig. 47. 

The voltaic p r o p o r t i o n a l  t o  t h e  d e s i r c d  o u t l e t  coolant  
temperature  of 1400° F. i s  s e t  and maintained between one s i d e  2nd t h e  vzr- 
i a b l e  arm o f  t h e  r e f e r e n c e  l e v e l  po ten t iome te r ,  while  t h e  observed. o u t l e t  
c o o l a n t  temperature  i s  s e t  up on R s i m i l a r  potent iometer  through the  a d j u s t -  
mcnt o f  i t s  v n r i n b l e  a r m  by t h e  thermocouple output servo.  
of t h e s c  two vo l t ages  i s  app l i ed  as a n  e r r o r  s i g n a l  t o  t h e  temperature  servo- 
mechanism. 
a p r o p o r t i o n a l  i n t e r s t a g e  v o l t c g e ,  through 2 second ' m p l i f i c r ,  t o  a so l eno id  
which produces a p r o p o r t i o n a l  d e f l e c t i o n  o f  t h e  b u t t e r f l y  d m p e r  i n  t h e  by- 
pass  coo lan t  l i n e ,  i n  such a d i r e c t i o r ,  as t o  reduce t h e  inpu t  temperature  
e r r o r  by changing t h e  c i r c u l a t i o n  speed o f  t h e  coolznt  t h rough  t h e  p i l e .  
In  a d d i t i o n ,  t h e  power a m p l i f i e r  s u p p l i e s  CI p r o p o r t i o n a l  v o l t c g e  t o  t h e  
small motor i n  i t s  ou tpu t  c i r c u i t ,  which proceeds t o  a d j u s t  t h o  va lves  which 
c o n t r o l  t h e  v a r i a b l e  s t e m  flow t o  t h e  blower t u r b i n e s  i n  a d i r e c t i o n  t o  
reduce t h e  inpu t  tempercture c r r o r  by chrngi:ie blower speod. 
e f f e c t  o f  a temperature  e r r o r  s i g n a l  i s  t h e r e f o r e  two-fold: 

The d i f f e r e n c e  

A s  a r e s u l t  of t h i s  i n p u t  s i g n a l ,  t h e  power ,amplifier supp l i e s  

The complete 

A r a p i d  r e d u c t i o n  o f  t h e  inpu t  tempcrature  e r r o r  through 
t h e  c c t i o n  o f  t h e  b u t t e r f l y  d m p e r  ir, changing t h e  c i r c u l a t i o n  speed o f  
t h e  coo lan t  through t h e  p i l e g  and 

k much slo\ver b u t  e s s e n t i a l l y  unl imited r educ t ion  o f  t h e  
input  t empera tu re  e r r o r  
by r e g u l a t i n g  s t e m  flow t o  t h e  blower t u r b i n e s .  

through t h e  change in blower speed, RS e f f e c t e d  

Bo+h of t h e s e  a c t i o n s  con t inue  so long as t h e  e r r o r  s i g -  
n a l  p e r s i s t s .  
its equilibrium p o s i t i o n ,  where it i s  rccdy t o  respond r a p i d l y  with maxi- 
mum s e n s i t i v i t y  t o  e r r o r  s i g n a l s  of c idher  a l g e b r a i c  s i g n ,  l i i t h  t h e  d i s -  
appearance o f  the e r r o r  signr.1, t h e  motor which o p c r c t c s  from t h e  power am- 
p l i f i e r  o u t p u t  is no longer  supp l i ed  w i t h  n d r i v i n g  v o l t a g e .  It s t o p s ,  
l e a v i n g  t h e  valves  which c o n t r o l  t h e  v a r i a b l e  s t e m  flow t o  t h e  blower t u r -  
b i n e s  i n  p o s i t i o n  t o  mc in ta in  t h e  tempdrr.ture e r r o r  at  zero under s t e a d y  
s t a t e  opernt  ing cond i t ions .  I'hroughout t h e s e  r e g u l c t i n g  procedures,  r e t e  
s i g n a l s  f r o n  t h e  t e n p e r a t w e  d i f f e r e n t i a t i n g  ,mp l i f  i e r  nnd f r o n  :?: gene ra to r  
tachometer d r iven  by t h e  s tem c o n t r o l  valve motor, f i m i s h  t h e  s t a b i l i t y  
n e c e s s a q  t o  avoid excess ive  ove r shoo t lo r  hun t ing  of t h e  system about the 

AS t h e  errar approaches zero,  t h e  b u t t e r f l y  d m p e r  cpproaches 

I 

- 

d e s i r e d  o p e r a t i n g  po in t .  

For o p e r a t i o n  under c o n s t a n t  p i l e  power l e v e l ,  it i s  l i k e l y  
th2.t t h e  temperature  e r r o r  s i g n a l  nil1 never be l a r g e .  In  such a case,  
t h e  d e f l e c t i o n  of t h e  b u t t e r f l y  d m p e r  from i t s  e q u i l i b r i m ,  p o s i t i o n  as 
caused by t h e  e r m r  s ign21  is  snall'. For the  same reason,  t h e  r a t e  o f  t h e  
s t e m  c o n t r o l  vzlve motor i s  small, bu t  t h e  c o r r e c t i o n  it in t roduces  i s  
cumulat ive,  ,and reduces t h e  e r r o r  s i g n a l  t o  zero with t h e  b u t t e r f l y  damper 
at  i t s  equ i l ib r ium p o s i t i o n .  

i - 87 
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( b )  Change i n  Power Levci-. Operztion of t h c  automatic tempera- 
t u r e  r e g u l z t o r  i s  e s s e n t i n l l y  as p.lrep.$r dcscribcc! f o r  any c o n d i t i o n  of 
change i n  p i l e  power l e v e l  or load dens-d s o  long as t h e  temperature  e r r o r  
s i g n a l  does n o t  r e s u l t  i n  t h e  r educ t ion  o f  t h e  v c r i a b l e  s t c m  flow t o  zero. 
Large tcmperature  e r r o r  s i g n a l s  would appear t o  be u q l i k e l y  even under con- 
d i t i o n s  o f  'changing power l e v e l ,  p r i n a r i l y  because t h e  speed o f  respocse 
of  t h e  temperature  r e g u l z t o r  i s  expcctcd t o  be g r e a t e r  t hnn  t h e  speed w i t h  
which l a r g e  chcnges of c o o l c n t  t cmper r tu rc  can t a k e  plnce due t o  t h e  p i l e  
and b i l r r  system, beccuse of i t s  very h igh  thermal  i n e r t i a .  Tfhatevcr t h e  
degree o f  automatic  temperature  r e g u l n t i o n  which can  be achicvcd under chzbng- 
ing cond i t ions  o f  power product ion o r  l o e d  demand, however, t h e  temperature  
r e g u l a t o r  i s  c o n t i n u a l l y  e f f e c t i v e  i n  recognizing temperature  e r r o r s  as t h e y  
occur ,  and i n  producing i m e d i z t e  as w e l l  as long y e r i o d  curnulntive co r rec -  
t i o n s .  
capable of 'maintaining o u t l e t  coo lan t  temperature  w i t h i n  - 10' F ,  of t h e  
d e s i r e d  va lue ,  1400' F., under all noma1 cond i t ions  o f  ope ra t ion  o f  t h e  
power p i l e  system during which t h e  v z r i z b l s  s t e m  f l o v ~  t o  t h e  blower t u r b i n e s  
i s  not reduced t o  zero. 

I t  i s  a n t i c i p a t e d  t h a t  t h e  cutomatic temperature  r e g u l s t o r  w i l l  be 

( c )  Start-Gp and Lo::' Power Ore ra t ing  Conditions.  As b r i e f l y  
desc r ibed  i n  S e c t i o n  3 (d )  , blo-cvcr speed is ricver allowed t o  dec rease  
below the  ve lue  which i s  v.intzi:iccl by tkLc copstp.nt ste'm f l o v J  supp l i ed  
through one s e t  of ci-,anneis t o  t h e  blower turbir:cs.  fls n r e s u l t ,  t h e  auto-  
mat ic  temperature  r c g u l n t o r  i s  made i n a c t i v e  so f a r  ns s t e m  f l o w  r egu la -  
t i o n  i s  concerned under s t a r t - u p  or any o t h e r  o p e r a t i n g  cond i t ions  when 
pi.le power leve l  i s  i n s u f f i c i e n t  t o  r z i s e  o i i t l c t  cDo1mt temperxture  above 
1480° F. a t  minhum blower speed. The i n n c t i v n t i o n  o f  t h e  tcmpcrature  servo- 
mechanism f o r   OW power o p e r a t i o n  i s  accomplished bj- 8. swi t ch  which i s  opera- 
t e d  by t h e  mechanismwhich c o n t r o l s  t h e  var iable  s t e m  flow t o  the  blower 
t u r b i n e s  , when t h n t  f l o w  approaches zero,. Oyeretion 'of t h i s  posi t ion-cc-  
t u a t e d  switch i n a c t i v a t e s  servo ,amplifier ou tpu t  f o r  temperature  e r r o r  Sig- 
nels t e n d i n g  t o  dec reasc  s t e m  flow, but l eaves  t h e  o p e r a t i o n  o f  t h e  se rvo  ' 

a m p l i f i e r  unchzngcd f o r  e r r o r  s i p a l s  which would izicrecse s t e m  f low.  Thus, 
as p i l e  power i n c r e a s e s  t o  t h e  p o i n t  where t h e  o u t l e t  c o o l a n t  temperature  
exceeds 1400° F. n t  minimum blower speed 1 3 t h  t h e  b u t t e r f l y  d,m?er i n  i t s  
equ i l ib r ium p o s i t i o n ,  t h e  servo power a m p l i f i e r  opc rn te s  normally t o  i n c r e a s e  
s t e 'm  f l o w  t o  t h e  blower t u r b i n e s  and t h e r e f o r e  t o  c o r r e c t  t h e  tempercture  
e r r o r  s i g n a l .  &is the  v a r i a b l e  s t e m  flow i n c r e a s e s  from ze ro ,  however, t h e  
p o s i t i o n - a c t u a t e d  swi t ch  i s  ope rz t ed  i n  t h e  o t h e r  d i r e c t i o n ,  and t h e  se rvo  
a m p l i f i e r  s e n s i t i v i t y  is  r e s t o r c d  f o r  s i g n z l s  t e n d i n g  t o  dec rease  stemn flow. 
Operzt ion o f  t h e  automatic  temperature  r e p u l a t o r  t hcn  cbnt inues as desc r ibed  
i n  t h e  two preceding s e c t i o n s  u n t i l  a pe r iod  of low power ope ra t ion  aga in  
causes  t h e  v a r i a b l e  steLm f l o w  t o  be reduced t o  zero.  

Although blower speed i s  never allowe? t o  dec rease  below 
t h e  value which i s  m d n t a i n e d  by t h e  constcant component, o f  t h e  steam flow 
t o  t h e  t u r b i n e s ,  the '  automatic temperature  r e g u l a t o r  i s  designed t o  keep 
t h e  o u t l e t  coo lan t  temperature  c.t 1400' F. over  e s s e n t i a l l y  a l l  of t h e  use- 
f u l  o p e r a t i n g  range below t h e  p o i n t  where v a r i a b l e  s t e h  f l o w  becomes zero. 
In t h i s  o p e r a t i n g  r eg ion ,  c o r r e c t i o n  o f  the temperature  e r r o r  s igna l  i s  
acconpl ishcd a l t o g e t h e r  by t h e  b u t t e r f l y  d m p c r  i n  t h c  by-pass coo len t  l i n e ,  
a c t i n g  i n  con junc t ion  w i t h  t h e  e a r l y  s t z g e s  o f  t h e  temperature  e r r o r  s e rvo  
a i i p l i f i e r  r,s a t r u c  servomechanism. 

1; 
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It has already been s t c t c d  t h a t  whenever t h e  v a r i a b l e  ste'm flow 
t o  t h e  blower t u r b i n e s  approaches zero,  a switch i s  ac tua ted  which r ende r s  
the power ou tpu t  s tngc  o f  t h e  temperature  c r r o r  s c rvo  mpl i f ie r  i n o p e r a t i v e  
f o r  e r r o r  s i g n a l s  t end ing  t o  dec rease  steam flow. 
t h i s  switch i s  operated,  t h e  b u t t e r f l y  damper i s  a t  i t s  p o s i t i o n  o f  
equ i l ib r ium o r  beyond i n  a d i r e c t i o n  t o  decrcase t h e  c i r c u l a t i o n  v e l o c i t y  
o f  t h e  coo lnn t  through t h e  p i l e ,  another  switch i s  ac tua ted  t o  r ende r  the 
power ou tpu t  s t a g e  of t h e  servo , m p l i f i c r  inoperGtive f o r  e r r o r  s i g n n l s  
t e n d i n g  t o  i n c r e a s e  s t e m  flow t o  t h e  blower t u r b i n e s .  
a r e  actuated,  a t r n n s f e r  switch i s  o p e r d x d  t o  convert  t h e  a c t i o n  o f  t h e  
b u t t e r f l y  dcmper from a d e f l e c t i o n  p r o p o r t i o n a l  t o  e r r o r  s i g n a l  t o  t r u e  
se rvo  a c t i o n  which c m  reduce t h e  tcmpcrnture e r r o r  s i g n c l  t o  zero by 
a f f e c t i n g  t h e  c i r c u l a t i o n  v e l o c i t y  of t h e  coo lan t  through t h e  p i l e o  In t h i s  
condi t ion,  ou t  l e t  c o o l c n t  temperature  i s  maintained a t  1400°F. under minimum 
blower speed u n t i l  p i l e  potvcr level bccomcs so low tha t  t h e  b u t t e r f l y  dLmper 
opens t h e  by-pass c o o l m t  l i n e  t o  i t s  f u l l  e x t c n t r  Here m o t h o r  swi t ch  
must be a c t u a t c d  t o  i n a c t i v r t e  t h e  new scrvomechznism fo r  e r r o r  s i g n a l s  
t end ing  t o  dec rease  coo lan t  v e l o c i t y  through t h e  p i l e  i f  o p e r c t i o n  of t h e  
regulator i s  t o  continue. If t h i s  nc t ion  i s ' n o t  taken,  t h e  s i g n  o f  t h e  
c o r r e c t i o n  introduced by  t h e  damper r eve r ses ,  m d  t h c  e n t i r e  servomechz.nism 
becomcs u n s t r b l e  . 

If, a t  .any time af te r  
\ 

'Wen both switches 

If a f t e r  ope rn t ion  under v c r y  low p i l e  p o m r  as descr ibed above 
t h e  power l e v e l  i s  increased,  the  scrvomcchcnism irhich s e t s  t h e  d m p e r  t o  
ma in ta in  o u t l e t  coolant  tcmpcrcture  a t  140O0F. e v c n t u z l l y  r e t u r n s  it t o  i t s  
p o s i t i o n . o f  equ i l ib r ium f o r  h igh  poiEr opcrr.tion. A t  t h i s  p o i n t  t h e  swi t ch  
i s  ope rc t ed  which r e s t o r e s  t h e  ou tpu t  s e n s i t i v i t y  o f  t h e  se rvo  m p l i f i e r  
f o r  tempcrnture e r r o r  s i g n a l s  t e n d i n g  t o  i n c r e a s e  s t e m  flow, 2nd r e s t o r e s  
t h e  o p e r a t i o n  of t h e  b u t t e r f l y  d m p e r  t o  c d e f l e c t i o n ,  p r o p o r t i o n a l  t o  
e r r o r  s i p n l . ,  about i t s  equ i l ib r ium p o s i t i o n .  If p i l e  power i n c r e a s e s  s t i l l  
fur ther , ,  t h e  mech'mism which c o n t r o l s  v c r i a b l c  s t e m  f l o w  t o  t h e  b loxe r  
t u r b i n e s  opens t h e  s t e m  vr".lvcs ,and ope ra t e s  t h e  swi t ch  which r e s t o r e s  f u l l  
s e n s i t i v i t y  t o  power amplif ier  o u t p u t o  
tempcraturc  r e g u l a t o r  i n  normal operckion f o r  t h e  c o n t r o l  o f  o u t l e t  coo lan t  
temperature  a t  o r d i n a r y  l e v e l s  of p i l e  powerQ 

This a c t i o n  p l aces  t h e  automatic  

d Instrument a t  ion. 

The primary purpose of  t h e  system o f  in s t rumen t s  i n  t h e  power p i l e  
i s  t 6  i n d i c a t e  m d  rqcord i m p o r t m t  in fom? . t ion  about p i l e  oper?.tion. 
ever,  beccuse t h e  p 
t h z t  a d d i t i o n a l  i n f  

How- 
i s  experimentel ,  some instruments  v i 1 1  be cdded, SO 

a t i o n  C F n  be gc-thered f o r  design iqprovemen-ts. 

t s  covered i n  th ' i s  s e c t i o n .  a r c  t h o s e  which are 
necessa ry  because nuc' lcar energy i s  being used t o  supp ly  h e a t  f o r  t h e  b o i l e r e  
Instruments u s u a l l y  found in  n s t e m - e l e c t r i c  poivcr p l m t  are omitted.  

"he hazard :of r ad ipk ion  c o n t i  ually e x i s t s  f o r  personnel  engaged 
i n  t h e  p i l e  operctionl and hence a c o n t r o l  room r d l l  be loca t ed  2-t a remote 
po in t ,  nnd a l l  measurements channeled t o  t h i s  room, where i n d i a a t i n g  and 
r eco rd ing  instruments  ond i n d i c s t i n g  l i g h t s  arc conven ien t ly  
measurements c m  be c l a s s i f i e d  as i n d i c c t i n g  m d  c o n t r o l l i n g ,  
and alarms. 

a 
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(1) I n d i c a t i n g  and Con t ro l l i ng .  The f l u x  l c v e l  i s  measured 
by a s p e c i a l l y  des ignea  ionization cnanocr. 
has n o t  bccn ;sorkcd out,  bu t  it must be capable of operc..ting 'in t h c  500°F. 
p i l e  temperz ture  and a t  a neu t ron  f l u x  level i n  the rango o f  lo6. 
such i o n i z z t i o n  chLVnbers nrc  locc t ed  around t h e  p e r h c k c r  of t h e  p i l e  
r c f l c c t o r , .  One of t h c s e  units i s  a l m y s  a standby, onc i s  i n  use f o r  f lux 
measurement ,and t h e  t h i r d  i s  uscd by t h e  power l e v c l  r e g u l a t o r o  
e l e c t r i c a l  c u r r e n t  flow i n  t h c s c  c h m b e r s  i s  p r o p o r t i o n a l  t o  t h c  f lux  leve lo  
Tho chamber i n  usc fo r  p i l e  povrcr l c v c l  c o n t r o l  i s  conncctcd i n t o  t h e  inpu t  
c i r c u i t  o f  t he  neut ron  f l u x  m p l i f i c r  i n  t h e  powcr l e v c l  r c g u k t o r .  
ch,mber i n  use f o r  f l u x  measurement i s  connected through a s u i t r b l e  e l c c -  
t r i c r l  m p l i f i c r  t o  I s tandard  commercial vo l tmeter  c e l i b r a t e d  i n  units 
of neut ron  flux. 

.ffi c des ign  o f  t h i s  chamber 

Threc 

The 

Thc 

Thc temperature o f  t h e  helium l eav ing  t h e  p i l e  i s  measured 
by p l ac ing  a p la t inum-al loy  of p l a t i n m  and ruthenium thermocouple i n  t h e  
outgoing helium chmber  above t h e  p i l e .  'The m i l l i v o l t  ou tput  o f  t h i s  
thermocouple i s  mensured by a corn-ercial  tempcrnture  roco rde r ,  

A d u p l i c a t c  thermocouplo s i m i l c r l y  i n s t a l l e d  i s  used i n  
t h e  tempcra turc  r e g u l a t o r  c i r c u i t .  
a stnndby. 
chmgeable  e 

A t h i r d  thcrmocouplc i s  i n s t a l l e d  f o r  
The leads  from a l l  t h r e e  nrc  z r r rnged  s o  th2.t t h e y  a re  inter..  

A pres su re  gauge i s  i n s t a l l e d  on t h c  outgoing s t e m  l i n e ,  
which i n d i c a t e s  n.nd records t h e  steam pressure .  A s i m i l a r  p re s su re  i n s t r u -  
ment convcrts  t h e  pressure  ncasurement i n t o  a c o n t r o l  vo l t age  f o r  use i n  
t h e  por;rer l c v e l  r e g u l a t o r o  These i n s t r u n c n t s  a r c  i n t c r c h m g c a b l e o  

(2 ) I n d i c a t i n g  and 'Recording. These mcasurcmcnts tiro. 
q u a n t i t i e s  r h i c h  have no d i r e c t  r e l a t i o n  t o  p i l e  powcr r e g u l a t i o n ,  through 
i n  automatic  c o n t r o l  c i r c u i t .  

The r e g u l a t i n g  r o d  d r i v c  temperc ture  i s  rccordcd by a 
s t cnda rd  tcmpcra turc  i n s h m e n t .  Thc hot  junc t ion .  of a thermocouple i n  
t he  drive supports  i n s i d e  -the rod  thimblc measures t h e  drivc temperature. 

I 

A similar thcrmocouple arrangement i s  loca ted  a t  cach of 
t h e  shim rod d r i v e s o  A m u l t i p l e  tcmpcr t u r c  r e c o r d e r  i n s t r p e n t  i s  used 
t o  record  t h e s e  tcmporc?turcs a t  about 1 i n u t e  i n t e r v a l s e  ~ 

The tempera ture  of  t h e  s i x  s a f e t y  rod th imbles  i s ,mcasurcd  
by n thcrmocouplc ho t  j u n c t i o n  locnted  i n s i d e  of  c m h  t h i n b l c .  
t cmpcra tures  a r c  rccordcd on a m u l t i p l e  tcmpcra turc  r e c o r d c r e  

,The 

I 

The tempcra ture  o f  t h c  scF.1 o i l  i s  measurcd a t  t h e  supply  
header  by 3. s t anda rd  t c n p c r n t u r e  rccordi i lg  instrument, 1 

i 
S t m d a r d  o r i f i c e  type f lo 'a rne tc rs  ?.re uscd t o  mcasure m d  

rccord  t h e  v a t e r  flow t o  t h c  b o i l e r  and t h e  stc?m f l o v  b u t  o f  t h e  b o i l e r .  h 

i 
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A v e n t u r i  metcr i s  used t o  mezsure m d  r eco rd  t h e  coo lan t  flow through t h e  
p i l e .  

E l c c t r i c a l  c u r r c n t  f low t o  ccch of t h e  s a f e t y  rod magncts i s  
measured wi th  i: s tandard  i n d i c a t i n g  anmeter* 

Cooling a i r  f low t o  t h c  thimble chamber i s  i n d i c c t c d  by c. fan 
opcra tcd  swi tch  and a l i g h t  at t h e  c o n t r o l  pane lb  

c o o l m t  blower d r ive  system a r c  measured by c l c c t r i c a l  tcchometers.  
speed i s  recorded on t h c  tcchometcr c h a r t s ,  

bus, t h e  p i l e  power system, t h e  p i l e  c o n t r o l  system, and t h e  D,Ca alarm 
systemo 

l i g h t s  are opcrnted by l i m i t  svsitchcs which c l o s e  ;hen t h e  rod  plungers  
are "c l l  in"  o r  " a l l  out". T v o  l i g h t s  m e  provided f o r  ecch o f  t h e  s i x  
sZ.fcty rods.  

The p o s i t i o n  of t h e  r c g u l a t i n g  rod i s  shown by a p o i n t e r  d i a l ,  
which i s  ac tua ted  by a f o l l o m r  selsyn n o t o r ,  which i n  t u r n  i s  connected 
t o  t h e  mas ter  selsyn moto r  i n  t h c  p o s i t i o n  i n d i c c t i n g  r s s c n b l y  f o r  each 
shim rod. 

The specd o f  t h c  coolan t  b l o w r  and t h e  stcam t u r b i n c  i n  t h c  
The 

S t m d c r d  o l e c t r i c a l  vo l tme te r s  i n d i c a t e  t h e  vo l t ages  o f ,  t h e  main 

The p o s i t i o n  of e m h  o f  t h e  s a f e t y  rods i s  shoim by a l i g h t .  The 

A p o i n t c r  i s  a t t cchcd  t o  the sh?.ft d r i v i n g  t h e  s h i n  rod m m t c r  
s i g n a l  potent iometcro 

The p o s i t i o n  ind ic , a to r  d i n l s  f o r  t h c  shim rods m d  t h e  mas tcr  
s i g n a l  p o t c n t i a n c t c r s  a r e  mounted t o g e t h e r  so t h a t  a qu ick  comparison o f  
t h e  readings  can be mcde 'mid 2.ny e r r o r  noted. 

S u i t a b l e  p rc s su rc  gbgcs  c r c  provided t o  read t h e  helium pressure 
i n  t h e  r e se rve  tnnks and the pressure oE the  oil for the shart  seals. 

I n d i c a t i n g ,  l i g h t s ,  t u rned  on by t h e  r e s p c c t i v e  motor  s ta r te rs ,  
show t h a t  t h e  motor  genera tor  s e t s  f o r  shim m d  r e g u l n t i n g  rods arc opcr-  
cL-t ing 

I 

. r  

( 3 ) ,  Alarmso "hen t h c  p i l e  s i n  ope ra t ion  sme dcngerous 
cond i t ions  may a r i s e ;  which could cniisc 
a t i n g  personnel r  
of f  an slam, 
c a l l  t h e  ope ra to r s  a t t e n t i o n  t o  t h e  t r  

mage t o  t h e  p i l e  o r  i n j u r e  oper- 
Such 9. condTtion must shu t  t h e  p i l e  do7.rm; 2.s ?,fell as s e t  

Other; ,dmgcrous cond i t ions  need only  s e t  o f f  an nlnrm nnd 

i 
The s a f e t y :  r e l a y  c i r c u i t  i s  ed under i h e  synchronizing 

m d  i n t e r l o c k i n g  s e c t i o n  of  t h i s  repor t .  This c i r c u i t  ! con ta ins  twenty fou r  
c o n t a c t s  o r  s e t s  of c o n t a c t s ;  cnch of vh ich  indic2.tes c cond i t ion  dangerous 
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enough t o  r c q u i r e  immedictc p i l e  shutdown. 
t h e  manual lock  out  s v i t c h  have back c o n t a c t s  connected i n t o  ;I shutdovm 
almxn and s n n u n c i a t o r , c i r c u i t .  
con tac t  opens and allows t h e  s a f c t y  rods t o  f z l l  i n t o  t h e  p i l e ,  it r l s o  
c loses  a con tac t ,  energ izes  m annuncia tor  l i g h t  and s e t s  o f f  t h e  a lann  
b e l l o  The b e l l  csn be s i l e n c e d  by t u r n i n g  t h c  a m u a l  lockout  swi tch  t o  

A l l  o f  t h e s e  con tac t s  except  

This c i r c u i t  i s  designed so t h a t ,  when a 

s i l cncc .  .The l i g h t  cont inues  t o  burn u r i t i l  t h e  t r o u b l e  i s  cor rec tcdo  

The r a d i o c c t i v i t y  i s  mensured a t  t h e  en t r cnce  and e x i t  t o  t h e  ' 

v e n t i l a t i n z  s t a c k o  'JVhen t h i s  r a d i o a c t i v i t y  i s  h igh  cn r ? l am i s  s e t  off .  

0 

--@ I- 

This alarm c'mnot be s i l e n c e d  and the ?.lam cont inues  TO opern-ce u n b i . ~  u m  
cond i t ion  i s ' c o r r e c t e d .  

Another annunciator  system wi th  F. s i l e n c e c b l e  nlnrm i s  used t o  
i n d i c a t e  dangerously h i g h r a d i o z c t i v i t y  measured a t  a number of po in t s  
around t h e  p i l e  m d  b o i l e r  equipments. 

Radioac t i - r i ty  i s  mcasu?ed i n  t h e  v c n t i l c t i n g  space around t h e  
p i l e ,  each high tcnpcrr- turc  duc t ,  cach b o i l e r ,  each helium s u c t i o n  and 
d ischarge  header,  each h c l i m  blo?i%r, e:.ch h c l i m  surge t m k  and t h e  helium 
p u r i f i e r o  

S m p l c s  of t h e  helium crre d r h m  off and r a d i o a c t i v i t y  mensured 
c.t t h e  i l i l c t  'and o u t l c t  of each b o i l c r ,  i n l e t  and o u t l e t  o f  t h e  helium 
p u r i f i e r ,  e . c h  heliurn blovcr-motor housing, t h e  helium gas ho lde r  and t h e  
helium de cont ,aninat i on  system. 

Stepn 2nd 1VS.tcr sI;mplcb a r e  s i m i l a r l y  monitored f o r  r a d i o a c t i v i t y  
a t  t h e  sup6rhca tcr  s t e m  o u t l e t s ,  tkie b o i l e r  drum?-mtcr ,  t h e  b o i l e r  blow- 
down fmte r ,  t h e  condcnsate l i n e  o u t  of t h e  condcnscr, t h e  b o i l e r  fcedwzter  
pumps, t h e  deaerzkors  2x4 a i r  e j e c t o r s .  

Ecch compartment o r  room, t o  iphich ope ra t ing  personnel  hns access ,  
i s  monitored f o r  cl dmgerous r a d i o z c t i v i t y  i n t e n s i t y .  
is exceeded m nlarm is s e t  off a t  t h e  roon involved m d  an a m c i a t o r  
l i g h t  i s  lit i n  tho  p i l e  c o n t r o l  room. I 

Vhen E? s c f e  limit 

A meter  c o n t i n u a l l y  measures t h e  s t e m  condeksr;te conduc t iv i ty  
and has c. s e l f  contcined alc,rm rad m n u n c i a t o r  t o  i n d i c c t e  ?n excess ive  
q u a n t i t y  o f  i m p u r i t i e s  i n  t h e  water.  I 

I 

All t h e s e  k l n m  c i r c u i t s  a r e  energized from an emergency b a t t e r y  
power system s o  t h a t  powor i s  a v a i l r b l e  t o  operr-tc t h e  d a m s  evcn i f  t h e  
main supply f a i l s .  

I 
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6. Coolant System m d  Power Conversion Equipment 

The main coolant  c i r c u i t  i s  cornccted t o  t h e  p i l e  w i t h  d u p l i c a t e ,  

The high tempcrature  duc t s  connect t o  d u p l i c a t e  b o i l e r s ,  t he  

- 

high temperature ,  p a r a l l e l - f l o w  cooled, o u t l e t  duc t s  a d  w i t h  d u p l i c a t e  
i n l e t  ducts .  
dischprges from which connect t o  a co,mIon hecdcr. 
drr.w t h e  helium from t h i s  header and d i s c h u g e  t o  nr,othcr common head i r .  
Duplicate  duc t s  r e t u r n  t h e  h e l i m  t o  t h e  p i l e ,  krrnngement of equipment 
i s  shown s c h e n a t i c n l l y  i n  t h e  Flow Diagram, F i s .  48, 

Four blowers i n  p a r c l l e l  

Shut-off v d v c s  a r e  locz t ed  i n  th.c b o i l e r  d i schz rge  duc t s  and t h e  
p i l e  i n l c t  d u c t s .  Each blower has velves on t h e  i n l e t  m d  d i scha rge  i n  
t h e  connect ions t o  t h e  headers .  The h igh  tempernture b o i l c r  o u t l e t  duc t s  
have U-traps ir? .  l i e u  of vz lves .  The U-traps ?.re t o  be f i l l e d  x i t h  some 
low me l t ing  p o i n t  metp.1, such as lead-bismuth e l l o y ,  when the;- ?.re t o  be 
s h u t o f f ,  and t h i s  m5tp.l i s  t o  be melted ou t  when t h c y  n re  t o  bc opened. 
By s u i t a b l e  mznipul:~.tion of t h e  vclves, it i s  p o s s i b l e  t o  o p e r a t e  t h e  p i l e  
w i t h  any s i n g l e  p i e c e  of equipment i n  t h e  m a i n - c i r c u i t  i nope rc t ive ,  

Between t h c  blotrcr i n l e t  m d  d i scha rge  h-cnders i s  c by-psss con- 
n c c t i o n  con ta in ing  n s h u t o f f  v:>.lve m d  nn .o,d;just.ble b u t t e r f l y  valve.  
b u t t e r f l y  vElve is  used f o r  achieving quick resFonsc i n  f l o w  v a r i a t i o n  un- 
d e r  v a r y i r g  loads czd f o r  c o z t r o l l i n c  t h e  by-pass h c l i m  f low -t ve ry   lo^ 
power o pc r a t  i o n  , 

This 

A t  t h c  p o i n t s  where t h e  r e t u r n  duc t s  c o n m c t  t o  t h c  p i l e ,  6" d i -  
Thcsc 6" d i m c t e r  l i n e s  ameter l i n e s  c o r t a i n i n g  drmpcr v:.lves ?.re notcd. 

conduct t h e  cool  helium t o  t h e  p a r a l l e l  flow cooled h igh  tempcrature  duc t s  
and t h e  dcmpers c o n t r o l  t h i s  f law r e l a t i v e  t o  t h e  flow th rqugh  t h e  p i l e ,  

Thc p ip ing  f o r  t h e  main coo lan t  c i r c u i t  i s  i n d i c c t e d  on t h e  flow 
diagram. showing t f .e  pipe s i z e ,  hclium tcmperature,  helium p r e s s u r e ,  cnd 
helium flow. The a u x i l i a r y  systems such as supply,  surge ,  evacucLtion, e t c .  
i n d i c a t e  t h e  npproximate pipe s i z e s o  

The d o t t e d  l i n e  or, t h c  f low d i a g r m  r e p r e s e n t s  the s h i e l d i n g  against 
r a d i a t i o n o  
t h i n g  o u t s i d e  does not .  

Everything i n s i d e  t h e  d o t t e d  l i n e  r e q u i r e s  shieldi l lg  and every- 

%- 

The helium supply i s  co ixcc ted  t o  t h e  bloxvcr sluction header,  which 
is  a t  t he  l o w s t  p re s su re  ir, t h e  m a i ~  coolp.nt c i r c u i t .  I I$ means o f  valves 
and p ipes  shown, t h e i h e l i m  supply m a y  be discharged d i l r ec t ly  i n t o  the  main 
cool?.nt c i r c u i t  o r  it mey be passed through a p u r i f i c p h i o n  p l a n t  f i r s t .  
til vcry h igh  p u r i t y !  helium i s  a v a i l a b l e ,  2 p u r i f i c z t i o p  p l a n t  i s  r equ i r ed .  

Un- 

I 

The blower i n l e t  cand d i schc rge  headers  crc shqwn w i t h  b lmked-o f f  
ends. 
connect t o  new, 2nd !possibly d i f f e r e n t ,  blowers.  
i n c r e a s e  t h e  cc.pe.cit> o f  t h e  system or t o  r e p l c c e  blovrcrs which a r e  inopera- 
t i v e ,  and which c rnnot  bc renovcd bcciiuse o f  r n d i o n c t i v i t y .  

I t  i s  thought! t h a t  ct some f u t u r e  t h e  t h e s e  coyld be cxterrled t o  
This icould b6 d m e  t o  

n 
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A l l  equipment i n - t h e  main coo lan t  c i r c u i t  i s  designed f o r  a pres-  
s u r e  o f  250 p s i  gauge t o  a l l o w  f o r  a mzrgin of  s a f e t y  over  t h e  t e n  atmos- 
pheres  maximum o p e r a t i g g  p res su re .  
va lve  and r u p t u r e  d j s c  s o  t h s t  t h e  system p rezsu re  cannot r i s e  above t h e  
des ign  p res su re .  

The system i s  p r o t e c t e d  by a pop s a f e t y  

A l l  o f  t h e  equipment i n  t h e  main coolan t  c i r c u i t  i s  designed f o r  
.a maxinwn rati:ig t o  match a maximum p i l e  hea t  ou tpu t  o f  20,000 137. The ex- 
pec ted  normal f u l l  load  hea t  output  o f  t h e  p i l e  i s  12,000 IiKwhich g ives  
a normal. ra t i i ig  f o r  a l l  o f  t h e  main coolan t  c i r c u i t  eouipnent  of  60% o f  the  
maximum r a t i n g  . 

The fol lowing t a b l e  sumrrxirizes t h e  coolant; system performance a t  
normal ar_d maximum ou tpu t :  

Normal Max im um 

P i l e  Heat Output., KFi 12,000 20,000 

System OperLting P r e s s x e ,  Ltmospheres, kbs,  10 10 
(P res su res  shown i n  Fig.  46 a r e  p s i ,  f ibs . )  

Helium Tenperat i re-  En te r ing  P i l e ,  O F .  500 500 

1400 1400 h'eli im Temperature Leaving P i l e ,  0 F. 

H c l i m  Flow Through P i l e ,  L.b/Sec. 10.2 17 

Duct Cooling I- ie l im F l o ~ ,  Lb/Sec. 2 . 1  2.5 

T o t a l  Helium F l o a  Through Plowers ,  L.b/Sec. 12.3 19.5 

Pressu re  Drop Through P i l e ,  p s i  a s s  2.5 
T o t a l  System Fressvg-e Drop, ps,,i 1.4 3.61 

V e l o c i t y  of '  Felium Through High Temperature 
Duct f p s  66 110 

Veloc i ty  of  Helium Through Low 
Duct f p s  51 05 

Cycle,  Sec. , 6.7 4 
T i m e  Required f o r  Eeldurn t o  C 

k p l a n t ' l a y o u t  has  been nade'  
ing  t h e  g e n e r a l  arrangement o f  equiprne 
s i g n  of  t h e  components cf t h e  helium system are  desc r ibed  a s  f o l l o w s :  

t h e  main c i r c u i ' a t i n g  system show- . See Fig.  49. " The d e t a i l s  o f  de- 

- a. High lembcrature  D u c t ,  The gene ra l  a r raagenent  of t h e  h igh  
-& t empera ture  d i i c t c t i . i g  t h e  p i l e  t o  t h e  b o i l e r  i s  shown on Fig .  50. 

). =3 - 

. .  . .  
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Hcliun gczs from t h e  p i l e  i s  supp l i ed  t o  t h e  inne r  core  of t h c  duct  zit 5i 

t empera ture  o f  14009 F. m d  uncicr a p rc s su rc  of  132 p s i  gauge. 
of t h e  innc r  duc t  i s  cooled by meens o f  helium supp l i ed  t o  t h e  annulus s u r -  
rounding it. 
i s  %Oo F. and i t s  p res su re  i s  somewhat h ighc r  t h a n  t h e  p r e s s u r e  i n  t h e  
innc r  c9re .  Flow of  t h e  coolan t  i s  c o n t r o l l c d  t o  rnr.intcin tb.c m c t ? l  temp- 
e r a t u r e  i n  t h e  e x t e r n z l  duc t  n t  850° F. 
f o r  ;t m s i m u m  tempcrztturc of 1000° F. 
expansion i s  provided f o r  by ho.ving t h e  
f ixed .  

The cas ing  

Thc mPximum tempcra turc  o f  the  l-.elium uscd 2s  d u c t  coo lan t  

The duc t ,  hovrevtr, has  been designed 

b o i l e r  f l o z t  cnd t h e  p i l e  r i g i d l y  
I t  has  no expnnsion j o i n t s .  Duct 

The U-loop s h o w  i n  t h e  duc t  provides  means f o r  s e a l i n g  t h e  p i l e  
by use of l i q u i d s  or low me l t ing  d l o y s  ir! t h e  slnnulus and c o r e  when t h e  
p i 1 6  is shutdown t o  obtnir .  acccss  t o  t h e  b o i l e r  o r  t o  t h e  h igh  tempern- 
t u r e  duc t  between t h e  sen1  and t h e  b o i l e r .  Consect ions a r e  t o  be provided 
f o r  d r a i n i n g  both  m n u l u s  and core .  

The du.ct l i n e r s  forming t h e  annulus Ere a r r a n g e d ' t o  take t h e  ex- 
pans ion  caused by t h e  d i f f e r e n c e  i n  g e t a l  temperature  between t h e  l i n e r  and 
t h e  main body duc t .  It i s  not  in tended  t k t  t h e  j o i n t  be t i g h t .  Due t o  
t h e  h igher  p r e s s u r e  i n  t h e  annulus my  lenkage w9uld Occur from t h e  annulus 
t o  t h e  inne r  c o r e  a d  would n o t  be ob jec t iondc le  i n  sncll q u a n t i t i e s .  

The riain o r  o u t e r  duc t  i s  cor is t ructed i n  s e c t i o n s .  These s e c t i o n s  
are jo ined  t o g e t h e r  by means o f  c i r c m f c r e n t i n l  f u s i o n  v e l d s  t o  form a con- 
t i nuous  p ipe .  
,oble) o r  from s o  c n l l c d  " f s b r i c a t e d  sec t ions"  of bends and piping.  I n  e i t h e r  
case  t h e  i n s i d e  diameter should c l o s c l y  approxim?.te 24-1/2" 

Each s e c t i o n  could be formed from 26" O.D. p ipe  ( i f  procur-  A 
(1) Table o f  S p e c i f i c a t i o n s  - Outer Duct. -- 

Ins ide  Dixmeter 24- 1/2 " 

Design P res s  250 p s i  gauge 

?.!3ximwn ?kt a1 Tempcr n t u r c  10000 F. 

l l a t e r i a l  - Alloy S t e e l  ASIE Code Specls. S. A. 158 Grade 
Psa.  Thicknoss - t o  b e  determined i n  accordance w i t h  t h e  .a l lowsble  s t r e s s -  
es s p e c i f i e d  by t h e  ASME code f o r  power b o i l c r s  p l u s  1/10". 

The c i r c u l s r  l i n e r  or  i n n s r  s l e e v e  a c t i n g  as t h e  p a r t i -  
t i o n  between t h e  inne r  co re  and t h e  o t h e r  annulus  i s  cons t ruc t ed  i n  s h o r t  
s e c t i o n s .  
t ype  expansion j o i n t .  
whose purpose i s  t o  maintain c uniform d i s t a n c e  between t h e  l i n e r  m d  t h e  
e x t e r n a l  duct .  
s i o n  between 
t u d i n a l  motion of  one end of t h e  l i n e r  w i t h  r e s p e c t  t o  t h e  duc t ,  

Ends of . e k h  s e c t i o n  would be f a b r i c z t e d  t o  provide a s l i d i n g  
Spacers  m-e providsd  on t h e  o u t s i d e  of t h c  l i n c r  

Spacers  should be designed t o  c!.llo~v for;, d i f f e r e n t i a l  expan- 
o u t e r  d u c t  end innc r  l i n e r  and prcvent  my r e l a t i v e  longi -  

A 
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The l e n g t h  o f  t h e  s e c t i o n s  o f  t h e  l i n e r s  i s  s u b s t a n t i a l l y  
t h e  s m e  as t h e  l eng ths  of t h e  s e c t i o n s  of t h e  main duc t  p.nd t h e  ends of 
t h e  l i n 2 r s  would be l o c a t e d  cpproximetely 2.t t h e  p o s i t i o n s  o f  t h e  circum- 
f e r e n t i a l  welds i n  t h e  o u t e r  duc t ,  

( 2 )  T?.ble o f  S p e c i f i c c t i o n s  - Inner  Duct. 

In s ide  DiGmeter 22" 

Thickness o f  Liner  1/8" 

I h t e r i a l  - Alloy  s t e e l  AS?<E Code Specs. No. SA 158 Grr,dc PSa; 

b. B o i l e r .  Each o f  t h e  two b o i l e r s  t o  be provided i s  designed 
t o  absorb one-hclf  o f  t h e  h e a t  genera ted  by t h e  p i l e ,  based on p i l e  h e a t  
g e n e r a t i o n  at B ra te  of 20,000 XW w i t h  helium co,t 10 atmospheres hea ted  t o  
1400' F. a t  t h e  p i l e  o u t l e t  connec t ions*  I n  pas s ing  through t h e  h i g h  temp- 
e r a t u r e  d c c t  between t h e  p i l e  znd t h e  b o i l e r s  t h e  helium temperature  i s  re- 
duced 55' F,;  t h u s ,  T.t naximun des ign  r a t i n g ,  t h e  b o i l e r s  r e c e i v e  helium 
a t  1345' F. . n d  thc helium p r e s s u r e  r t  en t r snce  t o  t h c  b o i l e r s  is  132 p s i  
gauge. 
i s  st o r a t c  of 30,700 l b s .  pe r  hour,  2nd t h e  b o i l e r s  nre  s o  propor t ioned  
t h a t  t h e  helium p res su re  drop docs n o t  exceed f/2 p s i ,  

Thc primary helium flow through each  b o i l c r  under t h e s e  cond i t ions  

I n  a d d i t i o n  t o  t h i s  pr imery helium flow, each b o i l e r ,  n t  maxi- 
mum des igned  r a t i n g ,  r cco ives  4600 lbs .  p e r  hour of hel ium used f o r  cool ing  
t h e  h igh  tempera ture  duct  2s dcsc r ibcd  i n  t h e  prcv ious  s e c t i o n .  This duc t  
cool ing  helium reachcs  t h e  b o i l e r  a t  a tempera ture  o f  C8.5' F. The primary 
f u n c t i o n  of t h e  b o i l e r s ,  i n s o f a r  as ope ra t ion  o f  t h e  p i l e  i s  concerned, i s  
t o  coo l  t h e  primemy acd secondazy helium t o  500° F. or  lower,  f o r  r e t u r n  
t o  t h e  helium system vi2. t h e  low tempers.ture duc t  w o r k  and t h e  hel ium blomersa 

a 

The pr im.ry f u n c t i o n  of t h e  b o i l e r s ,  8s regards  t h e  p roduc t ion  
of  u s e f u l  power, i s  t o  gene ra t e  s tem.  
boiler produces 29,200 l b s .  per  hour o f  s t e m  ?t 450 p s i  gcuge 2.nd 735' F. 
f o r  d i scha rge  t o  t h e  s t e m  tu rb ines ,  vrhon supp l i ed  wi th  deze ra t ed  feedw?.ter 
at 235' F. 

A t  maximum designec' r a t i n g  cr-ch 

It has  been decided t h a t  forced  r e - c i r c u l a t i o n  type b o i l e r s  
bes t  meet t h e  requirements  o f  t h i s  a o p l i c a t i o n .  
shown schemat i ca l ly  i n  Fig.  51* 
h e a t i n g  s u r f a c e  i s  l o c d e d  w i t h i n  t h e  b i o l o g i c a l  s h i e l d i n g .  
and r e - c i r c u l c t i n g  pumps a r e  mounted o u t s i d e  t k e  s h i e l d  w i t h  t h e  necessary  
connect ing stcam nnd,water  l i n e s  pas s ing  t h e  s h i e l d  i n  such a mcnnc-r as t o  
avoid d i r e c t  r r d i e t i o n  pz ths  through t h e  s h i e l d i n g .  The b o i l e r s  a r e  dc- 
s igncd  t o  meet t h e . r e q u i r e m e n t s  of' t h e  IAS1.E b o i l e r  code, The b o i l c r  p re s -  
sure shell i s  designed f o r  250 p s i  gau$e p r c s s w o  w i t h , a n  added allowenee 
o f  1/10'' mctal t h i c h c s s  t o  provide  f o r  metal  nh ich  mzy be d i s s o l v e d  from 
exposed s u r f a c e s  dur,ing decontaminst ion ope ra t ions  

The b q i l c r  arrangement i s  
The bo , i l e r  p r e s s u r e  she l l  enc los ing  t h e  

The stcam drum 

b 
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Feedwatcr e n t e r s  t h e  economizer which i s  l o c a t e  
end o f  t h e  b o i l e r  p re s su re  s h e l l .  
h e a t s  thc: inconing feedwater  from 235' F. t o  420' F. and t h i s  hea ted  water  
i s  d ischarged  d i r e c t l y  t o  t h e  b o i l e r  s tean drum th rough  connect ing p ip ing  
which tr?.vcrses t h e  b i o l o g i c a l  s h i e l d .  The r s c i f c u l a t i o n  pump t a k e s  suc- 
t i o n  from t h c  b o i l e r  s t e m  drum and d ischarges  through t h e  s h i e l d  t o  t h e  
b o i l e r  ev rporn to r  i n l e t  1 ocatcd 2bove t h e  economizer w i th in  t h e  b o i l e r  
p r e s s u r e  s h e l l ,  
passage through t h e  evaporator  conve r t s  p r r t  of t h e  wa te r  t o  steam. This  
steam-water mix tu re  i s  d ischarged  from t h e  b o i l e r  evapora tor  o u t l e t  t o  
t h e  b o i l e r  s team drun  where t h e  water and steam a r e  separa ted .  The water  
mixes w i t h  t h e  incoming feedwater  from t h e  economizer and r e t u r n s  t o  the  
r e c i r c u l a t i o n  pump f o r  another  c i r c u i t  th rough t h e  evapora tor .  The s t e m  
passes  th rough  water  s e p a r a t o r s  providcd i n  t h e  ste'm drun and t h e  r e s u l t -  
ing  d ry  s a t u r e t e d  s t e m  i s  piped through t h e  s h i e l d i n g  t o  t h c  superhea ter  
i n l e t .  
t o  735 

A t  rztecl  b o i l e r  ou tput  t h e  economizer 

The hea t  absorbed by t h e  r e c i r c u l a t c d  water  dur ing  i t s  

I n  t h e  superhea t?r  t h e  temperc ture  o f  t h e  s t e m  i s  r a i s e d  from 460' F, 
F. f o r  d i schnrgc  t o  t h e  turbo-gemr?. tor .  

0 

The primary hc l iwn f l o w  e n t e r s  t h e  t o p  o f  t h e  b o i l c r  from t h e  
terminus o f  t h e  c e n t r a l  sect i .on o f  t h e  h i ch  tempera ture  duc t .  
hel ium f i r s t  trcverses t h e  uppcr s e c t i o n  o f  th.e b o i l e r  evapora tor  and reaches  
t h e  supe rhea te r  elements a t  somewhrt .,reduced .temp3ratture. Proper propor- 
t i o n i n g  of t h e  amount of evapora tor  s w f n c e  above t h s  supe rhea tc r  resu l t s  
i n  ms in tenmce  of s u b s t a n t i a l l y  c o n s t m t  superhea ted  ste,am t empera ture  
throughout  t h e  normal b o i l e r  ope rc t ing  cep:lcity rzngc. If t h i s  a r rangc-  
ment were not '  provided w-d t h e  supsrhce.tcr were l o c a t e d  F-t. t h e  t o p  of t h e  
b o i l e r ,  t h e  superheRted s toa?  tdmperzture  would i n c r e a s e  w i t h  decreas ing  
b o i l o r  ou tput ,  cr,d s p e c i a l  p recnut ions  would be necessary  t o  evoid over- 
h e a t i n g  t h e  supsrhce.ter,  and dam.ge t o  t h e  main s t e m  system and t u r b i n e s .  

The 1345' F. 

@ 

Thc pr immy helium flow, a f t e r  t r a v e r s i n g  t h e  supe rhea te r  passes 
ovcr  t h e  balc.nce o f  t h e  evapora tor  s u r f a c e  below t h e  superhea ter .  
th rough t h i s  lower evaporF.tor s e c t i o n  t h e  pr innry  helium strem i s  reduced 
t o  885' F., t h e  tempera ture  which t h e  duc t  cool ing  h e l i u n  a t t a i n s  a t  t h e  
boilcr end o f  t h i k  duct .  The duc t  coo l ing  annulus i s  extended i n t o  t h e  
b o i l e r  p r e s s u r e  s h e l l  t o  t h i s  p o i n t  and t h c  885' F. duct  coo l ing  helium 
mixes w i t h  t h e  primary helium flow. 
ba lance  of  t h e  evapora to r  end  pass  on th rough  t h e  cconomizer elements lo-  
c a t e d  a t  t h e  lower end o f  t h e  b o i l e r .  S u f f i c i e n t  economizer s u r f a c e  i s  
provided t o  coo l  t h e  helium t o  500°'F. 5:t maximum boi lc ' r  ou tput  r a t i n g .  
A t  reduced ebo i l c r  c a p a c i t y  t h e  combincd helium f l o w  lenving  t h e  economizer 
i s  cooled t o  E. t empera ture  lower t h m  500' F,,  t hc  ,amount 
depending on opera-ting cond i t ions .  

P a r t  way 

The combined s t reams t h e n  traverse t h e  

of temperature  

The lower end of t h e  b o i l e r  p r e s s u r e  s h e l l ,  below t h e  economizer, 
i s  a r ranged  f o r  removing wzter from t he helium ktrem. should a l e a k  occur  
i n  t h e  boi lc , r .  
t h e  in f luence  o f  g r a  i t y  and t h e  m a l l  p a r t i c l e s  m e  s e p a r a t e d  from t h e  
hel ium by s e p a r a t o r s  rovided  around the pc r iphc ry  o f  t h e  s h e l l  belovr the 
economizer. 
o f  t h e  helium t o  5% o r  less by weight under most adverse cond i t ions  o f  lcnkagc,  

Large s l u g s  of  vratcr fall t o  t h e  bottom o f  t h e  s h e l l  under 

I\ Thc separF.tors are designed t o  rcduce t h e  l i q u i d  wzter conten t  
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During normal operckior. of' t h e  p l a n t  t h e  moistu.re s e F a r a t o r s  p r  
e x t r z c t i o n  from t h e  helium s t r e m  of EeO dus t  p r r t i c l e s  dis lodged from t h e  
Be0 node rz to r  and f u e l  s l u g s  i n  t h e  p i l e , .  
t h e  lower end o f . t h e  b o i l e r  p re s su re  s h e l l  and blown o u t  t o  dec2.y t a n k s  
p e r i o d i c c l l  y . 

This materiF.1 i s  c o l l e c t e d  i n  

The p u r i f i e d  helium .flows upwcrd from t h e  s e p a r a t o r s  through 

Qy t h i s  means th.e p re s su re  s h e l l  i s  maintained a t  
an annulus provided between t h e  i n n e r  ccsing of t h e  b o i l e r  m d  t h e  o u t e r  
b o i l e r  p r e s s u r e  shol.1. 
EL unifolin temperature  o f  about 500' F. p.nd thermal s t r e s s e s  i n  t h e  p re s su re  
s h e l l  a r e  avoided x i t h o u t  t h e  need f o r  using i n t e r n a l  hea t  i n s u l a t i o n  which 
VJould complicate subsequent decontamination of  t h e  b o i l e r  f o r  i n s p e c t i o n  
o r  r e p a i r .  
cool ing m n u l u s , '  t h e  helium is c o l l e c t e d  and discharged through t h e  low 
tempercture  duc t  t o  t h e  p i l e  v i a  t h e  helium blowerso 

A t  t h e  upper end of t h e  b o i l e r  p r e s s u r e  she l l  above t h e  s h e l l  

Dc ta i l ed  s p e c i f i c a t i o n s  have been prepared t o  d e s c r i b e  t h e  
d e s i r e d  b o i l e r  arrangement as o u t l i n e d  above, and a r e  included f o r  informa- 
t i o n  i n  kppcndix G o f  t h i s  r e p o r t .  Two b o i l i r  nnnufec tu rc r s  have submit ted 
d e t a i l e d  design p r o p o s i t i o n s  complying w i t h  t h c s e  s p e c i f i c a t i o n s  e 

5 2 ,  53 and F4 show t h e  P r r n q e r e n t s  propssed w i t h  o v e r a l l  dimensions ,rind 
d e t a i l s  o f  v m i o u s  f e 3 t u r e s .  

Figures  

c . Low Tcmpcrnture Ductimg.. Ducting on t h e  low t e m p  r z t u r e  (500' 
F, )  s i d e  of t h c  main c i r c u l n t i n g  system t d w s  t h c  helium from t h e  b o i l c r  
through t h e  blowers cad b m k  t o  t he  p i l e .  
necessa ry  v z l v i n g  t o  i s o l - t e  b o i l c r s  nnd blowers xhcn d e s i r e d ;  it a l so  pro- 
v ides  f o r  necessc ry  f l e x i b i l i t y  t o  t c k e  c x e  of  d i f f c r e n t i a l  expansion bc- 
tween t h e  h o t  s i d c  o f  t h e  c i r c u k t i n g  systcm m d  t h e  l o u  temperature  s i d e .  

Thiz d u c t i n g  a l s o  provides f o r  @ 

The loiv tcmpcrature  duc t ing  i s  i l l u s t r n t e d  on t h e  p l a n t  l c y -  
o u t ,  Fig. 49. 
U lez.ding from ecch b o i l e r  t o  2 s  18" I. D. s u c t i o n  hcadcr.  Each l e g  of 
t h e  U contains t w o  bc l lows  t y p e  expcnsiori joints operq-ted i n  t a d e m  s o  as 
t o  t a k e  c a r e  o f  both l o n g i t u d i n d  and t r a n s v e r s e  motion. A va lve  i s  l o c a t e d  
E t  t h e  top  o f  t h e  U i n  t h e  h o r i z o n t a l  run. 
l i n e ,  a l s o  i n  t h e  form of an i f iver tcd U BS desc r ibed  above, i s  l e d  t o  each 
blower. From eech blower a 16" l i n e  i s  l e d  t o  an 18" I.  D. d i scha rge  header,  
aga in  by use o f  m i n v e r t e d  U.. 
18" I. D. l i n e s  r e t u r n  t o  t h e  p i l e ;  a f low metcr is loca ted  i n  each o f  t l iese  
l i n e s  e 

It c o n s i s t s  o f  an 18" I. D. l i n e  i n  t h e  form of nn i n v e r t e d  

From t h e  header,  2. 1611 I. D. 

From t h i s  header i n  a similar f a s h i o n  two 

I 

The l o y ~  t.emper:..ture d u c t i n g  i s  mchored  j u s t  bes ide  each va lve  
s o  t h a t  d i f f i c u l t y  would c o t  be encountered wi th  motion o f  t h e  v a l v e  s t em 
ex tens ion  i n  t h e  conc re t c  s h i e l d i n g .  
t e r  snd a r e  supported on r o l l e r s  along t h e i r  l cng th r .  R o l l e r s  a r e  i n s t a l l c d  
a t  t he  t o p  of each U t o  r c s i s t  moments on t h e  velves  which a r e  czused by 
t h e  f o r c e s  o f  t h e  expansion j o i n t s ,  ' 

Thc headers a r e  Ianchored i n  t h e  cen- 
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Eoth t h c  16" I D  m d  le" I D  d u c t s  arc 5/16" t h  
tempere turc  ductinF: i s  of carbon s t ee l ,  SA-158 Grcde sa as desc r ibed  i n  - 
"ASk3 Code S p e c i f i c c t i o n  f o r  m a t e r i a l s ,  1943", page 131. 

The 'xrrmgerncnt shovn 'provides f o r  v d v c s  i n  hor izor . ta1  p ipe  

myess ib le  du r ing  opern t ion .  Expnnsion j o i n t s  are i n  v e r t i c a l  p i p e  runs  
so t l i a2 t  ncid used f o r  d e c o n t m i n e t i o n  c m  b c  d.rained o u t  o f  then,. Duct- 
ing i s  crrnnged s o  t h c t  Eny equipment it i s  intended t o  i s o l s t e  i s  n o t  i n  
d i r c c t  l i n e  w i t h  t h e  v a l r e s  which do t h e  isol?.t ihg.  

~ runs  r?s recommonded by ~ q l v e  manufacturers ,  m d  p l m e s  them s o  t h e y  are 

d. Elowers. .The s i n g l e  s t e g e  c e n t r i f u g a l  conp-cssor t ype  of' 
blower has been s c l e c t o d  f o r  t h i s  applic:i.tion. As seen  i n  t h s  f low d i c g r m ,  
Fig.  48, f o u r  blowers ere used. Their  i n l e t s  me consec ted  t o  2. common 
header.  
each hloi;Jer t o  i s o l c t e  each blower e i t h e r  f o r  ope ra t ing  reasons,  o r  f o r  
i n spec t ion ,  rep,n.ir, o r  r.eplp.celnent of t h e  blowcrs.  The c q a c i t y  o f  blowers 
i s  such th>.t t h e  opsrctiol.1 of all fou r  i n  p n c l l e l  rii2tch.cs t h e  maximum p i l e  
heEt ou tpu t  of 20,000 K.V, w i t h  a s y s t m  p r e s s u r e  drop o f  3.61 ps i .  

,A velvc  i s  locched i n  each  i n l e t  and d ischarge  duc t  t o . m d  from 

The perforinance of o x h  bloxer  r.t naximun r a t e d  speed i s  irs 
follows : 

Volume Floiv 5340 ft. min. 

P res su re  Rise  3.61 p s i ,  

In1 e t  Tempe r a t  u r e  F. 

I n l e t  Pr  e s s u r e  147 p s i .  zbso lu t e ,  

h t e d  Speed 7200 rpm, 

R a g e  o f  Opcrzting Speeds 4 t o  1. 

Rated S h c f t  ?ov:er 116 hp. 

Each o f  t h a  blowers i s  e l e c t r i c a l l y  d r ive7  5y c? s q u i r r e l  cnge 

oidizlg t h e  need f o r  m a b s o l u t e l y  

' *  

i nduc t ion  motor c l o s e  coupled t o  t h o  c 
t h e  blower i n  2 corrmon housing the reby  
t i g h t  s h a f t  seal .  
seal ,  bu t  t h c  motor spzce i s  f i l l c d  x i t h  hel ium 2nd isi lhclium cooled; t h e  
helium i s  i n  t u r n  cooled  by n h e l i m -  - w h r  iicczt exchmger ,  The n o t o r  
i s  p r o t e c t e d  by a thbrmal s h i e l d  fr'om e 500' F, t e n p e r a t u r e  e x i s t i n g  i n  
t h e  helium stream.. 

The n o t o r  i s  a low v o l t a g e  machine opeqct ing  -t 130 orI1240 v o l t s  i n  o r d e r  
t o  minimize t h e  p o s s i b i l i t y  o f  i n s u l o t i o n  breckdown duk t o  r a d i a t i o n .  S i l i -  
core  bonded g l a s s  i n s u l a t i o n  i s  used. 
a t  vmiable  speeds from 25% t o  f u l l  speed, from a v a r i a b l e  f requency  source .  

p r e s s o r  7-nd t o t a l l y  enc losed  w i t h  

The motor 'and blower, are scp?s2.ted by a s imple l n b y r i n t h  
i I 

Sce Fig .  sso 
' ,( 

I1 The e l e c t r i c  n o t o r  has 2 normal r,n.ting of I125  hp r ? t  7450 rpm, 

, I R e  motor i s  ccpnble  of o p e r c t i n g  

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . .  * e .  8 -  . b o  0 0  e o  
0 0  0 0 0  c Scf 0 0 J O ,  or 0 0 0 3"O 20 



fi I n  o r d e r  t o  supply t h e  v a r i a b l e  f requency c u r r e n  
f o r  speed v a r i a t i o n  two 25'0 XU s t e m  d r i v e n  z l t e r n n t o r s  a r c  provided com- 
p l e t e  wi th  all necess r ry  c o n t r o l s  governing equipment zqd switchgear .  
One e l t e r n a t o r  m d  t u r b i x e  czn t r k e  c u e  of  two o r  mere bloiver units. 

For operzt.i.ng t h e  %lowers with quick  flow chr.nges under vnry- 
ing loads ,  n by-pzss l i n e  i s  provided (Scc  Fig .  48) i n  which i s  loczked a 
b u t t e r f l y  va lve  . This v d v e  i s  ac tua t ed  n u t o m - t i c d l y  inmcdic?tely upon 
load  v?.ri,.;tion and t h e  blower speed chmged af te rwards  ,?.s t h e  b u t t e r f l y  
vnlve i s  r e t u r n e d  t o  i t s  s t endy  s t a t e  pos i t io r? .  

e o .  - Lnrge Vdves .  The hel ium f low dip.grcii shows th2-t :, nunber 
of l,n.rge va lves  arc r equ i r e?  i n  t h e  r?r.in flovr s y s t e n  r h i c k  con ta ins  rcd io-  
z c t i v e  i m p u r i t i e s .  n LhCze are RS fo l lows:  

Loc::t i o n  

Duct t o  P i l e  

B o i l e r  Out lc t  

Blower I n l c t  tmd Discbarge 1(yI e 
Blower Eezder By-pzs s la f f  1 

Evacu-tion System I n l e t  18" 1 
A 

The va lves  used i n  t h e s e  1ocEtion.s ?,re of t h e  double  d i s c ,  
bu f fe red ,  g,n.te vF.lve t y p e ,  shown i n  F ig .  56, r.nd hzving t!ie fo l lowing  spec- 
id f e z t u r e s :  

(1) Operr.tion o f  thc: g a t e  i s  achieved by 2. r i s i n g  stem 
which pcsscs  th rough  t h e  6' biologicT.1 concre te  zh ie ld .  
t o  p r c v e n t  cny s t r e i g h t  p c t h  f o r  r?.di?.t ior, lerlmge. 

The stem i s  s tepped  

( 2 )  The v d v c  s ten packi?g i s  o u t s i d e  o f  the s h i e l d i n g  
nnd so Rrrrnged t h e t  it c~.:n be ch?.nged with t h e  w.1ve i n  e i t h e r  t h e  open 
o r  c l o s e d  p o s i t i o n .  

( 3 )  
r i n g  i n  t h e  p,-.cking, ' Thus, pure 'Peliu;?. xould lcrk i n t o  t h e  vc lve  r.nd pure  
helium would l enk  ou t  o f  t h e  p?.ckir,g. 
second l m t c r n  r i n g  ?,rd piped t o  a s t n c k  3r suit,n.blc deczy t:..nk. 

Eclium undcr prczzure  i s  in t roduced  i n t o  9. l m t c r n  

The out-le,-..l:cge i s  c o l l e c t c d  i n  a 

(4 )  The in-le,olc-ge o f  h c l i u n  i s  l i r i i t e d  b>r P. b s k - s e d  
when t h e  vclve i s  open. 
s h i e l d  nre  f u l l  o f  pure helium, m d  the  cont rminc ted  helium i s  r e s t r i c t e d  
t o  t h e  bonnet and va lve  sect .  

Thus, tilt s tcn n.nd stem con ta in ing  t u b e  i n  t h e  

(5) During opening o r  c los ing  o f  t h e  vz lve ,  t h e r e  would 
be an  inf low o f  hclitnn between t h c  sten mid stcrn t u b e  which would prevent  
cont ,minnted h c l i m  from e n t e r i n g  t h i s  spnce Q 
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a rs 
(6) Then t h e  vz lve  i s  c losed ,  pure helium u n d m  

i s  supp l i ed  along t h e  stem i n t o  t h e  bonnet. 
stem through my lea$ i n  t h e  v z l v e  s e a t s .  Thus, t h e  two vz lve  s e a t s  a r e  
independently sea l ed ,  .and helium leo.kage would d w a p  be pure helium in-  
ward, even i f  one s i d e  o f  t h e  va lve  i s  open to atmospheric a i r .  

This would leak i n t o  t h e  sy- 

( 7 )  The va lve  i s  o f  all welded c o n s t r u c t i o n  using wrought 
m a t e r i a l s  t o  minimize leakage o f  r ad iocc t ive '  helium. 

(8) The vc lve  i s  provided w i t h  e l e c t r i c  motor oper  R t '  ion., 
P rov i s ion  i s  nzde f o r  manual operr.tion i n  c8sc o f  an e l e c t r i c  power f a i l u r e .  

( 9 )  The n a i n  body o f  t h e  v a l v c  i s  of p l a i n  czrbon s t e e l , .  
This  i s  t h e  same materic.1 used i n  t h e  low ASME Code Spec. SA-lS8-PLSa. 

tempercture  helium duc t s  which a r e  wclded t o  t h e  v d v c .  

(10) The va lve  i s  mounted r i g i d l y  on a s u i t a b l e  base founda- 
t i o n .  Thermnl expz.nsion s t r e s s e s  i n  t h e  low t e n p e r a t w e  d u c t s  a r e  r e l i e v e d  
by expansion j o i n t s  i n  t h e s e  duc t s  s o  t h e  valve c m  rcmcin f ixed .  

Valve s e a t s  m e  made o f  soft s t e l l i t c  s o a t i n g  a g a i n s t  h-rd 
s t e l l i t e .  
which would cause a p re s su re  r i s e  o f  440 n i c r o n  cu. ft. p e r  hour on  vacuum 
t e s t  o f  2, s i n g l e  valve.  
o p e r s t i n g  c c n d i t i o n s ,  

Thc helium ledccgc th rough  ecch vnlvo se?.t i s  l i v i t e d  t o  t h a t  

This corresponds t o  a le?.kcge o f  1.65 cc/hr. ?.t 

f .  Moisture De tec tg r .  The moisture  d e t e c t o r  i s  l o c c t e d  i n  t h e  
helium s t r c m ,  as shown i n  t h e  P l o w  Dizgr,m, Fig.  48, t o  d e t e c t  s m d l  l e a k s  
o f  s t e m  o r  wzter from t h e  b o i l e r  i n t o  t h e  helium system dur ing  o p e r a t i o n  
and t o  shutdovm t h e  p i l e  when t h c r e  i s  a sudder? i n c r e a s e  i n  t h e  moisture  
con ten t  o f  t h e  helium stream. 

The design which appears nost  s a t i s f a c t o r y  a t  t h e  p re sen t  t ime 
i s  t h a t  i n c o r p o r a t i n g  two instruments ,  a s p e c i a l l y  dehumidified I n f r a  Red 
Analyser (Bnird Assoc ia t e s )  f o r  neasurerr,ent and d e t c c t i o n  o f  smell amounts  
o f  water vapor -and <an inst rumcnt  based OE t h e  change i n  e l e c t r i c  surface 
c o n d u c t i v i t y  w i t h  c h p q e s  i n  moi s tu re  conten;t t o  t r i p  t h e  s a f e t y  rods  i n  
cese  o f  excess ive  moisture .  

The Infrp. Red Analyser i s  designed t o  t r i p ,  cn  alarm when t h e  
moi s tu re  c o n t e n t  r i s e s  to ,  l-$ m d  t h e  e l e c t r i c a l  c o n d u c t i v i t y  instrument  
t r i p s  t h e  s a f e t y  rods i n t o  t h e  p i l e  when t h e  rr,oisture r i s e s  t o  4-6%. 
r eco rde r  i s  i n c l u d e d ' w i t h  t h e s e  dcvices  t o  g i v e  5: p c r m h e n t  r eco rd  o f  t h e  
moisture  con ten t  over a long pe r iod  o f  time. 
r eco rd ing  apparatus  i s  designed t o  ope rn te  s n t i s f n c t o r i l y  over a p r e s s u r e  
rcnge o f  1 t o  10 atmospheres ?Ed over'a tempcrp.ture rcnge from 60 t o  sOOo F. 

A 

The moisture  d e t e c t i o n  and 

P rov i s idns  are made i n  t h i s  dev ice  t o  perndt  p u t t i n g  i n  a drop 
o f  water from t i n e  t? t ime t o  check t h e  s e n s i t i v i t y  o f  t h e  instrument ,  af- 
t e r  i n s t a l l c t i o n ,  par t icu1,wly wi th  r e s p e c t  t o  t h e  e f f e c t  o f  nccwnuh t ion  
of d i r t  and impur i t i e s ;  
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g. Surge System. The su rge  system i s  provided as an e x p e r h e n -  
t a l  f a c i l i t y  f o r  changing t h e  operc.ting p rcs su rc  i n t h e  power p l a n t .  I t  
c o n s i s t s  of two s e t s  of  gas s t o r a g e  t anks ,  a ~ O T J  p r e s s u r e  s e t  and a high 
p r e s s u r e  s e t ,  so  arranged t h a t  &as p r e s s u r e  i n  t h e  p i l e  cool ing system 
may be reduced by p r e s s u r e  t r a n s f e r  or e q u a l i z a t i o n  w i t h  t h e  low p r e s s u r e  
s e t  o f  t anks ,  o r  nay be inc reased  by p r e s s u r e  transfer from t h e  high-pres- 
s u r e  s e t  of tanks. ,  A pump i s  provided w i t h i n  t h e  surge system t o  t r a n s f e r  
gas from t h e  low pres su re  s e t  t o  t h e  high p r e s s u r e  s e t .  A hea t  exchanger 
i n  t h e  t r m s f e r  l i n e  between t h e  su rge  system and the  p i l e  coo l ing  system 
se rves  t o  cool  t h e  hot  gas being t r a n s f e r r e d  t o  t h e  surge system; t h i s  
h e a t  exchanger would be by-passed when t r a n s f e r  is  i n  t h e  oppos i t e  d i r e c -  
t i o n .  k diagram o f  t h i s  system i s  shown i n  Fig.  57. 

. The h igh  p r e s s u r e  s t o r a g e  f a c i l i t i e s  c o c s i s t  of f o u r  tanks,  
each having a volume o f  750 cubic  fee t ,  and each capable o f  r e t a i n i n g  h e l -  
ium gas at a p r e s s u r e  o f  f i f t e e n  btmospheres abso lu t e  and a t  t e n p e r a t u r e s  
up t o  180' F. The minimum o p e r a t i n g  temperature  would be t h a t  of t h e  ex- 
treme weather a t  t h e  f i n a l  p l a n t  s i t e ,  and cmi be assumed t o  be -10' F . . i f  
t h e  i n s t a l l a t i o n  i s  mede i n  O a k  Ridge. 

The 1 0 - v ~  p r e s s u r e  s t o r a g e  f a c i l i t i e s  include t h r e e  tariks, each 
having a volme of  3300 cubic  f e e t .  Eaci: of t h e s e  tanks i s  capable o f  r e -  
t a i n i n g  helium gas a t  p r e s su res  up t o  4 2.tmospheres and a t  temperatures  
not  h ighe r  t h a n  180' F. o r  lovm- than -10' F.. One t a n k  i s  a l s o  capab le  of 
o p e r a t i o n  a t  reduced p res su re  down t o  one ter?th atmosphere. 

Both t h e  high p res su re  and low p r e s s u r e  t a n k s  a r e  o f  a l l  welded 
c o n s t r u c t i o n ,  f a b r i c a t e d  from ~ O Y J  carbon s t e e l  and  a r e  f r e e  from any l e a k s  
d e t e c t a b l e  by an e l e c t r o n i c  l e a k  d e t e c t o r  . 

The t r a n s f e r  pump ~ R S  R c a p a c i t y  o f  40 CL% a t  s u c t i o n  cond i t ions  
o f  one atmosphere m d  100' F. w i t h  a to ta l .  compression r z t i o  of f i f t e e n ,  
Two such pumps c r c  provided, one f o r  normal ope ra t ion  and one f o r  s tandby.  
I n  a d d i t i o n  t o  t h e  main t r m s f e r  p m p s ,  two low p r e s s u r e  t r a n s f e r  pumps a r e  
provided t o  reduce the p r e s s u r e  i n  one of t h e  low pres su re  t a n k s  t o  one- 
h a l f  atmosphere o r  less .  One o f  t h e s e  pmps  i s  f o r  n o v a 1  ope rn t ion  and 
t h e  o t h e r  f o r  s t a n d b i  s e r v i c e .  E i t h e r  i s  capable o f  puhping h e l i m  a t  a 
ra te  of 40 cfm a t  s u c t i o n  cond i t ions  of one-half c?tmosphere end 100' F. 
w i t h  a compression r n t i o  o f  fou r , .  

I 

The hea t  exchanger i n  t h e  r a m f e r  l i n e  from t h e  p i l e  coo l ing  
system i s  capable  o f  coo l ing  h e l i u n  gas from 500' F. t o  looo F., a t  a maxi- 
mum r a t e  of 2 0  l b s .  per  min. f o r  f ivc  mizutes ,  under co ' rdi t ions o f  decrezs-  
ing gas p r e s s u r e  f ro$ 10 atmospheres t o  1 ctmosphcrc. 

! 
I '  

A11 piping i n  t h e  su rge  system i s  extra-s t , rong seamlcss s t e e l  
p i p e ,  w i th  welded j o i n t s .  
bon s t e e l  c o n s t r u c t i o n ,  bel lows-sealed,  globe o r  angle ( type,  supp l i ed  w i t h  
wclding ends. ,  Vclves used f o r  i s o l a t i o n  of p a r t s  o f  t h ' i s  system f o r  de- 
cont ,minnt ion o r  maintenance work a r e  i n s t z l l e d  i n  d u p l i c a t e ,  i . e . ,  two 
va lves  i n  s e r i e s  w i t h  p rov i s ion  f o r  applying ;i b u f f e r  gas p r e s s u r e  between 
them,, 

Valves i n  these l i n e s  are 0 4  f a b r i c a t e d  low c a r -  

- 102 - 
1 

...................... . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  ... 0 . .  t z ;  . . . . . . . . . . .  
0 0 0 0  0 0  O D  

00  OE^ c -3 :  : : 00 cc- i. _. _ _  



hll t a n k s ,  pimps, va lves ,  m d  p ip ing  i n  t h e  surge system a r e  
surrounded by b i o l o g i c a l  s h i e l d i n g .  
a b l y  v e n t i l a t e d  and monitored t o  d e t e c t  any r a d i o a c t i v i t y  which might r e -  
s u l t  from a smzll leak.  

The space i n s i d e  t h e  s h i e l d i n g  i s  s u i t -  ’@ 

h. Ges Holder and Sa fe ty  Device. As shown on t h e  Flow Diagram, 
Fig.  48, a gas holder  is supp l i ed  i n  t h e  system t o  r e c e i v e  t h e  e n t i r e  h e l -  
i u m  ckarge from t h e  system i n  event  t h a t  c i r c u l a t i n g  s y s t m  must be dumped. 
Since t h e  gas holder  must have s u i t a b l e  r a d i x t i o n  s h i e l d i n g  f o r  s a f e t y ,  
it i s  underground w i t h  a conc re t e  l i d  over it about 5 ft. t h i c k  and a l a r g e  
v e n t  p o i n t i n g ’ s t r n i g h t  up. The gas h o l d e r  i s  of t h e  usuc.1 water s e a l  t y p e  
wi th  nbout 28,000 f t .3  KPT c a p a c i t y .  This i s  s u f f i c i e n t  t o  hold t h e  charge 
of t h e  helium s y s t e n  e t  10 atnospheres  and room temperature .  The des ign  
of t h e  l i d  would hcve t o  be s p e c i a l  t o  withstand t h e  sudden a c c e l e r a t i o n  
due t o  sudden dumping o f  t h e  p i l e .  
i n t o  t h e  gns decont,min:rtior. system s o  the. gas ho lde r  can be s lowly emptied 
once i t  i s  f i l l e d .  

The d i s c h r r g e  from t h i s  gas ho lde r  feeds 

Between t h e  p i l e  helium system cnd  t h c  g ~ s  h o l d e r ,  a s a f e t y  
device i s  provided c o c s i s t i n g  o f  a s e z l c d  b u r s t i n g  d i s c  p l aced  i n  t h e  d i s -  
charge l i n e  o f  a t o t a l l y  cnc los sd  s p r i n g  loaded pop s a f e t y  valve which i s  
provided wi th  ‘an excess flow chcck vc lve  by-pass. The rup tu re  d i s c  i s  de- 
s igned t o  break e t  a s z f e  p re s su re  f o r  t h e  system nnd t h o  r e l i e f  va lve  i s  
s e t  t o  c l o s c  a t  some lower p re s su re .  r‘iith t h i s  combination, t h e  r u p t u r e  
d i s c  would make t h e  u n i t  p e r f e c t l y  t i g h t  d u r i r g  normal o p c r n t i o n  o f  t h e  p i l e .  
If t h e  p r e s s u r e  should ever  g c t  ovt  of c o n t r o l  r i s e  t o  brezk t h e  rup- 
t u r e  d i s c  o n l y  t h e  amount of helium which must be discharged t o  lower t h e  
p r e s s u r e  t o  t h e  s e t t i n g  of t h e  r e l i e f  va lve  would be l o s t  from t h e  system, 
i .e . ,  t h e  s a f e t y  dev ice  would not  dump t h e  svstem t o  atmosphcric p re s su re .  

The excess  flow check ve lve  by-passing t h e  r e l i e f  velve i n s u r e s  
t h e  presence o f  t h e  system p res su re  on t h e  r u p t u r e  d i s c  z t  all t imes by r e -  
maining open as long zs the d i s c  i s  i n t a c t ,  I n  t h e  even t  t h z t  t h e  d i s c  rup- 
t u r e s  t h e  r u s h  o f  gcs t h rough  t h o  excess flow check va lve  c l o s e s  t h e  check 
and t h e  d i f f e r e n t i a l  between t h e  system p r e s s u r e  and atmospheric p r e s s u r e  
keeps it closed. The relief valve the opens and discharges helium to the 
atmosphere u n t i l  t h e  ,system p r e s s u r e  i blown down t o  t h e  c los ing  p r e s s u r e  
of t h e  r c l i e f  ya lvs .  If a second p r e s  r e  i n c r e a s e  t a k e s  p l a c e  be fo re  t h e  
d i s c  can b e  r cp laced  ; the r e l i e f  valve reopens and o p e r a t e s  i n  t h e  same man- 
n e r . a s  t h e  s a f e t y  v a l v c  on m y  convect ional  s t e m  o r  gas pres su re .  

I n  o rde r  t o .  avoid leeknge hrough t h e  s n f e t y  device a f t e r  t h e  
d i s c  has once rup tu red  it i s  necessa ry  t o  shu t  down t h e  p l a n t  m d  i n s t c l l  
a new d i s c .  

D e t a i l  ‘design o f  t he  g c s  holder  and s a f e t y  dev ice  hns not been 
undertaken except  t o  p r e p m e  t h e  neccssr?ry s p e c i f i c n t i o n s  o u t l i n e d  above. 

i, The space irrmediakely i n s i d e  t h e  
s h i e l d i n g  i s  ss‘ure slight131 below atmospheric and 
cont inuously swept o r  v e n t i l e t e d  by c?ir drawn th rough  an exhaust f m  and 
discharged up a ? t a c k .  The purpose i s  tq sweep aw2.y .my s m n l l  amounts of 
helium th2.t may l eak  i n t o  t h i s  space 2nd prevent  t h i s  ledcage from coming 
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t h rough  t h e  s h i e l d  and endangering personnel .  
t o r e d  a t  2.11 t imes  t o  d e t e c t  m y  c c t i v i t y  which would i n d i c a t e  c leak o r  
imminent fa i lure ' .  

The a i r  stre'm would be moni- 

This  v e n t i l a t i o n  system would inc lude  on ly  stcndF.rd i n d u s t r i -  
al. 
i s  begun. 

c o n t r o l s  2nd i s  t o  be  des igned  i n  d e t c i l  a f t e r  f i n a l  l zyout  o f  t h e  p l e a t  

j .  Helium P u r i f i c a t i o n .  Small concen t r a t ions  o f  c c r t z i n  inpur i -  
t i e s  i n  the  h c l i u n  coo lan t  may i n t e r f e r e  wi th  e f f i c i e n t  p i l e  opcra t ion .  
Accordingly,  s i n c e  va r ious  i m p u r i t i e s  will be in t roduced  i n t o  t h c  system 
by commercial helium and by t h e  format ion  of gcseous i m p u r i t i e s  from v o l a t i l -  
i z a t i o n  of m d  by chemical r e c c t i o n s  between p i l e  ms.terials,  p r o v i s i o n  i s  
made f o r  p u r i f i c a t i o n  and d e t e c t i o n  f a c i l i t i e s  i n  t h e  helium system, i n  
a d d i t i o n  t o  t h e  mois ture  separat0.r  and d e t e c t o r  p rcv ious ly  descr ibed;  

(1) De tec t ion  - The mass spec t rometer  has  been s e l e c t e d  as 
t h e  ins t rument  most s u i t a b l e  f o r  analyzing t h e  c o o l m t  f o r  impur i t i e s .  I n  
Columns 4 and 5 ,  Table XVI, are  t,-,buli?ted t h e  l i m i t s  of' s e n s i t i v i t y  of t h e  
mp.ss spec t rometer  f o r  a s t anda rd  tmcl c lso  f o r  a s p e c i a l  type  instrument .  
The mass spec t rometer  i s  not  sc t i s f  s t o r y  f o r  wnter  vapor d e t e r m i m t i o n  and 
it probzbly  would n o t  he  s e n s i t i v e  enough f o r  oxygen a n a l y s i s .  However, 
t h i s  instrument  i s  u s e f u l  f o r  sccinriiny t h e  molccul,n,r weight spectrum and 
determining poss ib le  impur i t i e s  ( i . e . ,  ox ides  o f  n i t r o g e n )  no t  now fo resee -  
ab le .  It i s  c vzluable  t o o l  f o r  s tudying  t h e  formrbtion of  g2seous impuri- 
t i e s  d u r i r g  p i l e  ope ra t ion .  
A i r  Rcduction Seles  Company makes c. d e t e c t o r  known as k i r c o  Oxygen l k t h o d  
#3 which i s  recornended f o r  t h i s  e.pplic:.tion. The Bnird L.,ssoci-.tes I n f r a  
Red Analyzer m d  e l e c t r i c  s u r f a c e  conduc t iv i ty  i n s t r m c n t  d i scussed  i n  
P a r t  B-6-f of  t h i s  s e c t i o n  arc provided f o r  moi s tu re  d e t e c t i o n .  

So f p r  cs oTre;cn d e t e c t i o n  i s  c x c e r n e d  t h e  

( 2 )  Pu r i . f i ca t ion  - Thc p u r i f i c n t i o n  p l x k  i s  composed o f  fou r  
pm-ts, an EvacuP.tTon ,and Degass i f i cn t ion  System, a linkc-up iielium Pur i f  ica- 
t i o n  System, c. Continuous P u r i f i e r  nnd P- Gcs Decont 'minction System. 

(a) Zvacuation and D e g c s s i f i c a t i o n  S y s t e m .  Tho lerge 
q u a n t i t y  o f  gaseous i m p u r i t i e s  adsorbed on t h e  s u r f a c e s  o f  t h e  v a r i o u s  p i l e  
mater ia ls  vIould have t o  be removed before t h e  p i l e  i s  s t a r t e d  i n  order  t o  
minimize p o s s i b l e  c o n t m i c a t i o n  o f  t h e  c o o l z i t .  This is  done as follows: 

1. Evzcuate system v;ith a m u l t i s t a g e  j e t  pump ( I b - t h -  
i ng ton  Pump and h c h i n e r y  CorporEtion) .  
1 

2 ,  In t roduce  h e l i m  i n t o  t k e  evacuated system. C i r -  
c u l a t e  end hea t  t h e  helium by means of s te ,m i n  t h e  b o i l c r  o r  by means o f  
e l e c t r i c  h e a t e r s .  

3 .  Evacuate h o t  system i n  order  t o  desorb  impur i t i e s .  

t 4. R e f i l l  w i t h  p u r i f i e d  heliun, hea t  and c i r c u l z t e .  

5 .. Evacuate.  

6. Repeat as o f t e n  as i s  necessary  2.s shown by analy-  
'sis of t ho  coolan t .  
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c 
The fo rego ing  procedure would remove most of t h e  e a s i -  

l y  desorbed gaseous i m p u r i t i e s .  Trher, t h e  p i l e  i s  s t a r t e d ,  add i t ion21  gases 
would be desorbed. 
t i o n s  and would be removed by t h e  continuous p u r i f i e r .  

However, --these gzses would zppeer i n  l e s s e r  concentra-  
8' 

(b)  Ihke-up Helium P u r i f i c - t i o n  System. Comnercial grade 
helium o f  p u r i t y  93.0 - 98 .'@ . helium i s  supp l i ed  by t h e  Bureau o f  fJines.  A 
compilat ion of t y p i c a l  analyses  i s  given i n  Column 2 ,  Table X V I ,  Xelium is 
d e l i v e r e d  f r o n  t h e  p l a n t  i n  Amaril lo,  Texas, i n  r a i l r o c d  t a n k  c a r s  a t  1800- 

Thc; Eureau of Mines 
claims t h z t  39.6s h igh  p u r i t y  grade helium w i l l  be a v a i l a b l e  t h e  l a t t e r  p.rt 
o f  1947, 
i f  it i s  availp.ble. P u r i f i c a t i o n  f a c i l i t i e s  are provided, however, f o r  us- 
ing commercial grade p u r i t y .  

2500 p s i ,  each t s n k  c a r  con ta in ing  cbout 200,000 f t .  3 . 
The h igh  p u r i t y  grade would be used i n  t h e  high temperature  p i l e  

A small l o x  temperature m t i v c t e d  cha rcoa l  adso rp t ion  
p l a n t  would be used f o r  t h i s  purpose. A d r y e r  o f  t h e  e l e c t r o d r y e r  t y p e  i s  
used i n  conjunct ion wi th  t h i s  u n i t .  lhc  c a p c c i t y  of t h e  p l m t  and d rye r  
i s  s u f f i c i e n t  t o  supply a d a i l y  make-up o f  1000 ft.3 o f  helium p e r  day. 
This f i g u r e  may be r e v i s c d  dovmward. No s h i e l d i n g  i s  r e q u i r e d  f o r  t h i s  
p l a n t .  

m 

k diagram o f  t h e  make-up p u r i f i c z t i o n  system i s  shown i n  Fig. 58. 

( c )  Continuous P u r i f i e r .  k r c f r i g e r a t e d ,  activtxked char-  
c o a l  p u r i f i c a t i o n  p l a n t  i s  used f o r  c o p t i n u o w  p u r i f i c a t i o n  of t h e  helium. 
R e f r i g e r c t i o n  i s  ob ta incd  from a c loscd  n i t r o g c n  cyclo engine s i m i l a r  t o  
t h e  type  now being used by t h e  Bureau of  biines ct l imnril lo,  Texas, h d i a -  
gr,m of t h c  Continuous P u r i f i e r  i s  shown i n  Fiy;. 5 9 .  
p l a n t  has been s c t  L t  10,000 f t . 3  of helium pe r  hour.  
w i l l  maintain t h e  p u r i t y  o f  t h e  helium well viithir, t h e  t o l e r c n c e s  which have 
been e s t c b l i s h e d .  

n ihe  c c ? p w i t y  o f  t h e  
A p l a n t  of t h i s  s i z e  

Tolerances f o r  t h e  design o f  t h e  Continuous P u r i f i e r  
a r e  l i s t e d  i n  Column 3, Table XVI.  
from a v a i l a b l e  information,  and nre  f o r  t h e  p i l e  opc rx t ing  a t  c level  of 
10,000 KW, 
arc tentRtive. .  

They hp.qe bccn c o n s e r v a t i v e l y  e s t ima tcd  

Because sone o f  t h e  informction v i m  incomplete, t h e  t o l e r a n c e s  

( d )  Gas Decontaminction Systcn.  Decont,mination of r ad io -  
a c t i v e  h e l i u n  gas which must be disposed o f  i s  provided by t h e  fol lowing 
f a c i l i t i e s  a l l  o f  which must be sh i e lded .  

1. Low temperature  c h m c o a l  p u r i f i c z t i o n ,  i f  necessary.  

* 2 .  S to rage  t anks  f o r  t h e  decay of r a d i o a c t i v i t y .  A 
t e n t a t i v e  c a p a c i t y  of 100,000 ft.3 t o t a l  hes been chosen as adequate.  
f i g u r e  i s  s u b j e c t  t o  probable  r e v i s i o n  downward. 

This  

3 .  D i l u t i o n  o f  r a d i o a c t i v e  gas f o r  s t a c k  d i s p o s a l .  
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k. Steam Power Generating System. - 
(1) Main S t e m  Power System - The s t e m  power gene ra t ing  equip- 

ment i s  arranged t o  ope ra t e  on t h e  complete-expansion Eankine-cycle as in -  
d i c s t e d  by Fig.  60, which shows t h e  co rnec t ions  f o r  t h e  main end a u x i l i a r y  
s t e m  systom, 
p re s su re  and 735' F. temperature  t o  o common header loca t ed  ad jacen t  t o  t h e  
power g e n e r a t i n g  equipment. 
i n g  p ipc  s p t e n  a r e  expected t o  reduce t h i s  p r e s s u r e  and tcmpcrature  t o  
415 p s i  gauge and 725' F., r e s p e c t i v e l y ,  a t  t h e  headcr.  
t hen  made from the  main header t o  equipment as f o l l o n s :  

S t e m  i s  conducted from t h e  two b o i l e r s  a t  450 p s i  gauge 

P res su re  drop arrd h c c t  losses  i n  t he  conduct- 

Conncctions a r e  

(a) Two connections a r e  providcd f o r  each  o f  t h e  main 
tu rbo-gene ra to r s  . 
by t h e  General E l e c t r i c  Company f o r  a r a t i n g  of 4600 ICI'I ct 5600 rpm ( 9 3  
c y c l e s ) ;  t hey  gene ra t e  1800 €X c t  3600 r g m  (60 c y c l e s ) .  
t i o n  w i t h  410 p s i  gauge p res su re  cnd 725 F. t e n p e r n t u r e  i s  11.35 l b .  per  
kw-hour, o r  20,500 l b .  p c r  h o u r  p.t l800 KU. Since t h i s  steam p lus  t h c t  
necdcd f o r  a u x i l i a r i c s ,  just ?.bout rnntches p i l c  performcnce with a p i l e  
h e a t  ou tpu t  o f  12,000 IT;, it i s  p l z m e d  t o  i n s t a l l  o n l y  one turbinc-genera-  
t o r  s e t  i n i t i a l l y .  k second c e t  nnd c c c c s s o r i c s  w i l l  be i n s t a l l e d  i n  a 
standby c o n d i t i o n  such. t h a t  it mcy be casi1;- connected c.r,d p u t  i n  o p c r a t i o n  
if it i s  found f e a s i b l e  t o  oper&e t h e  p l l e  r.t 2. highcr  ou tpu t .  

These t u r b i n e  gene rz to r s  a r e  1iav-y s u r p l u s  u n i t s  b u i l t  

The s t e m  consump- 

-. 
1 

(b)  One a u x i l i a r y  turbine-Zcncrztor  s e t  w i t h  zccesso r i c s  
i s  i n s t a l l e d  f o r  a r a t i n g  of 300 
s u r p l u s ,  b u i l t  by t h c  General E l e c t r i c  Conpcny f o r  3 house supply i n  t h e  
DE-51 e s c o r t  vessel .  1 The t u r b i n e  r e q u i r e s  s t e m  n:Lt 400 p s i  Gnuge, s a t u r a t e d ,  
which i s  t o  be obtained from 0. reducing 2nd desupcrheat ing s t a t i o n  i n s t a l l e d  
i n  t h e  f e e d  l i n e  from t h e  main headcr.  This s e t  i s  not  t o  be opcrated under 
normal cond i t ions ,  but i s  used f o r  i n i t i a l  s t a r t - u p  o f  t h e  p l a n t  f o r  t e s t -  
i ng ,  and f o r  standby power when n e i t h c r  main tu rb ine -gene ra to r  s e t s  a r e  
ope ra t ing .  
deemed worth wh i l e  t o  ope ra t e  t h e  main s e t s .  

60 c y c l e  AC end 40 k7ii DC.  This i s  N c v y  

It may a l so  be used f o r  very low power o p e r a t i o n  when it i s  no t  

( c )  Two emergency s t e m  condensers or "steam-killers" are 
connected t o  t h e  main header such t h a t  e i t h e r  w i l l  bo capab le  o f  condens- 
i n g  steam .from b o t h  b o i l e r s  when o p e r a t i n g  et normal ou tpu t  o f  12,000 Ffi.  
These cmergency condcnscrs a r e  i n s t a l l e d  s o  t h a t  ope ro t ion  up t o  f u l l  power 
can be ob tc ined  even i f  b o t h  main tu rb ine -gene ra to r  s e t s  a r e  inopcrF.tive. 
Steam gene ra t ed  under t h e s e  cond i t ions  cm be condcnscd and r e t u r n e d  t o  t h e  
system t h u s  n a i n t a i n i n g  t h e  h i g h  p u r i t y  of b o i l e r  f e e d  r equ i r ed .  

( d )  Since it i s  planned t o  use s e a l e d  or  "crnned" induc- 
t i o n  motors f o r  t h e  h e l i m  blower d r i v e s ,  it i s  neccssc ry  t o  provide connec- 
t i o n s  
enc rg ize  t h e s e  motors as desc r ibed  F rev ious ly  i n  t h e  s e c t i o n  on blowers. 

on t h e  main header f o r  t h e  two va r i ab le - speed  t u r b o - a l t e r n a t o r s  t o  

( e )  In  a d d i t i o n  t o  t h e  connect ions f o r  t h c  zbove equip- 
ment, s p a r e  connect ions are provided on t h e  mnin header f o r  p o s s i b l e  f u t u r e  
i n s t a l l a t i o n s  and f o r  a connect ion t o  nn cxterw.1 sou-ce of s t e m  f o r  emer- 
gency o p e r a t  i on  if needed 
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( 2 )  Aux i l i a ry  SteEvn System - This system c o n s i s t s  o f  a steam 
main c a r r y i n g  desuperheatcd s t e m  a t  A00 p s i  gauge p res su re  and 500' F. 
tempera ture  connected t o  t h e  main header th rough a reducing m d  desuperhczt-  
ing s t a t i o n ,  and an a d d i t i o n a l  main ca r ry ing  s t e m  ?.t 150 l b .  pe r  square  
inch s a t u r a t e d ,  which r ece ives  i t s  s t e m  f r o n  a reducing and desuporheat ing 
s t a t i o n  connected t o  t he  400 p s i  - 500' F. main. The reducing and desuper- 
h e a t i n g  s t a t i o n s  r e c e i v e  desuperhea t ing  water  f r o m  t h e  b o i l e r  feed-water 
supply main. 
a u x i l i a r y  turbo-genera tor  p rev ious ly  descr ibed  and t o  t h e  s tandby s t e m -  
d r iven  c e n t r i f u g a l  b o i l e r  feed  pump. 
system s u p p l i e s  stestm t o  t h e  condenser a i r - e j e c t o r s ,  ,and i s  used as en emer- 
gency supply  of  ste,am through reducing va lves  t o  t h e  10 p s i  gauge, auxi- 
l i a r y  exhaust  system, which s u p p l i e s  steam t o  t h e  deae ra t ing  feed  h e a t e r s ,  
d i s t i l l i n g  p l c n t  and t u r b i n e  g l m d  s e a l s .  

Steam i s  supp l i ed  from t h e  400 p s i  - 500' F. main t o  t h e  340 hW. 

The 150 p s i  gauge, s a t u r a t e d ,  steam 

(3 )  Condensete 2nd Bo i l e r  Feed System - Exhaust s t e m .  f rom 
t h e  mzin tu rb ine -gene ra to r  s e t s  i s  condensed i n  mc,tched Poster-ivxeeler 3800 
sq. f t .  s u r f a c e  condensers from t h e  DE-51 v e s s e l s .  These condensers a r e  
each capeble  o f  condensing t h e  f u l l  output  (20,590 l b .  Fcr h r . )  o f  s t e m  
from t h e  main t u r b i n e s  a t  28 in .  he;. of  vacuum when using 6000 gpm of 8 5 O -  
F. cool ing  water .  The condensate  is  t h e n  t r a n s f e r r e d  by condensate pumps, 
i n s t a l l e d  i n  d u p l i c a t e ,  t o  two Fos t c r - j h e e l s r  c losed-type,  s i r g l e  s h e l l  
low-pressure feed-water h e a t e r s ,  OGC per  each main condenser.  Each low- 
p re s su re  h e a t e r  inc ludes  t h e  n a b  a i r - e j e c t o r s ,  i n t e r - c m d e n s e r  f o r  t h e  
main e j e c t o r s ,  a f te r -condenser  f o r  t h e  mcin and n u x i l i w y  F j e c t o r s ,  gland 
steam Condenser end d r a i n  coo le r .  Cooling wctcr  f o r  t h e  i n t e r  and a f t e r  
coo le r s  i s  suppl ied  f r o m  t h e  main nnd c u x i i i c r y  condcnser condensate pump 
d ischarge .  The condensate leaves  t h e  low-pressure h e a t e r s  at  a temperature  
o f  a p p r ~ x i m & e l y  120' F. 

The exhaust  ste,an from t h e  340 KIV auxili i-Gry t u r b i n e ,  and 
t h a t  p o r t i o n  of stccvn from t h e  helium-blower t u r b o - a l t c r n c t o r s  which i s  no t  
needed f o r  t h e  d e a e r a t i n g  f eed -hea te r s ,  d i s t i l l i n g  p l a n t  and gland seals  
i s  condensed i n  two Allis-Chalmers 2 8  in .  by 6 f t .  s u r f a c e  condensers f r o m  
t h e  DE-51 v e s s e l s  . These condensers a r e  cross-connected s o  t h e t  e i t h e r  
may be used t o  condense t h e  exhaust from e i t h e r  t u r b i n e  sets. The conden- 
s e r s  a r e  ratted a t  6600 lb; pe r  h r .  o f  s e m  at  E vacuum of 2 5  in.  hg. vlhen 
c i r c u l a t i n g  500 gpm of 85 F. cool ing  watcr.  

A l l  condensers f rom the DE-51 v e s s e l s  b e  t o  be reworked 
t o  e l imina to  leakRge 'between t h e  cool ing water  m d  t h e  condensate ,  and 8 
d e t e c t i o n  device  s i m i l a r  t o  t h e  S a l i n i t y  Cc l l s  abocsd t h e  DE-51 vessels 
i s  t o  be i n s t a l l e d  i n  t h e  s y s t m  f o r  warning i f  leakageldoes occur.  

i/ 
II 

(4)  Fecd,IVater I ieeters  - Condensate from t h e  main and ami- 

These' h e a t e r s  are i n s t c l l e d  f o r  the t h r e e - f o l d  purpose o f  
l i m y  condensers i s  t r a n s f e r r e d  by condensate  p ~ m p s  t o  t h e  deaerpking feed-  
wztcr hoat'ers. 
conserving hep.t energy i n  t h e  exhaust  s t e m ;  supplying beated w.nter t o  t h e  
b o i l e r  t o  minimize tkiermd s t r e s s e s  i n  t h e  s h e l l ,  and f i n c l l y  t o  i n s u r e  t h a t  
bo i l c r - foed  water  i s  f r e e  of oxygen and d i s s o l v e d  gF.sesi i n  order  t h a t  cor- 
r o s i o n  e f f e c t s  a r e  reduced t o  a. mininum. Exhaust s t e m  from t h e  z u x i l i a r i e s  
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a t  10 p s i  gauge i s  used f o r  h e a t i n g  throug.& s d j u s t a  l e  reducing valves  w i t h  
ranges from 0 t o  10 p s i .  The mnximun a t t c i n a b l c  temperature  o f  b o i l e r  f e e d  
w i t h  t h i s  s t e m  p r e s s u r e  is thus  l i m i t e d  t o  l e s s  t h a n  240' F., and w i t h  t h i s  
temperature  it is expected t h z t  
t o  l e s s  than  0.005 c c .  pe r  l i t e r ,  

o f  o p e r a t i o n  w i t h  a p i l e  ou tpu t  o f  12,000 KTJ f o r  a r e rgenc ic s .  

t h c  omjgcn i n  t h e  feed-wEter cag be kept  
Each feed-watcr h e a t e r  i s  mounted over 

an 875 g c l l o n  surge t a n k ,  hence, t h e r e  i s  enough fced-water f o r  15 minutes 

( 5 )  D i s t i l l i n g  P l a n t  - In  o r d e r  t o  supply t h e  i n i t i a l  b o i l e r  
water ,  and make-up water l o s t  from the  system during ope ra t ion ,  a connec- 
t i o n  i s  made from t h e  demineral ized n a t c r  p l an t  f o r  t h e  High-flux Research 
P i l e  t o  two Griscim-Russel So loshe l l  D i s t i l l i n g  P l a n t s  of-8000 g a l l o n s  p e r  
dq,r c a p a c i t y  each i n s t a l l e d  a t  t h e  Power P i l e .  Therefore,  s i n c e  water from 
t h e  demine ra l i z ing  p l a n t  i s  of a p u r i t y  comparable t o  d i s t i l l e d  wz te r ,  the 
water e n t e r i n g  t h e  b o i l e r - f e e d  system i s  t h e  equ iva len t  of doubly d i s t i l l e d  
water .  The d i s t i l l e d  wzter from t h e  d i s t i l l i r g  p l a n t s  w i l l  d i s cha rge  t o  
500 g a l l o n  d i s t i l l e d  wetcr s t o r z g e  t m k s  and hence t o  t h e  feed-water h e a t e r s  
as needed. 
i s  supp l i ed  a t  a mnximum r a t e  o f  35 ga l lons  p e r  minute rad n i l 1  be s t o r e d  
i n  1000 gp.llon c a p a c i t y  s t o r z g e  t anks  mounted on t h e  r o o f  t o  f e e d  water t o  
t h e  d i s t i l l i n g  p l a n t  as required.  

The water frcm t h e  High-flux Reseerch P i l e  demine ra l i z ing  p l c n t  

(6) Bo i l e r  Feed Pumps - Fron t h e  feed-watcr h e a t e r  surge  t anks  
t h e  b o i l e r  water  i s  dischzrged t o  b o i l c r  f e d  pumps 2.nd hence i n t o  t h e  b o i l e r s .  
These b o i l e r - f e e d  pumps c o n s i s t  o f  two e l e c t r i c  motor d r iven  pumps and one 
steam t u r b i n e  d r i v e n  pump connected i n  p a r a l l e l .  
punnps c r e  f o r  normal o p e r a t i o n  P.nd t h e  s t e m - t u r b i n e  d r iven  pump i s  f o r  

The c l c c t r i c  motor driver,  
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t r i c  motor d r i v e n  pimp w i l l  be r a t e d  a t  70 gal. per  min. at 550 p s i  gruge 
d i s c h w g e  p r e s s u r e .  The stc'am-turbine d r i v e n  pump has zbOut t h e  same capn- 
c i t y ,  End i s  b u i l t  by Inge r so l l -Rmd f o r  t h e  DE-51 e s c o r t  v e s s e l s .  
c i t y  o f  each pump i s  s u f f i c i e n t  t o  supply f eed -ne te r  t o  ezch b o i l c r  when 
o p e r a t i n g  wi th  p i l e  ou tpu t s  up t o  20,000 ICY;'. 

The capa- 

( 7 )  Cooling l h t e r  System - Cgoling water i s  supp l i ed  from 
t h e  Cl inch  LRiver bounding t h e  Clinton h'nginecr Forks.  Due t o  the compara- 
t i v e l y  l c r g e  q u m t i t y  of water r equ i r ed  end t h e  d i s t m c e  involved i n  pump- 
ing f r o m  the 
I n i t i a l l y ,  t h e  generp.ting p l a n t  is  t o  be instal1e.d w i t h  on ly  one main t u r -  

Clinch River ,  a c losed  cyc le  coo l ing  system hes been s e l e c t e d .  

w i l l  r e p r e s e n t  t h e  c o n d i t i o n s  o f  o p e r a t i o n  a t  12,000 p i l e  output .  The 
coo l ing  water requirements f o r  t h e  cmdens ing  2nd coo l ing  equipment f o r  
power gcnc ra t ion  a t  ;2,000 KW i s  7600 g e l .  p e r  minute.  For p i l e  ope ra t ion ,  at 
2D,000 KTI, t h e  cool ing vmtcr r k q u i r c n e n t - i s  13,550 gal. pcr  x i n u t e ,  These f i g -  
u re s  are. f o r  t h e  powvpr geri< r a t i n g  system clone. Thg coo,ling water requirements 
f o r  the  remainder o f ' t h e  p l a n t  a r e  e s t i n a t e d  a t  400.gal. per  minute,  making t h e  
t o t a l  ^estimated q u m t i t y  of coo l ing  water  r e q u i r e d  f o r  t h e  Power P i l e  ap- 
proximately 14,000 gpm a t  maximum output .  Therefore,  a fo rced -d ra f t  cool- 
ing tower i s  e r e c t c d i a d j a c e n t  t o  t h e  p l m t  wi th  an u l t i m a t e  c a p a c i t y  of 
coo l ing  14,000 gpm of water from 105' F. t o  8.;" F. during t h e  worst  condi- 
t i o n s  o f  s u m e r  weather contemplated.  
gpm o f  raw wa te r  t o  t h e  p l z n t  f o r  mzke-up. Fig.  61 shows d i a g r m a t i c a l l y  

. 

Prov i s ion  i s  made f o r  pumping 1500 
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t h e  cool ing wa te r  c i r c u i t .  The condensing and c o o l i n g  equipment have in-  
d i v i d u a l  pumps for c i r c u l a t i n g  t h e  water from an i n t a k e  tunne l  i n  the p l a t  
connected t o  t h e  cool ing tower basin.  The water  dischp-rgss t o  t h e  o u t l e t  
t u n n e l  and i s  c i r c u l a t e d  by high-head l c rge -acpac i ty  c e n t r i f u g a l  pumps 
through t h e  emergency condensers and hence t o  t h e  cool ing tower.  The in -  
t a k e  t u n n e l  a l s o  d i scha rges  t o  t h e  o u t l e t  t u n n e l  through a weir-type of 
l e v e l  c o n t r o l l c r  such t h a t ,  should t h e r e  be a f a i l u r e  o f  power equipment, 
t h e  coo l ing  water  passes  d i r e c t l y  through t h e  em rgency condensers,  by- 
pas s ing  t h e  o t h e r  equipment a d ,  t h u s ,  condensing t h e  steam which t h e  b o i l e r s  
w i l l  con t inue  t o  produce due t o  s t o r e d  hea t  i n  t h e  p i l e  be fo re  shut-down 
can be completed. 

1. E l e c t r i c a l  Generating System. The e l e c t r i c a l  gene rz t ing  SY- 
stem i s  included i n  t h e  p i l o t  pl,mt t o  provide f a c i l i t i e s  f o r  t e s t i n g  t h e  
c o n t r o l  c h c r a c t e r i s t i c s  of an i n t e g r a t e d  power p l a n t  undcr va r ious  load 
cond i t ions .  This system i s  a l s o  m a i l a b l e  f o r  e l e c t r i c a l  power supply i n  
t h e  event  t h a t  e x t e r n a l  power i s  t emporz r i ly  not  avn i l ab le .  A d i e s e l -  
e l e c t r i c  g e n e r a t o r  i s  also provided fo r  emergency e l e c t r i c  s e r v i c e .  

. The e l e c t r i c a l  system hns been designcd nround t h e  main t u r b o -  
g e n e r a t o r s ,  exc i t z - t i on  s e t s ,  a u x i l i z r y  t u r b i n e  gcnc ra to r  s e t s ,  emcrgency 
d i e s e l  g c n e r i t o r s  a i d  switcfigear which a r e  t o  bc obtained as s u r p l u s  from 
t h e  Navy. 

Fig. 62, "Generating S t a t i o n  and Switchynrd" , nshows t h e  pro- 
posed arrangement o f  t h e  e l e c t r i c  gene ra t ing  f a c i l i t i c s .  lhe o l e c t r i c a l  
system would be connected t o  t h e  C l i n t o n  Lnborator ics  d i s t r i b u t i o n  sub- 
s t a t i o n  by two s h o r t  2300 v o l t  f e e d e r  l i n e s  as i n d i c a t e d  on t h e  drawing. 
Breaker p r o t e c t i o n  on each l i n e  would be provided a t  t h e  d i s t r i b u t i o n  sub- 
s t a t i o n  end. 

Bas i ca l ly ,  t h e  s u b s t a t i o n  is d iv ided  i n t o  two s e c t i o n s ;  a 
"power out"  bus, and a "load" bus. 
feeds through t h e  main 2000 lcvk 1735/2300 v o l t  t ransformer bank t o  t h e  
"power ou t "  bus. 
breaker  and n 450 KVA 440/2300 volt t r z n s f o r n e r  b m k  t o  t h e  same bus. 
f eede r  from t h e  "power out" bus t a k e s  t h e  energy t o  t h e  c e n t r a l  d i s t r i b u -  
t i o n  s u b s t a t i o n  ( n o t  shown). 
s t a t i o n  i n  con junc t ion  w i t h  t h e  main g e n e r a t o r  breaker  would be expected 
t o  p r o t e d t  t h e  2000 ICVA t r a n s f o r n c r  bank. 
e r  bank i s  p r o t e c t e d  by i t s  own ' h igh  s i d e  b recke r  and t h e  a u x i l i a r y  gen- 
e r a t o r  breaker.  
i t y  and r easonab le  f l e x i b i l i t y  f o r  t h e  d e l i v e r y  o f  power from t h e  gene ra to r s .  

l h e  main gene ra to r ,  r a t e d  a t  1800 Kvi, 

The 300 Kd e u x i l i a r y  gene ra to r  f eeds  through a g e n e r a t o r  
A 

The c i r c u i t  b reake r  a t  t h e  d i s t r i b u t i o n  sub- 

I The 450 KVA a u x i l i a r y  transfopm- 

This arrangement is believed t o  provide adequate r e l i a b i l -  

I 
4 

The second s e c t i o n  o f  t h e  s t a t i o n  c o n s t i t u t e s  t h e  " load  sec-  
t i o n " ,  TEs scdion i s  .normally supp l i ed  t;.ith power bjj m o t h e r  f e e d e r  connect-  
ing t h e  c e n t r a l  d i s t r i b u t i o n  s u b s t a t i o n .  The d i r e c t  load on t h e  2300 v o l t  
bus would presumably , i n c l u d e  induced drAf't f a n s  f o r  v e n t i l a t i n g  t h e  power 
p l a n t  and p i l e ,  t h e  c i r c u l a t i n g  wa te r  p h p s ,  and 
helium p u r i f i c a t i o n  apparatus  and t h e  h e l i u n  blowers. 

p o s s i b l y  power f o r  t h e  
' 
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k 1000 KVA 2300/440 v o l t  t r a n s f o r n e r  with a b reake r  on t h e  
h igh  t e n s i o n  s i d e  t & e s  power from t h e  2300 v o l t  "load" bus and d e l i v e r s  
it t o  t h e  440 v o l t  ' ' l~? ,d"  bus. 
d r i v e n  equipment having motors of l e s s  t han  100 hp czpac i ty .  

This bus would supply 2-11 e l e c t r i c a l l y  

One group o f  f eeds  from t h e  440 v o l t  lond bus ,  t h a t  p ro t ec t ed  
by c i r c u i t  b reaker  9 ,  supp l i e s  lorOIds t h a t  must be kept  i n  o p e r z t i o n  f o r  
s e v e r a l  hours  a f t e r  t h e  p i l e  i s  s h u t  down. 
t h e s e  loads may be i s o l a t e d  by opening c i r c u i t  brodcer  9 m d  then  be d r iven  
by t h e  emergency d i e se l -gene ra to r s  . 

In t h e  evcnt  of a power f a i l u r e ?  

The crrangemcnt shown i s  intended t o  provide cons idc rab lc  f l e x -  
i b i l i t y  o f  o p e r a t i o n ,  i nc lud ing  s e p ~ s a t i o n  of t h e  s t n t i o n  i n t o  t h e  genern- 
t i n g  s e c t i o n  and t h e  load s e c t i o n ,  s o  t h a t  gene ra t ion  tvould be independent 
from a u x i l i a r y  loads and hence p o s s i b l e  d i f f i c u l t i e s  o r  i n s t a b i l i t y  i n  opera-  
t i n g  t h e  g e n e r a t o r s  would not r e s u l t  i n  d i s tu rbances  of power supply  t o  t h e  
s t a t i o n  a u x i l i a r i e s .  

All equipment o p e r a t i n g  a t  2300 v o l t s ,  inc luding  t h e  t h r e e  . 
t ransformer  banks and c i r c u i t  brealccrs 1 through 4, would be outdoor type ,  
whi le  t h e  equipment and buscs opcr,n.ting a t  lower v o l t e g e  would be indoor 
type 

The d r w i n g  a l s o  l i s t s  t h e  e s t i rmted  requirements  f o r  t h e  va r -  
ious  a i r  c i r c u i t  b reakers  (ACE'S), under t h e  t w o  t a b u l r t i o n s  headed " A i r  
C i r c u i t  Ereaker  Ratings".  
t i o n s  show t h e  rocommended c h a r a c t e r i s t i c s  f o r  t h e  breakers  t o  be procured. 

Proposed meter ing f o r  t h e  var ious  c i r c u i t s ,  m d  t h e  p ro tec t i t r e  

The extreme r igh thand columns of t h e s c  t a b u l a -  

r e l a y i n g  a r e  a l so  shown on t h e  drawing. The meter ing c o n s i s t s  of m e t e g ,  
v o l t n e t e r ,  wat tmeter ,  wntt-hour meter  and frequency meter f o r  each g e n e r a l  
t o r ,  m d  a vol tmeter  f o r  each bus lcvel ,  which n?.y be connected t o  t h e  
var ious  bus s e c t i o n s  by means of a vol tmeter  t r a n s f e r  switch.  A synchros- 
cope i s  provided f o r  synchronizing var ious  c m b i n n t i o n s  o f  g c n e r a t o r s  and 
incoming l i n e s .  

P r o t e c t i v e  r e l a y i n g  fo r  t h e  main genera tor  c o n s i s t s  o f  ovcr  
c u r r e n t ,  r e v e r s e  power, phase balance and ground current.. D i f f e r e n t i n 1  
p r o t e c t i o n  would be q e s i r a b l e  i n  l i e u  o f  most o f  t h a t  l i s t e d ,  bu t  it now . 
a?pears i m p r a c t i c a l  t o  b r i n g  o u t  t h e  t h r e e  phase n e u t r a l s ,  as t h e y  a r e  in -  
te rconncc ted  i n s i d e  t h e  machine. l h e  a u x i l i c r y  gene ra to r  r e l a y i n g  i s  simi- 
l a r  t b  t h a t  f o r  t h e  mi in  g e n e r a t o r  except  no ground c u r r e n t  r c l a y  i s  pro- 
vided,  as t h i s  machine i s  opera ted  ungrounded. 
t h e  a u x i l i a r y  load t h n s f o r m e r  breaker  providc  on ly  over -cur ren t  p r o t e c t i o n .  

m 

The b u s j t i e  breaker  and 

A major  I fac tor  i n  s t a t i o n  'arrangement i s  t h e  n e c e s s i t y  f o r  
a s s u r i n g  oper8 t ion  04 c e r t a i n  s t a t i o n  z u x i l i a r i e s  underi c n y  emergencyo 
is a c h a r a c t e r i s t i c  o:f t h e  p i l e  t h a t  t h e r e  is  apprec i ab le  hezit p roduct ion  
f o r  aaumber  o f  hours  a f t e r  shutdown. F a c i l i t i e s  must be provided t o  r e -  
move t h i s  hea t  o r  t h e  p i l e  may be des t royed;  This means t h a t  minimum g a s  
c o o l a n t  c i r c u l a t i o n  n u s t  be assured ,  and t h a t  condensing water m u s t  be avail-  
ab le  t o  remove t h e  h e a t  f r o m  t h e  s t e m  produced i n  t h e  boi ler , .  

It 

, 
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To a s s u r e  power f o r  t h e  a u x i l i , w i e s ,  f o u r  sources  2.re provided; 
(1) t h e  a r e a  s u b s t a t i o n ,  ( 2 )  t h e  main genc rc to r ,  ( 3 )  t h e  o w c i l i a r y  genera- 
t o r s ,  (4)  the  emergency d i e s e l  generators .  
s u b s t a t i o n  t o  t h e  power p i l e  s u b s t a t i o n  zre  capable  o f  independent opera- 
t ion * 

The two l i n e s  from t h e  a r e a  

The ultimp.te source o f  emcrgency power i s  provided by two emer- 
gency d i e s e l  g e n e r a t o r s ,  each w i t h  i t s  own share of l o s d o  
w i l l  s t a r t  a u t o m a t i c a l l y  w i t h  t h e  t r i p p i n g  of c i r c u i t  bre'dcer 9 (which oc- 
c u r s  whenever.the 440 v o l t  bus i s  de-energized) and as t h e  gene ra to r s  ope rc t e  
independently,  synchronizing w i l l  no t  be r equ i r ed ,  

The genertrtors 
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7. Chemical Proqess ing  o f  Fuc 1 Elemenks 

O p e r a t i m  of t h e  p i l e  - x i 1 2  n e c e s s i t l t o  two m j o r  chelaiczl  pro- 
c e s s i n g  opora t ions ;  recovery  of uranium from dep le t ed  f u o l  uni ts ,  an2 separa-  
t i o n  of t h e  U233 produced from thor ium i n  tho  p i l e .  I n  a d d i t i o n  t o  t h s  abova 
ope ra t ions ,  procosses  fclr t h o  sepa r3 t ion  of be ry l l i um and thorium w i l l  e w n t u  
a l l y  have t o  be dovcloped i n  order  t,> cJnserve thc-so . m t c r i n l s .  

a. Recovery .of Uranium from Depleted Fuol Un i t s .  Ear ly  i n  t h e  power 
p i l e  program 'it wss evident  t h  a t  t h  e c l e n i c i l  p rocess  be ing  developed by  t h e  
Technice l  D iv i s ion  f c r  t h e  recovery  of uraniurn from the 'Research  T i l e .  f u e l  
nss6mblies could  be a p p l i e d  t o  r ecove ry  of uranium from Power P i l e  f u e l  units. 
Research P i l e  f u e l  a s sembl i e s  as processed c o n s i s t  of a. uranium-aluminum 
a l l o y  cont .a ining about  7% uranium. The s e p a r a t i o n  of uranium from f i s s i o n  
products  i s  accomplishod b y  t h e  use of a cont inuous coun te r - cu r ren t  organic  
s o l v e n t  e x t r a c t i o n  proczss ,  a f t e r  p re l imina ry  d i s s o l v i n g  of  t h e  f u e l  asssmbly 
i n  n i t r i c  a c i d .  The zlwninum i n  tho assembly i s  u t i l i z i i d  a s  a s2 l t i ng -ou t  
agent .  Two e x t r a c t i o n  and s t r i p p i n g  cyclos  rre be,ing cons i  derod, t hq  f i r s t  
be ing  c a r r i e d  out  under o x i d i z i n g  cond i t ions  and t h e  second under reducing 
cond i t ions ,  such  t h y t  plutonium w i l l  remain i n  t h e  q u c o u s  phaso du r ing  t h e  
s c c m d  e x t r a c t i o n .  Ziftor t h s  second s t r i p p i n s  process ,  t h e  ur .miun  i s  pre-  
c i p i t a t o d ,  i2ni tc .d  nnd t h m  doli-;?red t o  t h e  r e f a b r i c a t i o n  p l a n t .  
b a s i s  of t h e  p r e s e n t  'data  it i s  e s t i m t e d  t h a t  thc;  l o s s  o f  uranium i n  chemical 
p rocess ing  w i l l  be 0 .2% o r  l a s s  pe r  pass  through t h o  chenic2.1 p r o c c s s i n s  
p l a n t .  
a lone  will be about  f i v e  days. Ab2.,h 45 days cool ing ,  he fo re  chen icn l  pro- 
ces s ing ,  would be r equ i r ed ,  and 2.n n d d i t i o n z l  coo l ing  t ime of' about  80 days 
would be r e q u i r e d  t o  n l l o w  decay of U237 produced i n  t h e  p i l e  i n  order  t h a t  
f u e l  u n i t  r e f a b r i c a t i a n  opa ra t ions  could be pcrformed w i t h s u t  n o c e s s i t y  o f  
remote c o n t r o l .  
up z~f  f i s s i l e  m t c r i n l  tiue t o  chemical process ing  an:! fuu.1 u n i t  r e f a b r i c a t i o n  
would probably  be about  140 days.  Since b c r y l l i u m  i s  a b e t t o r  s a l t i n g - o u t  
.agent  t h a n  aluminum, it i s  cpparont  t h a t  th-c! process  desc r ibed  above could 
be modified f o r  t h e  use of Poxor P i l e  f u a l  ' u n i t s  con ta in ing  bery l l ium.  

On the  

The t o t a l  hold-u.p of f i s s i l e  m.tc.rial due t o  processig;  opora t ions  

, 
Allowing 10 days f o r  f u c l  u n i t  r e f n b r i c n t i a n ,  the t o t c l  hold- 

C on 
use 

b.  Graphi te  Fuel  Un i t s .  S ince  g r a p h i t e  f u e l  u n i t s  may be used, 
s iderable  s t u d y  wn,s given t o  c h e n i c z l  rup roccss ing  o f  ! graphite u n i t s .  The 

This  sav ing  is p a r t i c u l a r l y  s i g n i f i c a n t  because ,  on3 o f  t he  m j o r  eco- 
of  g r a p h i t e  f u e l  units w i l l  e f f e c t  4 cons idc rab l s  syving i n  r e p r o c e s s i n g  

c o s t s .  
nomic f a c t o r s  involve'd i n  tho  Z p p l i c a t i o n  of  a t o n i c  power .K i l l  So t h e  c a s t  
o f  c o n s t r u c t i n g  and dpe rz t ing  tlis c i ?oa i{a~  process  p l a n t .  

h 

! I 

The advdntngc o f  t h e  g r a p h i t s  u n i t  l i e s  ir,, t h e  f a c t  t h c t  it would 
be poss ib l e  t o  reco  
t r a c t i o n  columns wh 
t h e  case of t h e  Be-U !and. E3cO-U02 f u e l  uni ts .  I n  t h e  i3e and BcO u n i t s ,  thci 
concen t r z t ion  o f  uranium i s  l i m i t e d  by two f?.ctors:  

I 

t h e  uranium, nndl ' to prepare a feed  f o r  the  so lven t  ox- 
i s  perhaps 100 t ines  ?.s concent rh ted  cs i s  p o s s i b l e  i n  

I I 

(1) 1 n ; c  s o l u t i o n  which i s  inorG than  4 molar i n  be ry l l i um,  t h e  
be ry l l i um i s  e x t r a c t e d  i n t o  t h e  o r k m i c  ph-se with t h e  uranium. 

P 

( 2 )  A t  h ighe r  concen t r a t ions  the  s o l u b i l i t y  of Be (IJO3h i s  a 
l i m i t i n g  f a c t o r  r e q u i r i n g  3. r e l c t i v c l y  l a r s  vcluins o f  s o l u t i o n .  
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S p e c i f i c z l l y ,  tho uraniuln s o l u t i o n  rocovsne’d from graph i t e  u n i t s  
w i l l  bo of t he  o rde r  of 2 molnr, ivhile t h a t  recoveree f4om be ry l l i um u n i t s  
w i l l  bo o f  t h e  o rde r  of .02 molar. It i s  e s t i n a t c d  t h a t  t h e  cos t  o f  c!,?struct-  
i n g  and operatin: rz chen ica l  process  p l a n t  f o r  tht! g r a p h i t e  u n i t s  wmld  be 4 
o r  5 t i m e s  l e s s  t han  t h e  c o s t  o f  t he  process  u s i n g  be ry l l i um f u e l  u n i t s .  

’ The r e s p o n s i b i l i t y  of t h e  Power P i l e  D iv i s ion  i n  connection w i t h  
chemical processin.; i s  t h e  development of a process  f o r  t h e  recovery of urcnium, 
t o g e t h e r  x i t h  t h e  bu lk  of th3 f i s s i o n  products  which w i l l  accompany it, from 
t h e  g r a p h i t e .  
i n g  o f  g r a p h i t e ,  2nd l each ing  of t h e  r e s idue  w i t h  n i t r i c .  The r e s iduo  should 
c o n t a i n  l e s s  t h a n  . O O l $  of t h e  o r i g i n a l  uranium i f  burning has bccn complete. 
C r i t i c a l  f a c t o r s  i n  the  prbc;ss w i l l  be the c o n t r a 1  o f  d u s t i n g  du r ing  burning,  
t h e  e f f e c t i n g  of coinplet.. burning, t h z  rccovcry of  t h e  

now bcin; considered f o r  use i n  t h e  d u s t  f i l t r a t i o n  s t e p  i n d  t h s  l m c h i n g  opcrn- 
t i o n s .  

The most promising process appears  t o  5c one invo lv inz  tho  burn- 

simll x m u n t  of d u s t  
* which i s  naw consicidred i n c v i t a b l c ,  and th2 performance of porous n e t 2 1  f i l t e r s  

An experimental  progran has becn o u t l i n e d  2nd i s  now a w a i t i n s  procurc- 
R. nen t  .. of  persannel  m d  f a c i l i t i e s .  

A sche -mt i c  m t l i n e  of tho procsss  i s  shown i n  Fig.  90. Graphi te  
f u e l  units & r e  igni ted,  i n  a small coabustion chamber, And t h e  co,nbustion gases 
contziining perhaps 0.1% 
small packed v e s s e l  cgun te r - cu r ren t  t o  n i t r i c  a c i d .  The ccnbustion gases t h e n  
pass through the upper p r t  or” t h c  f i l t e r  znd 3ut t h e  s t a c k .  The l i q u i d  leve l  
i n  t h e  l e a c h i n g  vessel  w i l l  be between t h e  two l e v e l s  i n d i c a t e d .  
l e v e l  must be a t  l e a s t  as h igh  n s  t h e  tl.2 2f t h e  dovmcomr. The l i q u i d  level  
cannot be h i g h e r  t h a n  t h e  t o p  of t h c  f i l t c r ,  because p re s su re  caused b y  gases 
accumulating i n  t h e  upper p z r t  of  the l aach ing  v e s s e l  will f o r c e  t h o  a c i d  through 
the  f i l t e r .  
be necessa ry  t o  dump tho  a s h  down i n t o  t h e  l ench inz  v e s s e l .  A t  i n t e r v a l s ,  
p o s s i b l y  e v e r y  two days o r  so, it ivsuld be n e c e s s a r y  t o  d r a i n  t h c  leachin; 
vesse l  and ox id ize  t h e  unburnt carbon b y  soaking t h e  whole v e s s e l  i n  oxygen 
a t  about  900%. 2% f i l t e r  i s  placed a t  t h e  p o i n t  where t h e  a c i d  e n t c r s  t h e  
l each ing  vessel t o  mirimize t h e  poss ib i l i t ; r  ,af c o n b u s t i m  p s c s  1civin.G through 
t h e  condenser duo t o  s3m inzd.vertent unbnlancinz of p re s su re .  The u rany l  
n i t r a t e  solution i n  the HI303 still is g e r i o d i c - l l y  j e t t e d  t o  t h e  s o l v e n t  cx- 

Ths progcss f o r  scpt=rz* b i o n  o f  
chn icx l  D iv i s ion ,  and i s  i n  t h e  
t r n c t i o n /  procass s i s i l a r  t o  the 

i t u d c  a s i f x  the  fusl u n i t  pro- 

o f  t he  t o t 3 1  u ran iun  as g u s t  are bubbled through a 

The l i q u i d  

Combustion could t a k e  place f o r  _nroSably 10 hours be fo re  it wmld  

t r a c t i o n  process dc,shribed I abgve. I) 

It i s  expected. t h 2 t  the procoss 

ces s ,  about  0.2%. * /  

, 
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C. STATUS OF DESIGN. 

The proposed design has rezchcd a s t a g e  where s a t i s f a c t o r y  s o l u t i o n s  
havz bcen found t o  most of t h e  problems. These problcms and a l t e r n a t e  
s o l u t i o n s  a r e  d i scussed  i n  d e t a i l  i n  S e c t i o n  V. 
problems depcnds on dcvelopmcnt and cxperimental  work t h a t  has been i n  
progress  f o r  some time. S t i l l  o t h e r  p r o b l e m ,  mos t ly  of a minor na tu re ,  ' 

hove n o t  yet r ccc ivcd  d e t a i l e d  cons ide ra t ion .  
s c r i o u s  doubt t h a t  s o l u t i o n s  can be found t o  a l l  o u t s t m d i n g  problems and 
t h a t  a f t e r  a y c a r  of continued design and d e v e l o p o n t  work, it vould be 
p o s s i b l e  t o  proceed w i t h  working drawings f o r  c o n s t r u c t i o n  o f  a p i l e  i n  
accordance w i t h  t h e  p r i n c i p l e s  o u t l i n e d  i n  t h i s  r e p o r t .  

S o l u t i o n  o f  some of t h e  

Thcrc appears  t o  be no 

S a t i s f a c t o r y  s o l u t i o n s  are i n  s i g h t  f o r  t h e  problems a s s o k i a t e d  wi th  
d i f f e r e n t i a l  cxpms ion ,  accu rn tc  locuding and unloading o f  f u c l ,  p o s i t i v e  
r e t e n t i o n  of f u e l  clcments du r ing  o p e r a t i o n  aid t h c  design o f  s u i t a b l c  
auxi l iar ies . .  
and, i n  somc cases ,  much p re l imina ry  des ign  and experimental  work i s  r c q u i r -  
ed bc fo rc  s e l e c t i o n s  COB bc made. ' 

F i n a l  s c l c c t i o n s  remain t o  be made from a l t e r n a t e  s o l u t i o n s  

"wo important  P-spocts of  t h e  T i l e  have bccn subordinated t o  t h e  g e n e r a l  
des ign  problem, and t h e s e  a s p e c t s  should r e c e i v e  c a r e f u l  a t t e n t i o n  i n  my 
f u r t h e r  development of t h i s  dcsign. 
e x t e n s i v c  h igh  tempereture  t e s t  f c c i l i t i e s ,  v%th adequate p r o v i s i o n  f o r  
i n s t rumen ta t ion  and t e s t  equipment. 
r eg ions  s u i t a b l e  f o r  explor ing '  t h c  performmcc of a gas-cooled h igh  
temperature  p i l e  ope ra t ing  c t  t h c  h igh  p o w r  l c v c l  expected of a commcrcial 
p l a n t .  
towards d e s i g n  f o r  h igh  power output .  

F i r s t l y ,  p rov i s ion  should be made f o r  

Secondly, t h e  r e a c t o r  should provide 

I n t e n s i v e  s tudy  of m a t e r i a l s  should a l s o  bo continued 2nd d i r c c t c d  

n 

I .  

I 

I 

i 

i 
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V. DETAILS OF DESIGN AND DEVELOPMENT PROBLEM 

A. PHYSICS, 

I -  1. Presen t  S t a t u s .  

A t  t h e  p r e s e n t  t ime,  t h e  f i r s t - o r d e r  z n a l y s i s  necessa ry  f o r  arriv- 
ing  a t  R des ign  p o i n t  has been completed. The v a r i a b l e s  p i l e  s i z e ,  vo id  
con ten t ,  and r a t i o  o f  f u e l  t o  moderc,tor have been i n v e s t i g a t e d  over wide 
ranges by npproximate methods . 
method are t h e  use of one-group neutron t h e o r y  m d  t h c  assumptions of u n i -  
form tempercture  i n  t h e  p i l e  and uniform d i s t r i b u t i o n  o f  m c t e r i d .  
a n a l y s i s  has  shown t h e  i n t e r r e l a t i o n  o f  t h e  var ious f a c t o r s  involved i n  
t h e  d e s i g n  of t h e  p i l e  ,and has hade  p o s s i b l e  t h e  choice o f  a t e n t c t i v e  
design on a r a t i o n a l  b a s i s .  
o f  investig, . ; t ing t h e  f e a s i b i l i t y  and c h a r a c t e r i s t i c s  of t h e  des ign  by more 
a c c u r z t c  methods, The i n v e s t i g a t i o n  izvolves  both expcrimctk a> and Ennly- 
t i c a l  work. 
s e c t i o n s  . 

The n c i n  approximations involved i n  t h e  

This 

The bulk of t h e  work y e t  t o  be done c o n s i s t s  

The main po r t ions  o f  t h e  work nre o u t l i n e d # i n  t h e  fo l lowing  

2 .  Experimental tdork Required. 

ab Neutron "Age" i n  Beg. No exp"rimentclly-determined v r l u e  of 
t h e  neu t ron  "age'', (1/6 mem-square s l o n i n g  down distance) i s  Zvai lnble .  
An a c c u r a t e  v a l u e  o f  t h i s  fund3mentnl q u a n t i t y  i s  needed f o r  a l l  p i l e  analy- 
s i  S. 

b.. Neutron :bcp.ttering i o  BcO., h4easurcments of thermal-neutron 
d i f f u s i o n  l e n g t h  i n  Be9 as  a f u n c t i o n  of temperature,  o r  experiments giv- 
ing equ iva len t  information on s c a t t e r i n g  P.S a func t ion  of tempcrature  a r e  
needed f o r  p r e d i c t i o n  o f  t h e  high-temperature bchavior of t h e  p i l e .  

C.  Xenon Cross Sect ion.  Thc neutron nbsorpt ion c r o s s - s c c t i o n  of 
should be measured as P., f u n c t i o n  of neutron encrgy i n  t h e  thermal and 

near- thermal  regions i n  o r d e r  t o  r.llon c a l c u l a t i o n  o f  t h e  tempers-ture co- 
e f f i c i e n t  of  r e p c t i v i t y  of t h e  p i l e  a t  h i z h  powcr, s?nd h i g h  temperature .  
The p o s s i b i l i t y  o f  i n s t a b i l i t y  e x i s t s .  

d. Cold C r i t i c a l  Experiqcnts .  A s c r i c s  o f  c r i t i c a l  experiments 

Some 
a t  room tcmpcrcture  or s l i g h t l y  cbovc i s  necessary t o  check ,analytical  re- 
s u l t s  arid t o  provide ' information n o t  re6dil:r ob tc incd  x d y t i c a l l y .  
o f  t h e  measurenents t o  be mcdc are as follows: 

(1) C r i t i c a l  p i l e  s i z e  and ~ R S S  of f i s s i o r a b l e  m,n,teria16 

( 2 )  Behavior of  t h e  p i l e  s ize  - c r i t i c a l  mcss curve i n  
t h e  v i c i n i t y  o f  t h e  bcsign poirtt.  

I, 

( 3 )  

(4)  Control - rod c a l i b r a t i o n s .  

Flbx d i s t r i b u t i o n s  w i t h  ,and without c o n t r o l  rods. 
i 

( 5 )  Room - temperature  c o e f f i c i e n t  o f  r e q c t i v i t y .  

(6)  Conversion measurements . 
-125- 
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, 

e.  Hot C r i t i c a l  Expcrimcnts. C r i t i c a l  experiments w i l l  be neces- 
s a r y  over t h e  rpzge o f  temperatures  from room tmpera t tu ro  t o  t h e  des ign  
o p e r a t i n g  temperature  of t h e  p i l e ,  p r i m e r i l y  t o  e s t a b l i s h  s a f e  ope ra t ing  
procedures.  An eng inee r ing  ana lys i s  i s  needed t o  determine whether t h e  
hot  c r i t i c a l  experiments can be conducted nost e f f i c i e n t l y  on  a s p e c i a l  
set-up o r  on t h e  p a r t i a l l y  completed p i l e .  

3. A n a l y t i c a l  iliork Required. 

The ma jo r  t y p e s  o f  c a l c u l a t i o n s  remaining t o  be done a r e  s m - a r -  

n 

i ze d be low : 

a. 

b. 

C r i t i c a l i t y  C a l c u l a t i o n s .  

(1) E f f e c t  of non-homogcnhity of p i l e  on c r i t i c a l  cond i t ions .  

( 2 )  

( 3 )  E f f e c t  o f  tempcrature  d i s t r i b u t i o n ,  

( 4 )  

(5) 

(6)  

Flux m d  Power D i s t r i b u t i o n .  

(1) 

( 2 )  Locel f l u x  cnd power d i s t r i b u t i o n  i n :  f u e l  s l u g ,  moderr.tor 

E f f e c t  of neutron s t r e m i n g  along c o o h n t  channels.. 

Accurate de t e rmina t ion  o f  e f f e c t i v e  p i l e  r a d i u s .  

Cor rec t ion  f o r  e f f e c t  o f  con t ro l - rod  channels.  

Nore ex tens ive  tr-io-group c n l c u l e t i o n s  . 

Gross flux d i s t r i b u t i o n s  f o r  vnrious opcrciting cond i t ions .  

b r i c k s ;  c o n t r o l  rods,  v i c i n i t y  o f  c o n t r o l  r o d s .  

( 3 )  Conversior c a l c u l  a t' Ions.  

C .  

f o r  p i l e .  

procedures : 

: d e  

P i l e  Operation. 
I 

(1) Determination o f  p r a c t i c a l  v a l u e  o f  excess  r e a c t i v i t y  

L 

( 2 )  
Analysis  of c o n t r o l  demands 2nd the.rma1 e f f e c t s  . 
( 3 )  

Determinat ion of s t a r t - u p ,  shut-doPm?, and power-change 

I n v e s t i g a t i o n  of p i l e  s t a b i l i t y  and t r a n s i e n t  response.  

( 2 )  Design o f  s h i e l d i n g  f o r  a s s o c i a t e d  equipment. 

I 
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B. IUAT TIW\TSFdR .ANA&YSIS 

1. Design cond i t ions .  
\ 

r l  i h e  p l i e r s 1  p r i n c i p l e s  r e l c t i n g  h a a t  t r m s f o r  t.0 t h z  des ign  of a 
I n  t h e  a j q l i c c -  gas coolod power 2 i l e  has bGon desc r ibad  i n  S e c t i o n  1x1. 

t i o n  of these p r i n c i p l e s  t o  thd p n r t i c u l h r  p i l e  design aascr ibod i n  t h i s  
r e p o r t  t h e  follovring design cond i t ions ,  i nc lud ing  3hd r e s t r a i n t s  im2osed 
by t.ha chain r e a c t i o n ,  vJre s e l e c t e d  as e r e s u l t  o f ' t h i :  considerGtions 
p rev ious ly  desc r ibed  i n  Sec t ion  IV. 

I n l e t  Gas PempGrzture, TI 500OF. 

O u t l e t  Gas Tainperature, T.. E 1400°F 

Mzximum Operating P rcs su ro ,  P * 10 atmospheres 

P res su re  D r o p , A , b  = 2.5 p s i  

Thermal Powdr Output, = 12000 h r  

P i l e  Longth t o  DicLmator Rat io ,  L/D = ,925 

Heat &?lease Ra t io ,  Peak t o  Avorzge 

Radicl ,  Fx e. 1.50 
A 
/ \  

Axial ,  Fy = 1.26 

l#oderaWt. :M&tokicl -, -9 

Tho f 5 l l o w  ing  allowable s t r e s s o s  were zssumdd f o r  t h e  f u s l  elements 

Bo$ :Pre@sgd' BeO' 

"- 

and t h e  moderator b r i c k s :  

j l$V.OOO = 900 p s i  Fuel elements 
15.5 x 2 x 1.5 

where 15,006 i s  t h o - t e n s i l e  s t r o n g t h  o f  Be0 

5.5 i s  e radiat iol ;  damgo f a c t o r  

2.0 i s  

1.5 i s  a f a c t o r  t o  t d - y j c a r z  o f  +,ho e c c e n t r i c  l o sd ing  

f a c t o r  o f  s e f e t y  t o  take.cara of t r m s i e n t  
Coilditions I 

- 
o f  t b  f u e l  e l c m n t s  

- Noderator b r i ck5  = 15,000 - 5,350 
1.5 x 3.0 

::here 15,000 is  t h e  tms i l c :  s t r e n g t h  o f  Be0 
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1.5 is  a r a d i e t i o n  damage f a c t o r  

3.0 i s  a f a c t o r  of s a f e t y  t o  t a k e  c a r e  o f  t r a n s i e n t  cond i t ions  

The thermcl s t r e s s e s  wzre c r l c u l a t e d  us ing  i d e a l i z e d  s t r a s s  equa t ions  
f o r  e l a s t i c  deformation and t h e  values o f  t he  , ihysical  p r o p e r t i e s  fo r  
a c t u a l  op6ra t ing  cond i t ions  given i n  thu  p r o p e r t i e s  of m a t e r i a l s  s e c t i o n  
of t h i s  r e p o r t o  
above f k c t o r s  
a t  t h e  c e n t a r  of t h e  p i l e  viere considsr-sd t o  ba t h e  most severe.  
r e l e a s e  a t  t h i s  p o i n t  was taken as t h e  2eak t o  avorage h e a t  r e l e a s e  r a t i o  
Of  1050 X 1.26 = 1,9 f o r  both t h e  f u e l  elernents and t h e  moderator b r i cks .  

The values wi thou t  r a d i a t i o n  daincga w r e  used and t h c  
were a p p l i e d  t o  t a k e  c a r e  of r e d i e t i o n  damag2. The cond i t ions  

The h e a t  

The p res su re  drops of 2.5 p s i  f o r  t h e  p i l e  and 3.61 p s i  f o r  t h e  com- 
p l e t e  system were chosan because the l a t t e r  i s  t h e  maximum a t t a i n a b l e  
p re s su re  r i s e  w i t h  a. s i n g l e  s t a g e  c e n t r i f u g a l  blow2r opGrnting ct  10 atmos- 
pheres p r e s s u r e  and 5000F i n l e t  tamperatura,  and because it f a l l s  i n  t h o  
optinum range of . lo t o  .20 f r a c t i o n  3 l o ~ E r  power. l h e  r e l a t i o n s h i p  be- 
t w x n  t h e  f r a c t i o n  blower power, 
i n  equa t ion  16 ?age 74 of Mon N-299. 

R,  and ;? i lc :  p r s s s u r 2  d rop ,bb - ,  i s  g i v a  
From t h i s  r e l a t i o n s h i p  t h e  va lue  of 

A 7% 

given above. 

‘E ,00726 ivas ob ta insd  f o r @  0 2,5 and o t h z r  design cond i t ions  

This  va lue  was used  i n  e s t a b l i s h i n g  t h o  dosign point .  
-. .....A? -_-. 

2. S e l e c t i o n  of Percent  Voids pad P i l e  S i ze .  
A 

. 

The p i l o  of minimum c r i t i c a l  mass and good oonversion was s e l e c t a d  
by o b t a i n i n g  t h 3  valuos of = a n d o  from oquat ion 5 o f  S e c t i o n  I11 f o r  
va r ious  pi lGs which s z t i s f y  t h a  above design cond i t ions .  
p l o t t e d  on a curvs s i m i l n r  t o  f i g u r e  4 from which t h a  des ign  2 o i n t  vasd 
s e le  c t  3 do 

Then va lues  w r e  

The va lue  o f  t h e [ I  q u a n t i t y  i n  equa t ion  1 of Sec t ion  111 f o r  
t h o  above dzsign cond i t ions  was found t o  bo 55, a s  fol lows:  

._ /2,00qd/,S?M6*Y..5 
-<36X/0 / ,00726  YUO‘ 8 3.9, /;z 

The va lue  f o r  t h e  p re s su re  drop th rough  t h e  p i l e  t b  t h e  p re s su re  drop 
used f o r  h e a t  t r ans fGr ,  FL, wcs t eken  t o  be 4.5. 
p re l iminc ry  t e s t  r e s u l t s  of f u e l  elements.  I t  t akos  i n t o  account t h a  l o s s e s  
d i scussed  under P rcs su ra  Drop Design Information a t  t h e  end of t h i s  s ec t ion .  

6 - 7  
Refe r r ing  t o  equz t ion  5 o f  S e c t i o n  1 1 1 , - t h e  va lue  of t h e  q u a n t i t y  c c  b, 

This (vas ob ta ined  from 

/ - C X  
was ob ta ined  as fol lows:  

: f - i.lc . . _  ,I T . 0 / 8 3 + 7 d  y-; -6 -& 6 f ’  ,E- 1, Uc6L”7 - 
, 4 {/-E’] 3; 2 

/J ‘ 2  
- 

x 19 x 55 = 185 
-0185 x 12,000 x 1.5 x 1.26 ~ , . 8 2 5  x - 2  

9002 x u 0 0  

Y 
4 
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r 3-55 i s  t h e  va lue  found d i r e c t l y  above 
The r a t i o  of f u e l  element m s t e r i a l  t o  t o t c l  p i l e  m a t a r i a l  
massI F,, WES t a k e n  as  .2, 
small  as p o s s i b l e  p rov id ing  t h e  f u e l  elements do not  as a 
r e s u l t  becorno t o o  t h i n  to f a b r i c a t e  o r  t h e  f u e l  channel 
t o o  small. It  i s  p r i m a r i l y  in f lusnced  by t h e  al lowable 
s t r e s s e s  i n  t h e  f u e l  elements 2nd permanent s t r u c t u r z .  

This vclue should. be made as 

W B S  obttiined from t h e  p r o p e r t i e s  Thc v d u c  of  E-& 

of m a t z r i c l s  s e c t i o n  f o r  an es t ima ted  f u a l  clement t empra-  
t u r e  a t  t h o  c e n t e r  of t h e  p i l e  of 14000F t o  be 19.0 

1 (A(,- t.3) 

The v a l u e s  of i7( a n d D  ob ta ined  from t h e  above equa t ion  c o n s t i t u t e  p i l e  
Phose were p l o t t e d  on Fig. 6 3  designs which s a t i s fy  t h e  design cond i t ions .  

t o  o b t a i n  the p i l e  of minimum cr i t ice .1  mass and h i g h  convcrsion. 
po in t  was s e l e c t e d  as d Z . 2 8  and R = 61 cen t ime te r s ,  ( D  
design p o i n t  could hav3 been s e l e c t e d  f u r t h e r  t o  t h a  l c f t  t o  a t t a i n  h i g h e r  
conversion and a smaller  pi12 s i z e  and hence a lso r a q u i r e  t: s m a l l e r  amount 
o f  BeO. However under t h e s e  cond i t ions  n s l i g h t  e r r o r  i n  t h e  n u c l e a r  con- 
stants might r e s u l t  i n  R p i l e  r e q u i r i n g  vz ry  l a r g e  q u a n t i t i a s  o f  f i s s i o n -  
a b l e  m a t e r i a l .  The voids  i n  t h e  prsser i t  dosign could b e  e a s i l y  inc reased  
and t h e  t o t s 1  channels  r e q u i r i n g  f i s s i o n a b l e  ncf,Grial reduced, if it proved 
d e s i r a b l e  a t  some l a t e r  date. 

The design 
9 f t , ) ?  The 

3. Design of Moderator Bricks. 

Consid3rat ion w2.s g iven t o  c o o l i n g  t h e  b r i c k s  on t h e  o u t s i d e  b u t  
by such o p e r a t i o n  t h e  o u t s i d e  of th;. b r i c k s  would be ?u t  i n  t e n s i o n  and 
more s e r i o u s  s t r e s s e s  n i g h t  be cc.used a t  t h e  co rne r s  t h e n  i n  a dasign w i t h  
i n s i d e  c o o l i n g  only. This cond i t ion  cou ld  be aggravated undsr c e r t a i n  
oondi t i o n s  o f  b r i c k  s t a c k i n g  which would produce ovsrcooling. 
f o r e  decidGd 
t h e  design a f t e r  s t r e s s  a n a l y s i s  t e s t s  o f  v a r i o u s  b r i c k  shspzs w r o  completed. 

l i i t h  &o'ling on the i n s i d e  of t h e  b r i c k  t h e  i n s i d c  s u r f a c e  i s  Sut i n  
t ens ion .  It was thorL'fore decided t o  us?  a c i r c u l a r  f u e l  element channcl 
because e i t h e r  a 'squa 
e f f e c t  on stress.  S i  
considered t h a t  i n  t h  c a s e  t h s  notch e f f e c t  due t o  co rne r s  i s  no t  s e r ious .  
A hexagonal b r i c k  was c h o s m  because it b e s t  cccommodLtDs a c i r c u l a r  hole  and 
provides  good s t r u c t u r a l  s t a b i l i t y .  

It was t h e r e -  
t o  design w i t h o u t  coolir-g on t h z  o u t s i d e  b u t  t o  r acons ido r  

o r  hexagonal channel would cause a s e r i o u s  "notch" 
e t h e  e x t c r i o r  of ' t h e  b r i c k  i s  inJcomprassion it i s  

1 

The approximEte t h i c k n e s s  of t h e  b r i c k  was determinQd by t h e  fol lowing 
f l a t  p l a t e  s t r e s s  formula f o r  h e a t  renovk,d from o m  s i d o ' o n l y  t o  bez .047 f t ,  
'or .57 inches,  say 1/21". 
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@ say 1 l i ) O O  i' r . 2 1  (from prop. o f  rnatur inls  s e c t i o n )  

.,- iihdre , 
f 

The h e a t  g e n e r a t e d  pe r  u n i t  volume o f  moderator m a t a r i n l , b  , 
was basad on t h i s  9% hea t  generated i n  slowing down t h e  g m a  
rays and neutrons,  A t  t h e  c e n t 2 r  of t h e  p i l e  it i s  210,000 
Btu/c . f . 

The r a t i o  of f u e l  p l z t a  volume t o  t o t a l  moderctor volume, F, was 
chosen ns .2 at  t h e  baginning o f  t h i s  s e c t i o n  t o  minihizi: f u e l  e l e n c n t  
s t r o s s e s .  
volumd f o r  t h e  pJrmanent s t r u c t u r o  of (1-6) (1-Fv) t 57.5% 

This va lue  p l u s  t h e  pe rcen t  p i l e  voids  e s t a b l i s h e s  a minimum 

A 3" hexagonnl b r i c k  wi th  EL 2" h o l e  wis chosdn bncauso it mects t h z  
requirements of 1/2" wall t h i c b 2 s s  m d  n t  l o n s t  57.5% p i l e  volume, being 
60% of t h e  p i l e  volume. 
b e s t  formula p r e s e n t l y  z v a i l c t l c .  
generated uniformly i n  2- c i r c u l z r  tube und removcd f rom thc i n s i d e  only. 
The o u t s i d e  d i m e t o r  of t h a  tube  i s  considorzd t h o  a w r a g e  o u t s i d e  c i r c l e  
drawn between t h o  f l a t s  and co rne r s  of' t h e  hsx::gonnl. 

The s t r e s s  i n  t h i s  b r i c k  v m s  ch2ckG.d w i t h  t h e  
I t  i s  t h e  fo l lowing  formula f o r  hoc t  

tihere, 
9 = h a a t  gen3reted p s r  f o o t  l e z g t h  o f  b r i c k  

,.a . OU - - 12,000 x 3413 x 1.9 x .09 x '-73; I 7,000 
228 X 3.7 

f 2  = s t r e s s  f a c t o r  which t akes  i n t o  Lccount t h e  tube  diameter 
r a t i o  o ,024 

By u s e  of  t h i s  f;ormula t h e  b r i c k  s t ress  vras determined t o  bo 3,380 p i  
T which i s  c l o s e  e n o u g h t o  t h o  a l lowab le  value of 3,330 t o  be s a t i s f a c t o r y .  

From t h e  s t a n d  po in t  :,of t h e  t o t a l  numbdr of chcnnels r4qu i r zd  it would  be 
p r e f d r a b l e  t o  ciasign 
inc raase  t h c  size of hc p i l e  sr.d.thc f i s s i o n a b l e  mator a1 r e q u i r e d  by n 
cons i de r ab 1 o amount 
f o r  Fv a sma l l e r  p i l q  and less  f i s s i o n a b l e  matsrial  c a n / b e  obtcinod b u t  
only a t  t h e  expense o'f rnaking t h e  chnnnols smeller  than:  2" and t h e  f u a l  
elements t h inne r .  This docs n o t  s = s m  s i r z b l e .  . I t  i s l t h e r t f o r c  concluded 
t h a t  t h e  choice o f  = 0.2 is  sa t i s fa  

o r  larger diametar f u e l  channels. 4i-Iowavcr t h i s  would 

1 s 3 e n  from equa t ion  5, Y y  u s i n g  t i  sma l l e r  value 

I 

A l a r g e  numbcr of f a c t o r s  a f f c c t  t h e  design of G s p c i f i c  f u u l  
element s u b j e c t  t o  thc: r e s t r i c t i o n s  im?osed by t h e  hea t  t r a n s f e r  a s s ign  
cond i t ions  desc r ibed  t h u s  far,  namely, a 2" c i r c u l a r  channel,  2 - 5 . p s i  

t + 
e . b  .. 

--" L-? - "U" C" 
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maximum p r u s s u r s  drop, and r,ot more t h z n  12% o f  t h e  p i l e  volumo i n  t h e  f u e l  
element ma ta r i a l .  The n a t u r e  and importance o f - t h o s e  f a c t o r s  clre desc r ibed  
i n  d e t a i l  i n  E subsequent  d i scuss ion  on t h e  design and development o f  f u e l  
el8ments. 
t a k e  t h e  fo l lowing  p re l imina ry  enalysis of t h o  problem i s  przsente.d. 

However i n  ord:>r t o  show a form t h e t  t h e  fuel elements  might 

Assum3 e. f u e l  e lsment  having.Cn egg c r a t o  c ros s - sec t ion .  I t s  th i ckness  
can bo de turn inod  t o  be .056" from t h e  f l L t  p k t c  stri;ss formulo, u s ing  a 
f a c t o r  o f  2 ' fo r  j o i n t  c f f a c t s ,  

1 / - 6 1 1  z * 3 '  8 L&) - ,), 

/J k r  2 / k- . .~ ,  
cr; ..-. 2 y .?l. * .- [ . . ' - u 

S, 900 p s i  

Approximately 5p of t h e  f u e l  e l%Ient  chnnnel i s  t eken  up by c l ea rance  
around t h a  f u e l  e lsments  .end 8' s l i g h t  spnc:: pi*.ovidc.d betwoer, t h e  f u e l  e l e -  
ments t o  l i m i t  fu21  alemefit joir:t l o s s o s  i n  th.5 caso of'  x i s s l i g n n e n t .  
Thdrsforo t h o  t o t a l  volumo w i t h i n  t h s  fu::l ~ l m e n t s  i s  npproximctely 

.40% - 5% = 35%. 
volune t h e  cquivL1ent diameter  of t h e  channels  i s  

Since t h a  f u e l  e l e m f i t  s t r u c t u r e s  con ta in  12% of  t h e  p i l e  

Assuming t h a t  t h i s  f u o l  a l enan t  W B S  uszd, t m  ? res su r -  drop  i n  t h e  p i l e  
is obta ined  by  sing the fo l lowing  - s tandard  pressur2  d r o p  equat ion,  

L 

- n Y p <  F $ p "  z- 
I 

. / .  

F= G.+ 
Vuhere,D d e n s i t y  = .Os9 1b/fte3 

/ 
Gs = mass f low p e r  sec.  thr,ough c e n t e r  chznnel  = 10.5 x 1.5- - 4.4 

3.52 L 
.L . r e a c t o r  l e n g t h  . 3.7 f t .  

1 

I 

FL- r a t i o  o f  t o t a l  p ressurd  drop  through p i12  t o  p re s su re  
drop' used  f o r  h e a t  t r n n s f z r  = 4.5 as previous-ly ind ica tod  
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f o f r i c t i o n  fac$or  z .0105 os found from hlcAdams "heat  Transmission" 
page 118 f o r  c e n t s r  channel a t  a 
Reynolds numbar o f  3,800 

From w h i c h A / i s  found t o  be 

This i s  s l i g h t l y  less' t han  thov assumed va lue  of 2.5 but  i n  view of 

A,,6 = 2.2 p s i  

t h e  u n c e r t a i n t y  of t h e  accuracy of detormining p r e s s u r e  drop lo s ses  i n  t h e  
p i l e  it is cons ids rcd  s a t i s f a c t o r y .  Fig. 27 shows a p o s s i b l e  Cons t ruc t ion  
f o r  e. f u e l  element conforming t o  t h e  foregoing design requirementso 

The average design t w p r z t u r e  d i f f e r a n c e s  betwasn t h e  gas 2:nd thi: f u e l  
e l ~ n z e n t s  zt  t h z  c e n t c r  o f  t h e  p i l e  WRS found from equc t ion  2 of S z c t i o n  111 
t o  be@ = 250°F, 
heu t  as t h e  s u r f r c o s  wi th in  t h e  f u e l  elements an s f f o c t i v s n e s s  f a c t o r  Of 

.86 must be used t o  o b t a i n  t h e  t r u e  temp2rcturo d i f f o r a n c =  t h e r e f o r o  t h o  
t r u o  temperaturo d i f f a r e n c e  bctwecn t h a  f u e l  elcinonts Gnd t h e  gas i s  
- 250 = 2900F. The maxhm. fuel olr;aont t m p r a t u r c  was obtcinod u s  dcS- 

c r i b u d  i n  MonM-239, pagc 52 t o  be (Tm)m f 15350F. P z r t  1oc.d t smps ra tu res  
G r e  given under "Tsnpora tu r j  D i s t r i b u t i o n  i n  t h -  Pi lc" .  

Since t h e  f u e l  changol srall dozs n o t  t r a n s n i t  as much 

86 

> 
An a l t z rns t t e  f u e l  element design i s  a Bo0 f u e l  e l m m t  wi th  t h e  f u e l  

concen t r a t ed  i n  t u b u l a r  i n s s r t s  as shown below. 

235 
B e 0 - U  4 tc/bes 

This f u e l  oleneii t  would k v e  E. prcssuro drop o f  1.0 p s i  and a naxi- 
mum f u e l  element temperature  o f  170o0Fe 

I 
I 5. Temperature D i s t r i b u t i o n  i n  t h z  P i l e .  

The t empera tu re  d i s t r i b u t i o n  i n  thc. p i l e  z t  vLrious p i l e  r c t i n g s  
4, 65, rnd 66 f o r  ' f u e l  elements df .048, .031 and 

1 

is given i n  f i gu r s s  
.0227 f t .  e q u i v a l m t  diamctGr, r c s p e c t i v c l y .  A11 f u e l  :eleinents, r e g n r d l e s s  

I o f  shape , having t h e ,  sama uquivalen t d i m e t G r  w i l l  ti:.; t h s  same t m p d r a -  
t U r C  d i s t r i b u t i o n .  k'or i n s t ance ,  t h s  f l a t  p l k t e ,  t h e  7; hcxagonrl  tbnd t h e  
7 hole  u n i t s  
.031 ft. end t h o r d f o r e  t h e i r  + r fo r2ance  i s  givon by Filg. 65. h i s  curve 
a l s o  a?pliVS t o  t h e  7 h o l e  t u b u l a r  i n s e r t  u n i t  describe'k i n  Sec t ion  4 cbove 
The 19 channal u n i t  s h o m  ir?  Fig. 27 hes ,0227 f t .  oquiivalcnt d i ame te r  
and i s  . ,  t h d r c f o r e  covered by Fig. 66. The fuel e l e m n t  ,trrith Ln egg  crcito 
c r o s s - s e c t i o n  doscr ibed i n  t h e  preceeding s e c t i o n  on f u s l  e l = n e n t  design 
has an e q u i v a l e n t  diarndter of .02 f t .  End z gas t o  f u e l  elsment tampereturo 

shown on Fig.  26 all hzval the same equivdlont  d i t m e t s r  o f  
I 

I 
l 
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d i f f e r e n c e ,  
comparad t o  350OF f o r  t h e  .0227 ft .  c q u i v a l e n t  d i n m t e r  f u e l  element. 

s l i g h t l y  sma l l e r  t h a n - t h o s e  shovrn i n  Fig. 66. 
on t h e  l s f t  hand s i d e  of t h e  parameters correspond t o  t h e  f u e l  elomelit 
s u r f r c o  temperatures  i n  t h e  c q n t e r , c h a n n e l  of t h e  p i l e .  
w r i t t o n  a t ' t h e  paeks of t h a  paramctgrs correspond t o  t h e  c r o s s - s e c t i o n a l  
avemge  f u e l  e l a n e n t  ' temperature i c r o s s  t h e  ' p i l e .  
t o  average h e a t  r e l e a s e  r a t i o  ec-ross t h 3  p i l e  i s '  1.5 th: s a n t z r  channel 
produces SOi:, more h e a t  t h e n  thi: averege channel. Tharefore  t h e  zveragc 
temperature  a c r o s s  t h e  p i l e  i s  consickred t o  corrcs,iond t o  t h o  t c n p e r a -  
t u r e  i n  t h a  c e n t e r  chennel when t h e  zverage p i l e  hee t  gene ra t ion  per  u n i t  
vo luno . . i s  equel  t o  the c e n t a r  channel h e z t  gane ra t ion  p c r  u n i t  volume. 

a t  t h e  c e n t e r  of t h e  p i l e  at 12;iOO hr ou tpu t  

t ampera tu r s s .  f o r  t h a  egg c r r t e  c r o s s - s e c t i o n  design can b e  t a k e n  as 
The p i l e  r a t i n g s  w r i t t e n  

The p i l e  r a t i n g s  
, 

.Since t h e  maximum 

Tho e n r a g e  gas temperature a t  nny po in t  in m y  c h m n e l  i s  on ly  a 
f u n c t i o n  of t h e  i n l o t  t o z p e r a t u r c  , t h o  o u t l c t  tcmpsrature  and t h e  heat 
gene rc t ion  a long  t h s  chznnel. '  The? h e a t  gene rc t ion  i s  ::ssured t o  be 3. 

cos ine  curvc w i t h  a maximum t o  average h e a t  gmerKt ion  o f  1.26 f o r  , a l l  
cases .  
all f u e l  elaments a t  all loads CIS shown. 

., LherGfore t h e  ges  t e n ? o r a t u r s s  e long  the  ch.-ar?els a r o  t h e  s8me f o r  

Tho f u c l  ela:?lent t e m p r a t u r 5 s  .%;.ur& d3 t s rn inad  by us ing  th:: h e a t  t r a n s -  
f e r  ratrs givsn i n  J ' ig .  68 . .  A t  c povxr ou tpu t  of 20,300 h r  t h o  Reynold's 
numbsr, B,, wzs 14,800, 10,000 &-a 7,400 f o r  t h o  f u a l  u n i t s  of f i g u r e s  
64, 65 and 66 rospoc t ive ly .  ' i 'or  th;e small eyuivcl i jnt  di tmator  f u e l  channel 
o f  .0227 ft. 'jn L/D r z t i o  of 30 v i a s  essumad. 
t h e  hec t  t r e n s f e r  r e t e  s u f f o r s  a d ip  wi th  r aduc t io i i  i n  lo sd .  This shows up 
i n  b'ig. 66 a6 can bc s : x n  from tns f a c t  t h c t  t i lo  h i g h o s t  tomper-tures occur 
a t  6,000 kVJ output .  This d i p  a lso occurs  i n  thc: f r i c t i o n  f a c t o r  curve. 
It i n d i c a t e s  t h e t  un3vazi .t emporaturo r i s e s  w i l l  r s s u l t  i n  tho p i l a  whan some 
channels a r e  o p e r z t i n g  i n  t h e  d ip  region.  

I'hc3refor-e c s  seen from F.ig. 68 

The averago tcmpcraturc  of t h e  f u e l  elomsnts c s  c, f u n c t i o n  of load  
f o r  t h a  va r ious  f u e l  e l a n e n t  designs c a n ' s  ob ta ined  from t h e  nveragc tempera- 
t u r e  d i f f e r a c e  botwmn t h e  f u s l  e l c n e n t s  m d  t h s  gas givGn i n  2 ig .  67 as 
i n d i c a t a d  tho rz in .  lhc c.ver&gs ter iperctoro of t h s  b r i c k s  w i l l  be .l;bouL 
1,000oF a-c low loeds and 10SO°F Et h i g h  l o c d s  dxccp t  f o r  t h e  case  when 
t h e  .048 equivalGnt diamctcr f u o l  alemant i s  used. buhen o p e r a t i n g  w i t h  
t h i s  f u e l  element t h e  avuragc: b r i c k  te:nparaturo w i l l  be q p r o x i m u t e l y  50°F 
h ighe r  t h a n  t h e  f i g u r c s  g iven  abovc due t o  thc: highcr  f u e l  elemant tempera- 
t u r e s  and coiisequent h ighe r  r a d i c t i o n l r a n s f e r  t o  t h e  b r i c k s ,  

I n  detGrmining t h e  t o n p d r c t u r e  d i s t r i b u t i o n  i n  t h e  p i l e  t h e  suppr6ssion 
of t h e  thzrmal f l u x  and consdquent l o w r i n g  of t h 3  10cc.l h e r t  gznura t ion  
was  considurod t o  bG s u f f i c i e n t l y  l o c c l i z o d  noar t h e  c o n t r o l  rods t o  hGve 
l i t t l c  e f f c c t  on t h e  t 'mpGraturo d i s t r i b u t i o n .  

I 
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The above d i scussed  p i l e  tempere tures  were c a l c u l a t e d  based on 
fo l lowing  p i l e  vo ids  and su r face  ei ' i 'ectivenesses 

Surface  
D2 (ft) $ Voids d f f e c t i v e n e s s e s  

.e0227 26 0 86 

. ?0 . ,I 

e 0 3 1  26 

,048 2704 64 

6. Heat T rans fe r  Data. 

The s t a n d a r d  equat ions  f o r  h e a t  t r a n s f e r  found i n  t h e  l i t e r a t u r e  
was used i n  de te rmining  p i l e  perforixince. 
t r a n s f e r  .is such, t h a t  by u 6 e .  of  t h e  equ iva len t  d i m e t e r  concept a small 
e r r o r  i s  in t roduced  f o r '  f l o w  i n  t h e  turbulslnt  reg ion .  For  s t r e a m l i n e  
flow the  use  of t h e  equ iva len t  diameter  2gy l ead  t o  an e r r o r  as  h igh  a s  
207;. 
t h e  he,at t r a n s f e r  r a t e  i s  i nc reased  over  t h a t  i n  a cont inuous channel. 
This  e f f e c t  has  been ignored. 
equat ions  used i s  about .f_ 30%. , This  e r r o r  has  l i t t l e  e f f e c t  on des ign  
, s i n c e  t h e  f u e l  element ter;iperatures a r e  cons ide rab ly  below al lowable.  
Uore work ' should  b e  done i n  t h e  range of v s r y  smzll chcnizal s i z e  fo'r v a r i -  
ous su r face '  arrangenent ,s .  
hea t  t r a n s f e r  and p res su re  drop should  be i n v e s t i g a t e d p  

The e f f e c t  o f  shape on h e a t  

By us ing  s h o r t  f u e l  elements t h e  boundary l a y e r  i s  i n t e r r u p t e d  and 

I t  is  estimct,ed t h c t  t h e  accuracy  o f  t h e  

The e f f e c t  o f  growth dueto r a d i a t i o n  damage on 

n 
7. Pressu re  Drop Data. 

R e l a t i v e l y  s imple  nethods o f  o b t a i n i n g  t h e  p re s su re  d r o p  i n  t h e  
f u e l  elements a r e  a v a i l a b l e  from t h e  l i t e r a t u r e .  The equat ion which i s  
used is as  f o l l o w s :  

( 
( 4 f e  L + ke (1J-l) 144Ap = GZ 

E,, Z $ ? d  c .rn-..: ( D e  
J (  j o i n t  losses 

L. ( T i a l l  f r i c t i o n  - _- 
! T ,  -/, 

b r i c k  j o i n t  
r e  qu i  r e m  n t  J l o s s e s  10s s 14ss 

I; 

/I 

Whherd 
f e  i s  t h e  equ iva len t  f r i c t i o n  f a c t o r  f o r  t h o  s e r i 2 s  of p e r c l l e l  

c h m n c l s  which c o n s t i t u t e  t h e  f u e l  elcinent dnd c l ea rance  
esri t h a  f u e l  ele:.ient and b r i ck  wall 

'I 
- II 

ke P f r a c t i o n  of  v e l o c i t y  head l o s s  ? e r  f u e l  e l s n e n t  j o i n t  

n 
1 N P number o f  f u e l  elements 

kb Z f r a c t i o n  of v e l o c i t y  head l o s s  pe r  b r i c k  j o i n t  
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Nb z number of  b r i c k  j o i n t s  

kl = f r a c t i o n  of i n l e t  v o l o c i t y  head lo s s  

k2 = f r a c t i o n  of o u t l e t  v e l o c i t y  head l o s s  

The o the r  s y i b o l s  are  def inod a a r l i e r  i n  t h i s  s zc t ion .  
t 

This  , equa t ion  can ba a p p l i e d  t o  any f u s l  e l e m n t  i f  t n e  e m p i r i c a l  coe- 
f f i c i e n t s  f e ,  ke,  kb, k l  and k2 are known. Tht: l i t e r a t u r z  con ta ins  s u f f i -  
c i a n t  in formzt ion  on solile of t h e s e ,  c o e f f i c i e n t s  and approximate va lues  f o r  
t h e  o the r s .  
p re s su re  drop i n f o m a t i o n :  . 

'%e fo l lowing  t e s t  work is novr be ing  conducted t o  conp le t e  

1) 
shapes and t h e  de te rmina t ion  o f  t h e  va lue  o f  f, 

2)  
d i f f e rences  i n  p re s su re  drop-  due t o  a i ' su l ig imant  

t h e  d i s t r i h t i o n  or" gas i n  p a r a l l e l ' c h a n r . e l s  o f  v a r i o u s  

j o i n t  losses and methods o f  x i i n h i z i n g  t h e n  and e l i m i n a t i n g  

3 )  b r i c k  j o i n t  l o s s e s  

4) methods o f  raducing  o u t l e t  shock .  loss.  
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FUEL ELEMENTS A M 0  G A S  IN PILE DESIGN 3 A .  
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C. PILE STRUCT-U!?E . 

The development o f  t h e  s t r u c t u r a l  f e a t u r e s  of t h e  p i l e  des ign  des- 
c r i b e d  i n  S e c t i o n  I V  has r e q u i r e d  c o n s i d e r a t i o n  of and s o l u t i o n  o f  a l a r g e  
number of mechFnical problems Deculiar t o  thc: decign o f  s t r u c t u r e s  ope ra t -  

These problems a r e  f u r t h e r  
i n t e n s i f i e d  by t h e  c l o s e  i n t e r r z l a t i o n  betiveon many f e a t u r z s  o f  t h e  p i l e  
design such a s  t h e  requirements f o r  i n t roduc ing  and removing f u e l ,  t h e  
use o f  nea t ron  absorbing rods f o r  c o n t r o l l i n g  t h e  p i l e ,  t h e  use o f  a 
ceramic m a t e r i a l  f o r  t h e  permanent s t r u c t u r e ,  and perhaps most important , 
t h e  i n t e n s e  r a d i o a c t i v i t y  a s s o c i a t e 6  wi th  o p e r a t i o n  of a p i l e .  The 
n a t u r e  of t h e s e  problems and % h e i r  i n f luence  on t h e  p i l e  s t r u c t u r a l  dc- 
s i g n  i s  dcsci-ibed in  t h e  fo l lowing  pzragraphs.  

ing t h e  c r o s s - s c c t i o n a l  dinensions of t h e  beryl l imn oxide b r i c k s  and t h e  
l e n g t h  and diameter  of t h e  p i l e ,  have been d2sci-ibed p rev ious ly  and t h e  
d i s c u s s i o n  h9re i s  t h e r e f o r e  l i x i t e d  t o  The secondary e f f e c t s  evolving 
t h e  r e f  r om. 

, i n e  a t  h igh  temperatures  and h igh  p res su res .  

Thc primary e f f c c t s  o f  hea t  
t r a n s f e r  and physics  c o n s i d e r a t i o n s  on t h e  s t r u c t u r a l  design,  i .e. ,  f i x -  

1. Design a.nd F a b r i c a t i o n  of Bcryllium Oxide i3ricks and R e f l e c t o r  Plugs,  

I n  a d d i t i o n  t o  t h e  p i l e  d.eaign rzquirements,  t h e  l i m i t a t i o n s  
imposed by t h e  p r e s e n t  technology of producing beryllium oxide powder and 
f a b r i c a t i n g  it i n t o  s u i t a b l e  shapes have had cons ide rab le  i n f l u e n c e  on t h e  
s p e c i f i c a t i o n s  f o r  t h e  Ye0 b r i c k s  and plugs zivcn i n  S e c t i o n  I V .  This 
i s  p a r t i c u l a r l y  truc? wi th  r e g a r d  t o  t h e  b r i c k  length,  d e n s i t y ,  dimensional 
t o l e r a n c e s ,  and n u r i t y .  

Two methods o f  f a b r i c o t i o n  o f  3 c r y l l i m  O x i d e  b r i c k  havc been 
developed, on2 by t h e  Norton Co., the o t h e r  by tho  A.C. S p r k  Plug Corn 
The Norton Coo b r i c k  a r e  mede by p l ac ing  Be0 powder i n  R g r a p h i t e  mold, 
h e a t i n g  t o  1600-21OO0C. 
process  Dro4uccs hoxagons 3’’ ac ross  f l e t s  - 5 t h  n 2” diamotor h o l e  i n  lengths  
up t o  9 inches !crith E - iensi ty  avoreging about 2.85, and w i t h  lovr dimensional 
tolerances. ‘Those ? , K i c k  arc m a d c  f r o m  Brush B s r y l l i w m  Co. t y p e  G - C .  oxide. 
The A.C. Spark Plug Co. b r i c k  mvo brxnimade by cold p re s s ing  of t h e  
powdered oxide i n  s t e e l  d i e s  and f i r e d  i n  a continuous k i l n  a t  175OoC. 
The hexagons made hy ithe Sperk Plug C k .  a r e  l i m i t e d  t o  $ I ’  length.  
Tho maximum d e n s i t y  achieved t o  da t e  i s i a b o u t  2.6 o r  2.7. 

t han  t h e  Norton Co;  ho t  Fressed b r i ck .  

and zpplying a p re s su re  of 1000-2000 p s i .  This 

These b r i c k s  
arc: made from Brush Beryllium Co. S. ?.‘oxide.  They a r c  I much less expensive 

a. A long b r i c k  i s  d e s i r a S l b  f o r  s t r u c t u r a l  
s t a b i l i t y .  
t u r e  g rad ien  
of t h e  p i l e  rvhsre t h e ’ t c m p e r a t u r c  i n  some b r i c k s  w i l l  r ach a maximum i n  
t h e  c e n t e r  w i t h  re.luc$ion tovcird oach end o f  t h e  > r i c k . ]  Thus t h e  optimum 
b r i c k  
promiso which aga in  i:s 4 . i f f i c u l t  t o  cvaduatc  i n  numbers. 
f a b r i c a t i n g  t h e  b r i c k  i s  roduced by us ing  longcr  b r i ck .  

g t h e  b r i c k  l e n g t h  i n c r e a  r:s t h e  a x i a l  tempera- 
h i s  e f f e c t  becomes most s Vere a t  t h e  c e n t e r  

I 

length,  bascd ‘on cond i t ions  a t  t h e  c e n t e r  of t h c  p i l c ,  i s  a com- 
I 

The c o s t  o f  

The 6” b r i c k  l e n g t h  on which t h i s  r o p o r t  i s  based was choscn beceuse 
it r e p r e s e n t s  t h e  longest  hot-nrcssod b r i c k  ob te inab le  a t  t h e  t ime t h i s  
design was c r y s t a l l i z i d .  R c c e k l y  t h e  Norton Company has f a  
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/. hot -pressed  b r i c k ,  and  i C  now ssxns  l i k e l y  t h a t  sone l e n g t h  l o  
6 inches  w i l l  prove p r a c t i c a b l e .  This  ques t ion  r c q u i r e s  f u r t h e r  s tudy  'w and t e s t  work. 

b. L e n s i t y  of Br ick  and Plugs. 
f o r  t h e  b r i c k  i s  cons idered  e s s e n t i a l ,  b sc ruse  o f  The adverse  e f f = c t  o f  
lowzr d e n s i t y  on c r i t i c a l  mass. 
b r i c k  d e n s i t y  means an i n c r e a s e  i n  c r i t i c a l  mass o f  about one k i l o g r m  o f  
f i s s i o n a b l e  mater ia l  i n  t h e  p i l e ,  which more t h a n  wipes out  t h e  c o s t  ad-  
vant&ge i n  us ing  t h e  ceramic b r i ck .  
t h a  e f f a c t  o f  d e n s i t y  r e d u c t i o n  i s  much less,  bacause t h e s e  p lugs  arL lo -  
c a t e d  i n  t h e  r e f l e c t o r  zone i n  t h e  276 o u t e r  channels .  
d e n s i t y  of t h e s z  plugs from 2.85 t o  2,65 t h e  c r i t i c a l  m&ss o f  f i s s i o n a b l e  
m a t e r i a l  r a q u i r c d  i s  inc reased  by on ly  1 o r  2 ,%, which i s  n o t  major. 

rhe s ? e c i f i c a t i o n  o f  2.85 d e n s i t y  

n r educ t ion  from 2.85 t o  2.65 average 

I n  t h e  case o f  t h e  c y l i n d r i c a l  p lugs ,  

By reducing t h e  

C .  Dimensional l 'o lerances.  The assembly o f  t h e  b r i c k  i n  t h o  p i l e  
must be accomplished v;ith a h igh  dogrze o f  p r s c i s i o n ,  and t k r e f o r e  it i s  
h igh ly  d e s i r a b l e  t h a t  t h e s e  b r i c k  be made w i t h  cons ide rab ly  less v a r i a t i o n  
t h a n  t h e  va lues  o r d i n a r i l y  acce;;ted f o r  r e f r a c t o 3 -  b r i c k  E.nd t i l e .  This  
mattsr i s  d i scussed  i n  d a t a i l  l a t e r  i n  t h i s  s e c t i o n  under th t .  s u b j o c t  o f  
P i l e  iilignment. It  s;sns raasonably  s u r e  t i 2 . t  h o t  p re s s sd  b r i c k  c%n be made 
t o  c l o s e r  dimensional t o l e r a n c e s  than  c z r a n i c  f i r a d  b r i c k ,  unless t h e  
ceramic b r i c k  are machifiad. Hovrevar tn is  s u b j e c t  r e q u i r e s  f u r t h e r  d e t a i l e d  
s tudy  i n  coope ra t ion  w i t h  t h e  b r i c k  manufacturers  

I_ 

d. Bell and s p i g o t ,  .The d e s i r e b i l i t y  of malting t h e  b r i c k  w i t h  
b e l l  and  a p i g o t  f o r  l o n g i t u d i n a l  a l ignment  has  been g i v a n  cons ide rab le  
thought .  
answer. 
and by whether t h e  ' p i l o  i s  v e r t i c a l  o r  h o r i z o n t r l .  The l o n g i t u d i n a l  a l i g n -  
ment i r o v i d e d  b y  a b e l l  and s p i g o t  seems more necassary  i n  a v e r t i c a l  p i l e .  
I n  e. h o r i z o n t a l  p i l e  virhera t h z  c h a n n a l s - a r e  ovzrlappad ct t h i r d  p o i n t s ,  it 
seems l i k e l y  t h a t  l o n g i t u d i n a l  b r i c k  a l i g m a n t  can b e  accomplished by t h e  
weight  o f  t h e  b r i c k  and t h e  former b locks  on t o p  o f  then.  Thus it i s  no t  
c l e a r  t h a t  b e l l  and s p i g o t  are a c t u a l l y  na.;;.ded. hur thernore ,  t h d r e  i s  
Soim p o s s i b i l i t y  t h e t  t h e  weight  o f  t h e  b r i c k  above may r u p t u r e  a b e l l  
o r  s p i g o t  i n  8 case  where miselignment occurs  a t  a j o i n t .  

This  ques t ion  i s  n o t  s u s c e p t i b l e  t o  Q completely c l e a r  c u t  
It  i s  a f f e c t e d  m a t e r i a l l y  b y  t h e  s t re r ig th  o f  t h e  b e l l  a n d  sp igo t ,  

Rupture t G s t s  on two b a l l s  and two s?igor;s 9f tke t y p e  shown on 
Fig. 1 9  i n d i c a t e d  E break ing  s t r e n g t h  i n  CXCGSS o f  one t o n - f o r  s a c h  b e l l  
and each  sp igo t .  I'his h i g h  brmikizg s t r e n g t h  p l u s  t h e  l eng th  of over lap  has  
l e d  t o  adop t ion  of t h 2  b a l l  and s p i g o t  shovn on big.  1 9  f o r  use  i n  the 
v a r t i c z l  p i l e .  

e. *Purity. Brush Bcryl l im Co. t p s  G.C. hnd S.P. powder and 
C l i f t o n  Products  Co. f l u o r e s c e n t  grade  2owdar a r e  a l l  
except  f o r  boron con ten t .  The presenci: o f  boron i n  6-1s b e r y l l i u m  oxide 
r e q u i r e s  an  inc rease  i n  t h s  c r i t i c a l  !lass of t h e  f i s s i o n a b l e  n a t o r i a l  approxi -  

o f  s u f f i c i e n t  p u r i t y  

metc ly  i n  t h e  amount o f  10% f o r  e a c h  one p a r t  p r  n i l l i o n  of' boron. 
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" 
t ypa  S.P.normzlly runs  2-10 ppn. 
Brush can  su?ply sbou t  1500 lb.  ?or month of G. C. oxide and probably  
1500 lb .  par  ,month' of S. P. oxide. 
can be f u r n i s h e d .  if 2 ppm ma tz r i a l  w r a  a c c q t a b l o .  C l i f t o n  Products  Coo 
f luorGscent  powder normally runs  somwhct  less t han  1 ppm boron, and t h e y  
can supply 2000 t o  4000 lbs .  pe r  norith o f  powder t o  1 p p ~  s p e c i f i c a t i o n .  
The s p e c i f i c a t i o n  o f  1 ppm boron r c ? r e s z n t s  t h e  lowzs t  ,boron contan t  which 
can b s  met basad  on metdrial p r o c u r e m m t - i n  t h s  quantg ty  requi red .  

By s e l a c t i n g  e s p e c i a l l y  pu re  ba tches ,  

Freswnably somwhat g r a a t e r  q u m t i t i e s  

f.' Swnmary. Thc; s p e c i f i c a t i o n s  o f  2.85 d s n s i t y  and  z.t l sas t  6'' 
l ong th  for  t h e  b r i c k  &re cons id3red  o z s e n t i a l  i n  s p i t a  o f  t h e  f n c t  t h a t  
t h e  only  b r i c k  which m 2 e t  them are t h e  Norton Co. h o t  pressed  b r i c k  made I 

a t  Chippewa, Ontar io ,  Canada. 

Thz r o f  l e c t o r  p lug  s p c i f i c k t i o n s  h a v ~  bGen d o l i b d r u t 6 l y  w r i t t a n ,  
t o  22rnii.t thzm t o  bo aada  b y  h. C .  Spark Plug by ceramic f i r i n g .  
cons ide red  dc?sirablc t o  kc;ep a second manufacturar  working 
oxide poblem.  
made from Bush Beryl l ium Company S. P. Gxide, wlnich i s  n o t  used by 'I'hc 
Norton Company i n  making t h e  hot-presscd b r i ck .  
source  m a t d r i n l  f o r  t h o  plugs w i l l  s p e d  up poi.rdt:r procurer*lcnt mn tu r i a l ly .  

I t  webs 
on t h *  b s r y l l i u m  

Eurthcrmora,  the A. G. Spark Plug  cdramic f ' i rdd product  i s  

I'hc: USJ o f  t h i s  d i f f e r e n t  

I n  t h s  devalopmznt of tho  p i l s  design c o n s i d e r a t i o n  hzs  bcen given 
i'hc v z r t i -  t o  bo th  a h o r i z o n t a l  end v c r t i c a l  o r i o n t s t i o n  o f  t h o  p i l o  ax is .  

c a l  p i l e  des ign  d e s c r i b a d  ir, Sactior? IV wns choson b x a u s e  i t  s impl i f ' i cs  
s e v o r a l  problems, namely: 

1)' The problern o f  r a t c i x i n g  thz: ho t  end  of  t h s  b r i c k s  has 
btien s i m p l i f i e d  by det)cnding upon t h e  dead  weight  o f  a number of  
metal b locks  a t  thc; t o p  of th;: ? i l e ,  r a t h a r  t h m  depending upon 
thc: t e n s i l e  s t r e n g t h  of 6 p l c t e  o r  o t h e r  s t r u c t u r e  which would 
be roqu i rad  wi th  thc: ho t  &Ed i n  m y  ot'hsr loca t ion .  
approzchos t o  the prcblen involvo e i t h e r  coo l ing  the  r z t a i n i n g  
s t r u c t u r e  t o  a. uniform t , m p o r z t u r s ,  o r  making t h e  s t r u c t u r e  i n '  
p i e c e s  t o  i)d'riHit s m d l  r o l e t i v o  movments,  a l though r e s t r a i n i n g  
l a r g e  movenbnts. 
mod i f i ca t ion  of  t h e  l a t ta r  a;sgroach, i n  which aach s e c t i o n  i s  
he ld  i n  place by grkvity. 

Other 

The design Fresanted  !nay be .reg:trdad 6 s  a 

2 )  
t h e  p i l e ,  and p i12  c o n t r o l  frorn t h o  t o p ,  which  simplifies 
each o f  t h e s e  p r o b l m s  by t h o  fict t h e t  n e i t h o r  i n t c r f e r e s  
w i t h  t h e  o the r .  

3)  Lkximum s t a t i c  load  on t h 3  b r i c k  is iess, a n d  chcniiol a l i g n -  
ment i s  s i m p l i f i s d  w i t h  t h i s  Errmg.mcnt .  

Loading and unloading  a r z  acconp l i shad  from t h 3  bottom o f  
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Tha des ign  chosan involves  two inairi' l i m i t a t i o n s ,  ,naxely:. 

1) The we igh t  of blocks r e q u i r e d  c t  t h e  t o p  t o  h o l d k h e  b r i c k  
i n  p lace  bccomes excossivc: a t  dii:f.opi;Xtia.ls i2.;-t'';fimh c.bovi; 2.5 p s i ,  
s o  t h a t  t h i s  s o l u t i o n  o f  t h e  hot  pla.La problarn i s  not .  8 p r a c t i c -  
able one w i t h  a p i l e  di.signqd f o r  c gas  Fressura d i f f s r c n t i c l  
c f  10 t o  20 p s i ,  which w i l l  probably bc r a q u i r c d  i f  l a r g e  c a p -  
c i t y  gas cooled p i l u s  a r e  b u i l t .  

2 )  rilith loading and unloadirig ncchanisrn both  a t  t h e  sane end o f  
t h a  f u e l  channols ( " r evz r sz  channol  lozding") ,  1oad.ing i s  pro- 
beb ly  r e s t r i c t s d  t o  p i l c  shutdown baccuso a n  c n t i r e  c h m n o l  n u s t  
be con2lz te ly 'empt icd  and r e l o a d e d  i n  a loading  operc.t icn.  
"Through chanr_sl" o r  "s lug" loc.ding are nor': a t t r G c t i v o  elid nay 
u l t i m c t e l y  bo foLs ib le .  
t h i s  end i s  d i scussed  i n  iippandix d. 

V o r k  dono on das igns  g o i n t i n g  toward 

3 .  P r e s s u r e  S h e l l .  
. !  

The working 2 r a s s u r s  ic t h a  h e l i u n  s y s t e x  i s  132 pS!.;. l h i s  
systcrn i s  p r o t s c t e d  by a safety va lve  m d  r u p t u r e  d i s c  v h i c h  ari: d i scussed  
i n  part F of t h i s  sect ion. .  i.;ihen thesi .  devices  func t ion  the  hclliwn i s  d i s -  
charged i n t o  a -  c l o s s d  t m l :  t o  avc id  ntmosphsr ic  coiitcwLination. 
d i s c  i s  d i f f i c u l t  t o  r ep lace  and t h e r e f o r e  v;i11 bz s e t  z t  a ;3rassur6 con- 
s i d e r a b l y  above working p r e s s u r s  t b  in&a sura  tkt it blows on ly  i n  major 
emergencias,  such :is ~i major b o i l s r  t u b e  rupture .  -1ri o rdor  t o  ?errnit  t h i s ,  
the p i l a  znd o t h e r  . pa r t s  of tk. hel ium s y s t m  8ru' dosigneci f o r  & p r e s s u r e  
o f  250 p s i .  

.... 

iht: r u p t u r e  

Actua l ly ,  t h i s  des ign  ? re s su re  shov.ld hc'vs somi: f L  rthc-r cons ide ra t ion  
from two viewpoints :  

- 
a. It i s  zdvantegaous t o  dasign t h e  h e l i u n  systcrn 30 t h a t  the 

p res su re  r G l i e f  devices  w i l l  riovur need t o  blovr, even though all t h a  watsr 
and steam i n  thc- b o i l z r  cx?lptits i n t o  t h e  helium s y c t m .  C;lcul;tions a r e  
necded t o  d d t z r n i w  ths p r e s s u r 2  ii; t h c  hc l iu i i  s y s r ; a ~  i n  such c con t in -  
gency- I 

b. Since s t e m  i n  t h o  Gi le  inc rcasus  r e a c t i v i t y  v x y  mcrkedly, 
c a r a f u l  c o n s i d c r a t i o n  must bo givzii  t:, t h u  i)rdssurr: s e t t i n g  o f  t ho  r z l i e f  
devices .  
steam which can accumulcte ir, t h o  p i l e  ~ n c i  iicncc: th.e g r e a t o r  tho p o s s i b l e  
incrctase i n  r e c c t i v i t y .  Physics  c c l c u l a t i o n s  must be made t o  detarmins 
whether thd d e s i r e d  sa fe ty  valv,: p ressurd  s e t t i n g  i s  accoptable .  

i'h3 k ighzr  t h c  s o t t i i i g  t h e  g r o a t c r  t h o  p o t e n t i c l  vrcight of  

The t h i c k n s s s  o f  tho  pressuru. s h e l l  of t h e  p i l e  i s  j,l 1/2", which 
corresponds t o  E. c i r cu rn f s rcn t i a l  p-casu 
i n s  prassur.3 and 80OJ p s i  E t  250 ?s i  k s i g r .  prossurz.  This  i s  below t h e  
s t r e s s  a l lowab le  wi th i  lovr carbon stGels 1r-t t2mperc tures  "up t o  
differer ice  i s  r ugardcd 2 s  a rdasonable  mLrgir of sci'.;ty ; t o  a l l o w  f o r  p o s s i b l e  
r a d i c t i o n  dam@ t o  t h b  s t e e l .  
d a m g e  w i l l  u l t i m a t e l y  be r e q u i r e d  f o r  a l l  st:sls used i n  t h e  p i lo .  

s t r e s s  of 4200 ? s i  a t  132 2 s i w o r k -  

650 F. The 

" p c i f i c  in formct ion  conc;rning r a d i a t i o n  
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ifelding techniquo r2qu i re s  carofv.1 i n v a s t i g c t i o n  t o  i 
j o i n t s  f r z e  froin i n c l u s i o n s  iicd blow holes. 
proven method be used t o  dil tdrnine t h e  t i g h t l l a s s  o f  t h e  s h a l l .  

It  is  a s s e n t i a l  t h &  a 

Ca lcu lz t  ion of t h 3  reinforce:ner t  rkqu i r ed  around s h a l l  o p n i n g s  i s  
"utai ls  of walding t h e  manhole t o  t h c  s h a l l  be ing  l e f t  f o r  d e t a i l  &sign. 

a r a  i n  t h a  sane category.  

X f u e l  unloading t u b e  i s  mentioned i n  t h s  d d s c r i p t i o n  of t h s  p i l e  
s t r u c t u r z .  
probably havd t o  bo mzde f o r  r e p l a c i n g  t h i s  t ube  2,s t h o r z  n:-y bi: c o n s i d v r a b l e  
w31ir. 

Howjvar , no des ign  vjork h2.s bcsn d o n e  as ye t .  P rov i s ions  will 

'zdsts now i n  progrGss w i l l  d e t - m i n e  t h i s .  

Undcr changing l o a d  cond i t ions ,  %hG p i l e  ilrcssuri: shc l l  a d  r o t c i n -  
i n g  c y l i n d s r  as well as tk  bottoiii plnt:: v : i l l  
p e c t  t o  t h e  e f f e c t  of v a r i a t i o n s  i x  'Lhc gzs  t enpe rn tu ra  e n t e r i n g  thi: p i l e .  
P ra san t  b c i l a r  s p e c i f  i c z t i o n s  involvz a g z s  t mparctu.rc-; c h ~ : r , g ~  from 500 %F 
a t  10,000 kw ou tpu t  per  b o i l a r  t o  ebout  550 >'. r t  500, b r  output .  
tempercture  s t resses  i2ducod i n  t h i c k  n c t a l  by a r?.i)ie change f rom 19,000 
kw t o  500 kv: a re  probably accap tab le ,  b u t  ?lust b s  checked. 

!lave t o  kc; checkzd w i t h  r e s -  

Tho 

4. P i l e  k l i g n m n t ,  

Fhd s t d e l  forming blocks around t h c  b r i c k  s t r u c t u r e  sLrva t o  keep 
t h e  b r i c k  as a closz-packed u n i t  and  g i v e  f l u x i t i l i t y  f o r  expansion.  By 
tzpGring t o p  m d  bottom o f  i nd iv idua l  blocks 45 degrees  as shown on b'ig. 243, 
a h o r i z o n t a l  con2onmt  o f  f o r c e  of  zp=roxirnntely 5 $ s i  i s  r v a i l 3 b l e  f o r  
c m t z r i n g  t h e  b r i ck .  
detdrmind the optinurn si23 n ~ d  sl?&pz of th2:s- ~ l : m a t s ,  and t o  dc t c rmine  
whothcr a t a p e r  can be mzdc t o  c o r i t x  t h s  b r i c k  s a t i s f a c t o r i l y  w i t h  rds- 
p s c t  t o  th\:  pi12 shell. 
v a r i a t i o n  a t  t h z  t o p  o f  t h c  p i l e .  

ku r the r  s tudy  and ~ x p ~ r i n m t  w i l l  bo r s q u i r c d  t o  

If n e t ,  t h i s  j n t r c d u c e s  o n l y  a moximwn 3/8"  

Thc r a d i a l  c l ea rcnce  bctvmor, c o z t r o l  rod cnd  b r i c k  chaniiels i s  0.725" 
I f , thc p i l e  s h i f t s  t h a  mxirnm d i s tnnce  of  3/8", w i t h  p e r f e c t  a l ignment .  

a minimum c o n t r o l  rod  c l o a r m c c  o f  0.35'' a t  t ha  t o p  o f  t h c  b r i c k  c h m n e l  
i s  l c f t  f o r  rod  d i s t o r t i o n  and misd ignmen t  o f  r o d  bear ings.  
3/8" movclmcnt i s  poss ib l e  only whm thc:  p i l o  is,col:! so t l m t  t h 3  nininum 
c learanco  a t  des ign  tdmperz.turd i s  &bout  0.45'' c t  t h c  t c p  of  t h 2  b r i ck .  

l h c  f u l l  

Tho c o n t r o l  rou  tliirnblds ir; e t t z c h d  t o  t h o  p res su rL  shc l l  and t o  t h e  
t o p  p l a t e  csssmbly. Ther= i s  n d i f f e r o n t i 2 1  movmcnt between thi 500 F. 
p rc s su re  s h e l l  and t h e  800 F. t o p  assanbly p l c t 2 ,  a i x u  t h z  p l a t e  is  
cuntdrod w i t h  r c s p e c t  t o  t h d  s h o l l ,  t h m e  w i l l  bc- no nisal ignmcnt  for t h o  
c e n t r a l  . t h inb le ,  b u t  t h e  o u t s r  th i r ib los  vi11 nom r m y  from t h s  csr i tcr  
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s l i g h t l y  a t  t h e  bottom as ti-e p i l e  . i s  h sa t ed  from cold.  
c o n t r o l  rod  b e z r i n g  i s  s l i g n e d  w i t h  t h e  c o n t r o l  rod  th imbles ,  misa l ign-  
ment of t h e  th imbles  i s  t r a n s m i t t e d  to t h s  c o n t r o l  rods .  
t h e  o u t e r  c i r c l e  c a l c u l a t i o n s  i n d i c s l t j  0.04" misalignliz3nt a t  t h e  t o p  p l u t e  
assambly l o c a t i o n  2nd G.08" a t  t h s  b o t t o n  o f  t h a  b r i c k  channs l  w i t h  t h e  
c o n t r o l  rod  all t h s  way in .  
t i o n  of  swing of t h e  b r i c k  chznnel,  it s a m s  dzsirnbl'y t o  compsns&to par-  

' t i e l l y  by g i v i n g  tha  rod  2, s l i g h t  i n i t i e l  Cc,gularity,  i.e. t o  i n c l i n o  t h c  
c o n t r o l  rod 'chinblss  s l i g h t l y  tovrcrd the cen te r  when cold.  Lhs o f f z c t  o f  
p o s s i b l e  d i f f e r e n t i a l  l o n g i t u d i n a l  movnmcnts  c f  t h o  c o n t r o l  r o d  tl-iimbli's 
must also be s t u d i e a ,  Any vikrping o f .  c o n t r o l  rods w i l l  s f r i o u s l y  a f f e c t  
t h e i r  a1 ignmarit . 

Since  

l o r  rods  on 

Since t h i s  r o d  swing i s  oppos i t e  t o  t h s  d i r s c -  

Tho problem of c o x t r o l  rod al ignment  and cloarc,ncss requ.iros c a r 2 f u l  
i n v e s t i g a t i o n  which should ificlude t s s t i n g  o f  z f u l l  s i z e  c o n t r o l  rod  
channel  undsr  r epea ted  .opsrcitiofi o f  t h e  rod  t o  sinu.lLto a c t u a l  operation 
of  r e g u l a t i n g ,  shim, and c o n t r o l  rods .  I t  i s  n e  c e s s a r y  t o  dat2rmino 
whether t h e  b r i c k  w i l l  bo c rcckad  by c o n t a c t  w i t h  the  rod, c ~ u s e d  b y  rod  
v i b r a t i o n  o r  o t h e r  f a c t o r s .  If s o ,  it vi11 be cacossa ry  2 i t h w  

1) t o  incr ,ase  claarancz:; by incrdcsir i& c h m n e l  s i z e  o r  reducing  
r o d  ciimcbdr, o r  

2 )  t o  provide a s u i t r b l c  l i n L r  f o r  thc! chmnv?l t o  p r o t e c t  t h 3  
b r i ck .  

Tests &re now schoduled t o  de'iernina t h e  amount o f  d u s t i n g  o b k i n d d  
wi th  b j r y l l i w  oxide br ick .  
r e t a i n i n g  b locks ,  and r s t c i n i n g  c y l i n d z r ,  it i s  e s s e n t i z l  thsi t  therc? be 
no LLJprcciable accumulct ion 
would cm5.3 m i s a l i p n e n t  G r  evefi rupturc: o f  t h e  s t r u c t u r e  upon subsequent  
h e s t i n g  and  dxpansion. This  is a najcr i tsn which r e q u i r 2 s  complGts invesc i -  
ga t ion ,  

aocailse or" t h e  s a d 1  c1ecr::nces bstw6en b r i c k ,  

o f  dus t  bztwedc b r i c k  vfhan co ld ,  s i n c e  t h i s  

I n  view of  t h e  sm&ll d i u n e t r a l  Clem-zncos betwden b r i c k  tr,d r e t a i n i n g  
s h e l l  (1/4Ii at bot tom acd 3/4" at t o p  when cold) it is c l e a r  th-t t h o  
assembly o f  t h a  b r i c k  r e q u i r z s  a h i g h  o rda r  o f  p 5 c i s i o n .  This i s  d s o  
r equ i r -d  i n  o r d e r  t h &  c o n t r o l  cha-incls nay be l i n e d  up with c o n t r o l  rods.  
Fig.  19 i n d i c c t e s  2 1/64'' to lc rLnc6 a c r o s s  I'lats on t h e  IiexE.gons, lrJith 
25  hexagons ac ross  t h e  di&?letc;r t h b r e  3s L rJaxinum ,2ossiblz v & r i L t i o n  of: 
4 c 25/64", which is  cons ide rzb ly  grm.tcr  t hcn  t h s  1/4" c lez rance  t c  be p ro -  
v ided  a t  t ha  bottom. i o  mekc t h s  assembly ic i th  b r i c k s  o f  t h i s  t o l e r z n c c  
w i l l  r e q u i r e  

1) 'Ss l ec t ive  essembly ' 

2 )  
b r i c k ,  r a t h z r  t h m  t o  nominal 2' '  d i i x n s i o n s .  

D r i l l i n g  bottom ple- te  t o  hverago di:nensioiis o f  n c t u z l  

3) 
c l ea rance  bes?d on z c t u a l  b r i c k  dimensions. 

gacliining i n s i d e  of former b locks  t o  p-ovide proper  
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Po e l i m i n a t e  t h e s e  compl ica t ions  it would be necessa ry  t o  reduce  
t h e  t o t a l  v a r i a t i o n  Imss ib le  t o  about  1/16", which would m & n  l i m i t i n g  
t h e  t o l e r a n c e  on each  b r i c k  t o  o r  c + .002:'lirhich does n o t  s3em f e a s i b l e .  

The maximun v a r i a t i o n  p z r n i s s i b l e  i n  t h e  o v t r a l l  he ight  of EL column 
of  b r i c k  i s  abou t  1/16'', : / ) i th o rd ina ry  non-se lec t ive  assembly t h j  s I f  vould  
r e q u i r e  l i m i t i n g  t h e  v a r i a t i o n  i n  b r i c k  l e n g t h  t o  about  
which ssems imprac t icable ,  i l i t h  c a r d f u l  s e l e c t i v e  assembly t h e  h e i g h t  
can be  c o n t r o l l e d  t o  t h e  r e q u i r a d  p r e c i s i o n  Trovided t h z  avercge b r i c k  
l eng th  can  ba h e l d  c lose ly .  h o t h c r  p o s s i b i l i t y  i s  t o  machins t h e  t o p  
b r i c k  o f  each  column t o  zivc t h e  d e s i r e d  t o t a l  column he ight .  

o r  t ,005, 

The s i t m t i o n  as t o  t h e  r e f l e c t o r  p lugs  i n  e a c h  channel  is  ve ry  much 
t h e  same, s i n c e  t h e  t o t a l  ler ,cth v a r i a t i o n  i n  each  channel must be kep t  t o  
about 1/8" t o  i n su re  proper  operatiol;  of t h e  f ~ l  l a t c h  nschanism, and 
t h e  s p r i n g  which h o l d s  t h e  p lugs  i n  plhce.  
l e n g t h  p lus  s e l e c t i v e  assembly appears  t o  be t h e  b e s t  answer i n  t h o  czse  o f  
t h a  r a f l e c t o r  plugs.  

CorLtrol  of '  t h e  a v e r s g a ' p l u g  

. the '  foregoing  i n d i c a t e s  t h a t  s o m ~  very c a r e f u l  thought  must bo g iven  
t o  t h s  problein of b r i c k  to l a rancas .  
assembly problems must be d iscussed  i n  du- tx i l  w i t h  b r i c k  mznufacturers  
i n  o r d e r  t o  s t r i k e  CL balance  between t h c  d i f f i c u l t y  o f  nanufac tu r ing  b r i c k  
t o  c l o s e  t o l e r a n c e s  and t h e  d i f f i c u l t i 2 s  o f  noking -the b r i c k  kssernbly. 

U l t ima te ly  t h e  b r i c k  t o l e r a n c e  and 

Fig. 23  shows th-. f u z l  u n i t s  he16 ir, 2 o s i t i o n  by a s p r i n g  h t  the 
bottom of  t h e  column and r a d i e l  l ugs  i n  t h e  c e s t i n g  a t  the  top .  
i n& shows t h e  sp r ing  elemmt c a r r i c d  i n  a s t a a l  t ube  5 inches  long, which 
replaces t h e  lowermost ba ry l l i um oxide u n i t  i n  t h e  channel. This reduces 
t h e  e f f s c t i v o n o s s  of thz r e f l e c t o r ,  which i s  n o t  acceptab le .  $0 avoid 
t h e  n s c e s s i t y  of i l icrcasing tho  r e f l a c t o r  length ,  it i s  f e l t  t h a t  t h i s  
s i t u a t i o n  can  b e  renodied  by i cco rpora t ing  t h e  s p r i n g  elsment  i n t o  t h e  
body of t he  l a t c h ,  so t h a t  l a t c h  and s p r i n g  can  bo locattad i n  t h o  p resen t  
l a t c h  l o c a t i o n ,  and a beryllium oxide  u n i t  w i l l  be loca t zd  i n  t h e  p re sen t  
s p r i n g  element l oca t ion .  Phis change has n o t  baon inco rpora t ed  i n  
Fig.  23  because it w i l l  r e q u i r e  some s tudy  t o  combine tho  s p r i n g  and l a t c h  
mechanisms s n t i s f a c t o r i l y  i n  a si:iglo body. 

* h i s  dravr- 

5.  L'emporaturG b i s t r i b u t i o n  ar,d Gas Flow. 

I n  g s n e r a l  t h ;  d e t a i l  composi t ion o f  all nets . ls  i n  t h c  p i i c ,  and 
t h e  a l lowable  s t resses ,  canno t  be d s t a m i n z d  u n t i l  a c e r e f u l  t m p o r a t u r e  an- 
a lys i s  of  cll p o r t i o n s  o f  t li~ p i l e  f o r  a l l  op&.t i i ig  cond i t ions  has  been  
nade. 

The t s n p e r a t u r e  level and g r a d i e n t  i n  t h e  bery$lj.um oxida b r i c k ,  arid 

Tos ts  %re now bz ing  run t o  d e t j r n i n o  t h e  &mount 
t h e  corresponding stresses must be c a l c n l s t e d  i n  cons ide rab ly  mor2 d c t r i l  
t h a n  has yet bzen done. 
of  c racking  obta ined  w i t h  v a r i o u s  t e m p r z t u r e  d i f f e r a n c a s  a c r o s s  t h e  br ick .  
The r a s u l t s  o f  t h s s e  t e s t s  must be c o r r a l c t e d  w i t h  c a l c u l c t e d  cond i t ions  o f  
t hd  moderator b r i c k  f o r  various p i l e  out2uzs.  "he 3 f f o c t  o f  l o a d  swings, 

1 

i nvo lv ing  r e 2 i d  chcnges in  t h e  helium tzmpcrz.turc w t o r i n g  -tho p i l d ,  r?ust @ a l so  b3 s tudiod.  

i 
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This  and o t h e r  ? roblens  invo lve  a n  anzlysis o f  lheat r e l e a s e  and f low 
d i s t r i b u t i o n  i n  t h e  r e a c t o r  and  r e f l e c t o r  channels, also a n  z n e l y s i s  of 
t h e  f low d i v e r t e d  from t h e  b r i c k  chacnels  t o  c o o l  t h e  c o n t r o l  rod. channels 
and former b locks ,  It  i s  desirc.Sle t o  have t h e  s m e  g.o.s t e m p r a t u r e  
l ezv ing  sll b r i c k  channels.  R a f l e c t o r  plugs a m  designed t o  r e s t r i c t  
gas flovr i n  r e f l o c t c r  cham-ols,  s i n c e  hea t  r e l e a s a  i n  t h e s e  chcmLe1s i s  
much less  t h a n  i n  r e e c t o r  channels.  
h e a t  r e l e a s e d  i n  the  i n n e r  and o u t o r  r e f l e c t o r  chsnnels .  Flow i n  var i -  
ous cIiannu31s w i l l  bo propor t ioned  by o r i f i c a s  c,t the i n l e t  t o  each  clirnnel. 
k d e t a i l e d  stt idy of t h i s  ;)roblGm i s  r equ i r ed ,  

'3hu"re i s  h l s o  a d i f f e r s n c a  i n  t h e  

Tn orde r  t o  he.ve a 1400OF. rilean gas t enpernzure  l e & v i n s  t h e  outgoing 
plelium chzuiiber t h e  Zvorcge g ~ s ,  t empere ture  l e a v i n g  t h e  b r i c k  chanrlels 
must be  somwhat  i n  excess o f  1400°F, 
c a l c u l c t e d  based  on es t imLtes  o f  tjie t e n p e r s t u r e  o f  -the g c s  l e z v i n g  c o n t r o l  
chcniiels m d  former blocks,  ana  t h e  q u e n t i t y  cf ces d i v e r t e d  t o  t h c s e  
purposes.  

F!iis u t u a l  temperz ture  ::211st be  

Cooling requirements  o f  co r i t ro l  rods  and d e t s i l s  o f  c r i f i c e s  f o r  t h e  
c o n t r o l  rod channels  r n u s t  be (iztsrinizea i n  o r d a r  t c  obtzi i i  t h e  r e q u i r e d  
f l o w .  
mined f o r  vz r ious  locds  aria vczrious co?hrol  rod . p s i t i o n s .  Also t h c  
s t r e s s e s  i n  t h e  b r i c k  :it t h e  toy of' cilcnn3ls z.tijeci.nt to c o n t r o l  c1:nnne1S 
must bo checked, sine:: t h o  heliu? lesv ing  t h e  c o n t r o l  cIx..nnals nay bz 
mttttfr lowor i n  te!ycrcLture t h a n  th2  h e l i w ,  locving  adjc,.ceEt cheii1iols . 

The gas tamperc.turz 1ee.viE.z con.trol  r o d  cl-,cnnols must be d s t c r -  

Tha p o s s i b l e  warping G f  c o n t r o l  rods  r q u i r o s  c nrelful - theoi.oticz1 
& n t  r n d i z t i o n  from a d j a c e n t  study. 

b r i c k ,  par t icQl2.r  ly xheii c o n - s y m e t r i c a l  around t h e  rod,  must be czaiyzed, 
The hel ium f l o w  rociuirod t o  p- 3san t  irrrrpir.g must be cons idorod  i n  detr;r-  
mining t.ho f low r e y u i r z d  t o  cool  t h e  c o n t r o l  rods.  

Tes t s  m a y  provc t o  b o .  dus i r ab lc .  

(c) -- i ' a m p r a t u r e  c f  coo l ing  heliurn. 

( e )  

( d )  

(3 )  

Hezt ccrilducted i n  froln be ry l l i um oxido b r i c k .  

1 k . t  csndu.ctcd out i n t o  t h e  r e t z i n i n g  she l l .  

Allowable t e m p r a t u r e  o f  re ta i r , ing  shell . 
, .  
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The helium turnp2rature l snv ing  t h e  formcr b locks  must a l s o  bt: con- 
s ide red ,  s inca  t h i s  helium is usod t o  c o o l  t h c  t o p  platte asselpbly. It  
i s  expectad t h a t  o. tb.Tparaturu of 800 F. nzximur!l on th ;  o u L r  p l a t s  be  
maintained. This  t h i c k d r ,  3/4" t h i c k  ? la te  i s  s u f f i c i e n t l y  renovi;d from 
t h e  p i l e  t o p  s o  t h h t  no d i f f i c u l t y  is  sxpectod due t o  unsvzn tempera ture  
d i s t r i b u t i o n  o f  gas l x v i n g  t h o  pilc;. 

Th3rc i s  no n s c e s s i t y  f o r  t h e  l i g h t  b a f f l e  p l a t e  a t  t h e  t o p  of t h e  
p i l e  t o  be  gas  t i g h t  as a leakage t h e r e  w i l l  do no hzrm. Thore fow,  t h i s  
p l a t e  i s  s imply  'ool.t~C! t o  sngles  fas t8mad t o  t h i :  p r c s s u r s  s h c l l .  
around ho1i.s. i s  provided so t h i s  p l a t e  ?vi11 2 : x L r t  BD -force cn C C J I ~ . ~ ~ O ~  r o d  
thic:bl.;s. Thz Povzr p l a t e  i n  t h e  to;! p l a t e  assembly a l s o  has c l ea rance  
around c o n t r o l  rod  t!iimblss s o  t h a t  d i s t o r t i o n  o f  t h i s  p l a t e  ccnnot  impair  
p i l i :  oporat ion.  
and thicknessos can bc: datorminod f o r  cornpononts of t h o  t o p  p l a t s  zsswhly,  

Cleco,rance 

A c n r s f u l  tcn?.crature  analysis i s  r e q u i r e d  bcforo  m e t r l s  

6. Gnd E x > c r i m e n t ~ l  F 'nc i l i t i o s .  

This  problGm has n o t  ;,?-et r c c e i v s d  d e t a i h d  cons id3r&icn .  It i s  
c v i d e n t  t h a t  mRtericils x h i c h  c.m bi, con ta inod  w i t h i n  cyl indGrs f i v e  inches  
long m d  1 7/8"  dicmetor could bt: i i isi?rted a i d  renoved f r o n  e i t h a r  r e a c t o r  
o r  r e f l o c t o r ,  by t h a  P a l  lozcler withir i  c2r ts ; in  l i m i t a t i o n s  R S  t o  t h s  

must n o t  c runbla  
l i n i t e t i o n s  as t o  t h e  e f f z c t  of t h e  spocii:lcn on gas f low i n  the  channel  
it i s  in .  Eiovrevur, t h o r e  is n o t  y o t  a?+runt any  r a ; ; l i s t i c  ig2anS f o r  G ~ S  

t empera tura  muasursnent i n  connec t ion  w i t h  mat>rials introduced i n t c  t hs 
fue  1 chenne 1 s , 

J e b i l i t y  of  t h e  m a t e r i a l  -to w i ths t and  tarnperctura a i d  r & d i n t i o n  ( i .e ,  it 
o r  n s l t  o r  reztct  c h m i c z l l y  o r  n u c i e a r l y )  End w i t h i n  

It s2ems probablc  t h a t  s p e c i c l  t o s t  chcnnels  would havs.: t o  bc provided.  
Thzss could  bd similar t o  c o n t r o l  r o d  c h m n o l s ,  ma would be a c c c s s i b l c  
from zbovc, I t  may So p o s s i b l e  t o  i n t roducc  sa'ap1c.s wi th  thvrmocouplts 
a t t a c h e d  i n t o  chznnc:ls o f  This type.  This  hovev-r r e q u i r d s  s tudy  which as  
ye t  hes no t  baen undcrtakcn. 

7. Shie ld ing .  

Thz design or' thr: va r ious  cornpononts o f  thi:  p i 1 3  dcos not ,  i n  
genera l ,  dcpand t o  m y  g r m t  s x t s n t  on t h s  type  o r  amount o f  si . i ialding 
r c q u i  r ad .' 

Thc com2osi t ion '  m d  ox tan t  o f  t h o .  s h i e l d i n g ,  on t h o  o t h e r  hand, cannot  
bu c l o s e l y  s s t imu ted .  u n t i l  s evural of' t h a  no r8  importarit dcs  igc cons idera-  
t i o n s  of t h o  p o j e c t j  are s s t t l o d ,  i n c l u d i n g  mximrm p o w r  o p e r a t i n g  level ,  
d e t a i l s  o f  p i l e  loading ,  s t r u c t w o  and sup?or t ,  nax imm axpac ted  f i s s i o n  
product  d i f f u s i o n  f r o h  t h e  v r r i o u s  t y p s  o f  f u e l  t o  bo zrnployad, s t c .  
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On .khis b a s i s  a v a i l a b l e  imiipovqcr nas t zen  epp l i ed  t o  .dasign work which 

must b s  coinpletad befori: f i x 1  s h i s l d i n g  c n l c u l a t i o n s  czn be nade. k 
pre l imina ry  survey o f  p r o j e c t  .shielding l i t o r z t u r o  has Sszn made which 
provides  . su f f  i c i o n t  inforriiati on f o r  rnrking rough "ord.jr o f .  magnitude" 
s h i s l d i n g  cc1cu;lz.t ioils when m c e s s a r y  f o r  d e t s r n i n a t i o n  of r e l z t i v s  l o c a t i o n  
o f  v a r i o u s - p z r t s  of t h e  equipment' o r  c o i ~ ~ ~ o n a n t s  o f  t h s  itlant. 
,groups a r e  s t a r t i n g  u x p c r i n o n t a l  zn3 t h a c r z t i c z l  work on t h a  ganerzll pro- 
blain o f  shiGlding,  i nc lud ing  exporimonts now undGr way 2.t C l in ton  Labora- 
t o r i e s ,  m d  use  can bo nLde of  such d&vsloplnents. i n  connect ion w i t h  shield- 
ing  studi2:s f o r  t h i s  2 r o j a c t .  S incs  m i g h t  and spncc n re  iiot z t  z Frenium 
i n  t h i s  & @ p l i c a t i o n ,  t h s  f i n a l  si ; . lection or" t h e  type cnd Errangemept of  the  
s h i e l d i n g  vrould dopend l e r g a l y  on .v.cononic cons id3 r s t ions ,  bu t  it i s  a n t i -  
c i p t e d  t h a t  s p a c i a l  s h i e l d i n g  m . t e r i a 1  vrould be r e q u i r e d  E t  vnr ious  n o i n t s  
as nacessa ry  t o  p o v i d a  f o r  o p t i n m  arrangcmcnt cf va r ious  ad jzcon t  p a r t s  
o r  S t ruc tu ros  a d  t o  provide f o r  BCCBSS th rough t h e  s h i e l d i n g  f o r  r c p z i r s  
t o  important  c o m p o i 1 ~ ~ t s  6 

So-Jdral 

A 
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D. F'UGL HHNDLING 

1. General Requirements. 

B e l i a b i l i t y  of t h e  , f u e l  handl ing equipnisnt i s  of paramount im-  
por tance and p o i n t s  toward s i m F l i c i t y  o f  design. This i s  accen tua ted  i n  
t h e  case  of t h e  equipment used f o r  charging and discharging t h e  p i l e  due 
t o  induced r a d i o a c t i v i t y  which 2recludes s e r v i c i n g .  
a l l  p a r t s  o f  equipment, s u b j e c t  t o  r a p i d  wear should be e x t e r n a l  t o  t h e  
hel ium coo lan t  c i r c u i t  
a c t i v i t y  w i l l  be  n e g l i g i b l e .  This 2 e r n i t s  ready relJlacement o f  t h e s e  
e l e n e n t s  w i thou t  n e c e s s i t a t i n g  ex tens ive  s h i e l d i n g  o f  equipment. 

Because o f  t h i s  f a c t ,  

and remote enough from t h e  p i l e  t h a t  induced 

Since t h e  p o s s i b i l i t y  o f  unpred ic t ab le  f a i l u r e  o r  u n s a t i s f a c t o r y  
o p e r a t i o n  must be cons,idered, even t h a t  p a r t  of t h e  mechanisn w i t h i n  t h e  
p i l e  p re s su re  chamber must be r ep laceab le .  
considered as a major r e p a i r  
would r e q u i r e  shuf-down o f  t h e  p i l e  f o r  a 
haps weeks. 
been t h a t  t h i s  equipment must 
through a reasonably small h o l e  i n  t h e  2 r e s s u r e  s h e l l .  

This  type of replacement i s  
and it i s  a n t i c i p a t e d  t h a t  such an o p s r a t i o n  

To achieve replacement of such e q u i p e n t  t h e  philosophy has 
pe r iod  of s e v e r a l  days or  per-  

be capable  o f  removal from t h e  chamber 

Loading of  the p i l e  w i thou t  reducing :;he p re s su re  appears  a t  t h i s  
date  t o  be a reasonable  and d e s i r a b l e  ob jec t ive .  
problem r e v e a l s  t h e  f a c t  t h a t  t o  a c h i s v e ' a  change o f  f u e l  w i t h i n  a rsason-  
a b l e  l e n g t h  of t ime r a q u i r e s  t h a t  t h e  ztinosphere vfithin t h e  p i l e  must con- 
t i n u e  t o  be helium. Since t h i s  i s  t h e  case ,  S O i i E  form o f  gas lock  vjould 
be r e q u i r e d  even f o r  loading a t  atmospheric pressure.  h h i l a  -the con- 
s t r u c t i o n  of th! l ock  might be s i m p l i f i e d  by loading a t  atmospheric p r e s s -  
u r e ,  t h i s  would be achievad a t  t h e  expense o f  i nc reased  corq1icz;t ion i n  t h e  
coo lan t  c i r c u i t .  

Considerat ion of t h e  

Loading wh i l e  tne p i l e  i s  i n  opYration has a22eared as a d e s i r a b l e  
o b j e c t i v e  i n  t h e  i n t e r e s t  of achieving a maximum of f l e x i b i l i t y  i n  t h e  p i l e .  
There i s  a l s o  m e r i t  t o  t h e  thought  t h a t  loading under o p e r s t i o n  mould be 
desirs lble  i n  a cormnzrcial u n i t .  urhile t o  da t e  no s a t i s f a c t o r y  s o l u t i o n  has 
been found f o r  t h i s  problem, t h i s  o b j e c t i v e  has no t  bGen f u l l y  i n v e s t i -  
gatad.  

The p o s s i b i l i t y  o f  a channel becoming o b s t r u c t e d  has b e m  borne i n  
mind al though it i s  impossible  t o  eva luh te  t h e  p r o b a b i l i t y  wi thou t  a c t u a l  
exp,:rience. Accordingly one of t ha  o b j e c t i v e s  o f  t n a  f u e l  handl ing dev ice  
is  t o  ;rovide access  t o  esch chanriel i n  o r d e r  t h a t  any o b s t r u c t i o n  w i t h i n  a 
channel c m  be removed by mehns o f  a u x i l i a r y  equipmerk i n s e r t e d  through t h e  
accuss  provided. 

2. Loading Schedule. 

A s  po in t ed  ou t  i n  t h a  d i scuss ion  o f  the f u e l  problems t h e  c r i t e r i o n  
determining a change o f  f u e l  i s  assurnij'd t o  be t h e  a l lowab le  d e p l e t i o n  w i t h i n  
t h e  f u e l  elements,, 
upper l i m i t .  'hhi le  it would be d e s i r a b l e  t o  chmg:: esch e l e n a n t  as it reached 
lo$ i n  o rde r  t o  reduce t o  t h e  minirnuni t h e  r a p - o c e s s i n c  l o s s  and the number 

A value o f  1076 d e p l s t i o n  i n  considered a p s r m i s s i b l e  
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o f  e l z m n t s  t o  be handled i n  a g iven  ,er iod,  t h s  mechanics - 

i s  as y e t  u n s a t i s f a c t o r i l y  solved.  
reasonably  sim;3le mschanisns,  i s  t o  change a n  e n t i r e  channal  when t h e  most 
depl&ed elament has rshched t h e  10% l i m i t .  

To obtain: an approximate schedule  

The nex t  b e s t  cgproach, c o n s i s t e n t  w i t h  

\ 

f o r  loading  as a b a s i s  on 
which t o  p l a n  t h a  f u e l  hsndl ing  c y c l e ,  t h e  consumptioc 
c e l c u l a t e d  f o r  a power lava1  of 12,000 kw of h e e t ,  assuming t h e t  t h e  f l u x  
d i s t r i b u t i o n  i s  t h c t  given by  t h e  Ono Group iheory ,  

o f  f u e l  has been 

Since  o n l y  an  asproximate schadula  can be formulhtec! a t  t h i s  
t ime t h a  ca lcu . la t ions  a r e  s inp1ir" ied by assuming t h e  p i l s  d iv ided  i n t o  16  
concen t r i c  zones of uniform r a d i a l  w id th  and f u r t h 2 r  assuming t h a t  t h e  f l u x  
w i t h i n  each  o f  t h e s a  zones i s  uniforin m d  symmatriczl .  
t h a  t ine r a q u i r e d  .to r zach  107; d e p l e t i o n  of t h a  c e n t r a l  =lament i n  each  
zone can ba shown t o  va ry  i n  accordance with,thu curv;s sholm in .F ig r  69. 

On thus2  pe!nist:s 

b ince  it i s  n o t  p r a c t i c a l  t o  d ischarge  each channel a s  it raaches  
it bzcomes n s c ~ s s a r y  t G  i n v e s t i g a t e  t h e  numbsr o f  channels  

nssuming t h a t  10% depletFon can 
t h a  1070 l i m i t  
t o  b;: charged a t  vz r ious  time i n t e r v 5 l s .  
n o t  be excseded in my i n d i v i d u a l  Tu131 element,  it becones esseEtiia1 t o  
r e p l a c e  a t  any  charg ing  pe r iod  sli those  chaunals  i n  which t h z  10); l i m i t  
w i l l  b* raachsd  bd'orz t h a  next  charg ing  p x i o d .  
v a r i a t i o n  i n  t h a  nunbar of channels  t o  be chsnged par  shut-dovk with in-  
c r s a s e  in  nurnbar of days betv;c.i.n such shut-dov.=?s. . 

?ig.  70 shows t h e  

Koted on t h e  curvc i s  t h e  s , iec i f iad  number Qf charinzls t o  be  
changad a t  1 wc-elc w,d 
of  channels changsd on c. 2 week basis  is  g r e a t e r  t h a n  -the numbjr triat 
mould be changud i n  two ona week p r i o d s .  This  a r i s a s  of cours3,  from 
t h e  nasd for  changing channels  i n  which 10% d e p l e t i o n  would l5e rsnched 
p r i o r  t o  t h a  n e x t  two weak shut-down, , Phis  i s  i x i n t e d  c u t  more c l e a r l y  
by *'j.g- 71, which is a p l o t  of t h e  oxcess f u e l  elements ( p e r  30 days) 
consumed or! a channel  loading  b a s i s  i n s t e a d  o f  t h e  repiccement  o f  each  
element a t  10s deple t ion .  I t  cnn be saen f r o 3  t h i s  curve  t h a t  eve? if 
t h e  p i l e  wsre shut-down as 3L:ch channsl  
c e n t r a l  ulemei?t, 440 elarnonts would be  useci avsry 30 days in cxcsss of' t h e  
1560 elainents t h a t  would be u,sed on 111 i n d i v i d u a l .  s l e i m ~ t  chznging bas i s .  
Howevzr, s i n c a  t h i s  e t  leas t  must be ncr,eptoa ( d u e  t o  l s c k  of nach ine ry  
f o r  changing s.ach element)  it i s  worth no t ing  t h a t  t o  incrGas3. t h e  pe r iod  
froin - t h i s  a b s o l u t e  minimum t o  E. once-?$r-wcsk basis  causes  on ly  about  a 
10% i n c r e a s e  i n  t h e  m a t z r i ; l  t o  be r sprocessed .  Since a once-pr-waek 
b a s i s  i s  a more reesontible opa-cit ing schadula and s i n c e  t h e  ahd i t ion t i l  c o s t  
is  modarate it i s  plcnnzd t o  shu t  down yeekly and change 58 channels.  

2 w;;.ek i n t e r v a l s .  I t  ca2  be s.een t h a t  t h e  number 

reached 1Qo d e p l z t i o n  i n  t h e  

3. T i m e  Availslble f o r  Loading. 

The OXCBSS r e a c t i v i t y  i n  t h a  sile has b.xn s s t i m a t e d  as s u f f i c i e n t  
t o  ovsrcone t h e  Xenon poisoning f o r  a ps r iod  o f  t h r 0 3  t o  f o u r  hours  a f t e r  
shutdown. 
f rom t h e  f u e l  e l e m n t  and an ins tan tmieous  shut-down from f u l l  pourer. 
h h i l e  t h i s  i s  t h z  n o s t  s a s s i m i s t i c  a~ , J roach  t o  t h d  flroLl?.n iT; vias usvd as 
a basis i n  orddr  t o  i n v e s t i g e t a  t h e  2 o s s i b i l i t y  o f  mbeting e v m  t h i s  s h o r t  

( f h i s  ~ E S  b e m  based on t h e  asswnption o f  no d i f f u s i o n  o f  Aenon 

0 
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schedulc  ). 

Vhilc  t h c  change o f  58 channols w i l l  obviously rcduce t h e  moun t  
of Xenon wi th in  t h s  p i l e  it i s  impossible  a t  t h i s  po in t  t o  e s t i m a t c  t h e  

q u a n t i t a t i v e  n a t u r e  of t h i s  change.' Ir, t h e  i n t e r b s t  o f  conservz.tism, 
t h e r o f o r  , it has boen deciclcd t o  neg loc t  t h i s  chnngc i n  c s t i i m t i n g  t h e  
t imc a v a i l a b l c  f o r  loading.  Thus, assuming t h z  1ow.r vtiluc o f  3 h r s ,  t o  
be morc ncarl:r c o r r e c t  a n d  assuming f u r t h c r  t h a t  1 hr .  should 3c madc 
a v a i l a b l c  f o r  s t a r t - u p  o f  t h e  p i l c ,  it can bc scen t h a t  t h c  f u c l  changc 
must bc mndc w i t h i n  2 hrs. Since 58 channels  must be changed ir, t h i s  
pc.riod, t h o  loading  apparz.tus must be ca.pable of changing onc channel  i n  
t v o  minutes  . 

4. Gas' Locks. --- 
The charging gas lock must servlz t h c  d u c l  f u n c t i o n  of prevent ing  

d i l i i t i o n  of t h q  p i l e  hc l ium with t h o  surrounding z i r  and t o  prcvcnt  d i s -  
cha rgo  of dangerous m o u n t s  of r a d i o e c t i v i t y  i n  thc, f o r n  o f  co::.taninated 
helium. 
enough t o  m;!i:t t h e  loa.?ing schcd.ule o u t l i n c d  abovc; t h a t  i s ,  it must p e r m i t  
passage of s u f f i c i a n t  f'ul=l and. r z f l c c t o r  elomcnts t o  r a f u c l  58 channels  ' 

wi th in  a t w o  hour pc r iod . :  I n  order  t o  miniinize vacuum pump roquircments 
t h c  v o l h e  o f  tni .s  lock must bo a rninimm amount g r o a t c r  t h a n  t h a t  necessa ry  
t o  accommodato t h e  number of clcmcnts being proc2ssad a t  a t imc. 
must a l s o  p o v i d c  f o r  ope ra t ion  of a plungcr  o r  ran t o  t r a n s p o r t  t h c  f u c l  
elements from t h e  lock t o  t h e  charging machine. 
i n v e s t i g a t i o n  w i l l  indicco.te t h a t  t h c  f u e l  G lemnts  must bc enclosed  i n  a 
gas t i g h t  c o n t r i n c r  undcr helium p r e s s u r s ,  i n  o rde r  t o  reduce p i l e  hclium 
c o n t m i n a t i o n  b y  var ious  gases which might 0thi;rrvise be conta ined  w i t h i n  
t h c  f u c l  e l m c n t s .  
oquipmcnt f o r -  opening t h i s  con tc inc r  a f t e r  t h c  con tcn t s  gf t h e  lock  surround- 
i n g . t h c  c o n t a i n e r  huvc bcen brought t o  a s a t i s f a c t o r y  s t a t e  of p u r i f i c a t i o n 6  
The i n d i c e t i o n s  a t  p rc scn t ,  homvsr ,  a r e  t h a t  thCsC prccs.utions *arc  un- 
nc c c s s ar y . 

I t  must be capabl:? of handl ing  fiiol elements a t  a r a t o  f a s t  
. .  

The l o c k  

I t  i s  p o s s i b l e  t h a t  f u t u r e  

If t h i s  should d e w l o p ,  t h e  gas .  lock  must a l s o  con ta in  . 

Due t o  th,: rpp id  loading schedule ,  it v a s  f c a r c d  t h a t  prehea t ing  
o f  f u e l  elcmcnts n i g h t  bc ncccssery  (at l o s t  i n  thc casc o f  BeO) i n  o rde r  
t o  avoid thormal  c rack ing  upon i n s c r t i o n  of c o l d  c l m c n t s  i n t o  t h e  h o t  
p i l o .  Such p rchcs t ing  woul.? t m o s t  l o g i c a l l y  b o  inco rpora t ed  i n  t h e  gas l o c k  
system. 
Be0 f u e l  oloments i n t o  an c l e c t r i c  furnacc ,  p -ov ious ly  hca tcd  t o  1400°F, 
an?. having 2, 1/2" t h i c k  s t : s1  p l a t e  on t h e  f l o o r  o f  t ho  ifurnace on which 
thr, e l m c n t s  v'.>rc Ylaccd. 
r e s i s t a n t  t o  t h c r x  1 
crPcks devqlowc? m s  
merit u n t i l  a mor3  ex 

The Durging sys 

Thc problem - h s  i n v e s t i g a t e d  'by i n s e r t i n g  tvso co ld ,  ccramic f i r e d  

Although thc: ceramic f i r c d  clibments a r c  morc 
ock t h a n  hot  Dressed clcmcnts,  tHc f a c t  t h z t  no 
ns idcrod  s u f f i c i c n t  b a s i s  t o  o m i t  p r ehea t ing  equip-  
Rive i n v c s t i g a t i o n  could bc car r$cd  out .  

I 
) 

must!bo s o  ?.!osigned as t o  reducc t h e  oxygcn 
content  of  t h c  ~ E S  loqk t o  a va lue  low enough t h a t  contaminat ion o f  t h e  p i l e  
helium w i l l  no t  bc a sLr ious  f a c t o r .  
c c t i v i t y  wi th in  t h c  lock, j x s t  bcforc  in t roduc ing  ;icw f u c l ,  t o  a po in t  whcrc 
t h e  rGs idua l  con tcn t s  mny be d ischarged  ' through t h e  s t a c k  x i t h o u t  danger 
t o  personnel .  Thc f i r s t  r c q u i r - m a - t  i s  n e t  by cvacuat ion  o f  t h e  lock  t o  .001 

, I t  n u s t  a l s o  bc cFkFnblc of reducing t h e  

J 7 8 -  . . . . . . . . . . . , . . . . . . .. . . . . . . .. . ... . e  
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A 

atinosphere p r i o r  t o  pressurizing w i t h  helium. 
more d i f f i c u l t  t o  ae f ino  due t o  1cck o f  h o w l e d g ~  cibout t hg  a c t i v i t y  l e v e l  
of t h e  p i l o  fiolium, It i s  expected t h c t  an a c t i v i t y  of 9.1 c u r i c s  p s r  cubic  
f o o t  (NPT) w i l l  'be a t t c i n o d ,  a l though if e l l  f i s s i o n  products  dii ' fuse i n t o  
t h 6  gas t h e  leve l  w i l l  r each  soze th ing  i n  t h e  o rde r  o f  1000 c u r i 3 s  p2r cubic  
f o o t ,  (See Coolant  System,, P c r t  F). The r a d i c a l  d i f f s r m c o  b o t x m n  
t h z s e  two a s t i m a t z s  must, of course, b s  r s so lvud  bofore f i n a l  dec i s ion  on 
a gas  lock can be made; meanvrhilo, it i s  necess s ry  t o  cons ide r  two systems 
t o  meat t h e  two p o s s i b i l i t i f 2 s  of t h e  a c t i v i t y  l e v e l .  
r equ i r ed ,  if tho  helium a c t i v i t y  asproximates  t h e  lowur limit has  b s n  des-  
cribGd i n  S a c t i o n  IV, assuming G safe s t ~ c k  dischhrgo l d v o l  o f  100 c u r i o s  
pe r  day. 

The second requirumant i s  

Tho purging System 

Fig.  72 shows t h e  purging s y s t e n  and  o p c r c t i n g  proccdur:: r e q u i r e d  
i n  t h c  e v e n t  t h a t  t h e  e c t i v i t y  leve l  of  t h s  p i12  hel ium approaches t h e  
1000 c u r i e  par  cubic  foo t  value.  
by  compzrison w i t h  Fig. 28 . The h igh  l e v e l  of a c t i v i t y  o f  t h e  h;;.liwn 
d i c t n t s s  t h e  use of a c losed  hel ium systeni i n  0rdi.r t o  pr .=vsnt  disch.zrgs 
o f  dangerous q u a n t i t i e s  of r ad ioac t iv i&y .  
f i g u r e  p rev ious ly  not2d, thi3 lock  must be evacua tx l  t o  ,001 atmosphere 
bs fo ra  purging w i t h  f r e s h  z i r .  Th:2 h e l i u x  rsliiovsci f r o n  th;. lock  must be 
rernovad qu ick ly  and conipr:::sszd f o r  r m s i  at t ha  next  p r o s s u r i z i n g  2hasd of 
t h a  cyc le .  As i n  t h e  case  o f  t h s  simpl2.r ?urging s y s t m ,  qu ick  a c t i n g  
velves are employed cnd thosa  aga in  IT.LJ.S~ 33 backs6 up by slovier a c t i n g  
va lves  f o r  r e p a i r  and replacement of t h 5  xor-65 f'rc.quc:ntiy u s d d  valvzs,. 
P rov i s ion  i s  a g a i n  naue f o r  e.y;jlying L;urc i i d i u m  e-t a ? r$ssur$  s l i g h t l y  i n  
O X C ~ S S  

The compl ica t ions  produced are a i imrcn t  

10 m - 2 t  t h s  3 C f C  stt:ck d i scha rge  

of p i l o  L)rassura du r ing  pil i? opzrs . t ing ysriocis. 

Ths b a s i c  f u n c t i o n  of  t h a  d ischarga  gas l o c k  i s  i d o n t i c z l  w i t h  t h e t  
of tho  cha rg ing  lock  i n  t h z t  it n u s t  b s  p-ovidsd t o  2ravont  mixtur.: o f  t h e  
pi12 helium hnd t h o  surrounding ztnosphere,  
ca tod  t h a n  t h e  chargir .g lock  s i n c s  it' i s  nscessz.ry t o  cool  t h e  aldmcnts 
during.  and e f t z r  d i scharg ing .  
h e a t  o f  t h a  elements  but  c l s o  from t h e  hea t  gene rc t ion  due t o  t h e  d3cey 
o f  f i s s i o n  products .  
r a p i d i t y  o f  d i scha rge  i n d i c a t e  t h s  nzed f o r  ~ x t e n s  ive handl ing  equipmmt 
w i t h i n  t%o d ischcrgc  lock. I t  i s  prosumably neczssa ry  t o  s t o r e  snd  c o o l \  
a l l  of  t ho  c l m e n t s  dischcrgod c t  on3 lo sd ing  op3rz t ion .  
equipment i s  o f  i t s e l f  coinplicztkd 'sinco it must o?crs.tz w i t h i n  z press- 
u r i z a d  s y s t e n ,  and i n  a d d i t i o n ,  t h o  coo l ing  system which must b3 providzd, 
w i l l  be a c losed  s y s t c n  o f  blowsrs  :;mi h w t  axcharigors t o  p e v o n t  oscupe o f  
a c t i v i t y  . 

It  i s ,  however, norc  c o r q l i -  

T h i s  a r i s d s  n o t  o n l y  from t h a  s e n s i b l e  

The h s z t  l i b s r e t s d  i n  thG decay couplad w i t h  t h o  

The hand l ing  

5. A l t - m a t e  Cherging I.k,chine, 

I n  t h e  f o l l o w i n i  ;c.ragr:i?hs, an alt srnGts  d e s i g n  o f  chnrging nachino 
i s  b r i c f l y  przscntsd .  Since it - m s  proposzd cons ida reb ly  la tsr  thcrn thz.t 
dascr ibdd i n  SGction I V ,  it has  n o t  beon invas t igo tdd  so  thoroughly.  The 
r c l c t i v a  m o r i t s  o f  t h h  two m c h i n o s  must n o t  be  in fGrraa  fro12 thi: des ign  
s t a t u s  , 

c r ibed  
n e n t s  
charge 

TIL j r i n c i p l c :  of operL 
i n  S z c t i o n  IV, i n  t h e t  i 

from t h e  en t r ance  pzssape 
passag?. The cliffdrezlcs 

I 
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method of indexing t h e  mono-tuba w i t h  t h e  channels  i n  t h e  p i l e .  
machine, shovm schemat i ca l ly  i n  F i s .  73, $he tub3  has Z s i n g l e  90° b m d  
t o  form an e longated  l e t t e r  "L", w5th t h 3  h o r i z o n t a l  l o g  s e r v i n g  as the 
a x i s  of su22ort .  f h e  tube  i s  r o t n t a b l c ,  withir i  l i m i t s ,  sbout  t h i s  a x i s  
m d  i s  capabla  of l a t z r s l  movenent a l ang  %lis z x i s  s o  t h e t  t h a  d o l i v a r y  
end of t h e  tube  gmiara tzs  2 c y l i n d r i c a l  su r f cca  bGlolr; t h s  p i l o  suppor t  
p l a t e .  h a  p i l e  su2;mr-t; p l a t e  i s  cons t ruc t ed  w i t h  a n  i n t e g r a l  manifold,  
c o n s i s t i n g  o f  a n c s t  of t ubes ,  one f o r  egch channi.1, curved t o  t r s n s f o r m  
t h e  f l a t  2 i l e  face  i n t o  a c y l i n d r i c a l  su r f ace  conforning _. iv i th  t h a t  gansr.-t- 
3d by t h e  d e l i v s r y  oiid of t h e  i i idexing machine. isith t h i s  err@ngern2nt, t h e  
tube  ccn be brought i n t o  alignmcmt w i t h  2 givan tube  o f  t h o  menifold by 
a combincl-tion o f  r o t a r y  ana c x i n l  no t ion .  

I n  t h i s  

Tho two-giece c o n s t r u c t i o n  of t h e  inRchino w i t h i n  the s n t r a n c c  gas 
plenum chanber roduccs %hz s i z s  o f  t he  prr0ssur.s s h o l l  e x t m s i o n  t o  3. mini-  
mum. The major por t io i i  o f  the u n i t ,  i nc lud ing  t h e  d r i v e s ,  i s  i n s o r t e d  
through t h a  l a t c r a l  shcll ex tens ion ,  ma t h e  ramainasr  ( c o z s i s t i n g  o f  t h e  
d e l i v a r y  and Etnd i t s  su?!porting s t r u c t u r e )  i s  i n s e r t z d  through en  oponing 
i n  t h c  domz vihich i s  .-sEbsequer,tly ssaled. X d o v e t a i l ,  locksd by a t e p e r -  
t h readed  ?i?s slu,g, j o i n s  t h h  two sub-assembliss  i n t o  ohe i n t o g r n l  u n i t .  
Removal, due t o  f g i l u r o  , i s  gccomplishzd i n  t h s  r e v e r s e  ' order  , t h e  ilm.i:r 
sub-zssanbly boing q u i p p e d  r j l t h  an  i n t o g r a l  t x t c n s i o n  ( p i l o t  p i n )  f o r  
handl ing  by t h e  e x t . x n a l ,  remote-cont ro l led  s z r v i c i n g  t o o l .  'l'ho oxtonsion 
i s ,  capobla  o f  takir lg  t h r u s t  i n  e i t h e r  t i i r x t i o n  t o  Srzal;  tb,c j o i n t  f r 3 a ,  
i f  nacessary.  

3x1 is  in t roduced  i n t o  t h e  machifie by "nuzz la , load ing"  2 s  shown 
i n  Fig.  73 . 'This s i n p l i f i e s :  t h s  c h z r g i ~ g  arid d i sche rg ing  opa ra t ions ,  s h c e  
.it p x n i t s  conplo te  confinomcnt of  t h e  raii i n '  t h s  pr'v'ssurd s h o l l  ex t sns ion  
and r c q u i r e s  on ly  t h s  minimum s t r o k a  n i= 'ccss~~ry  t o  cnarge t h e  ccluim of f u e l  
elsmonts i n t o  t h e  p i l e ,  'iha charg ing  and d i sche rg ing  locks  m-2 l o c s t s d  i n  
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E s i n g l o  plkne t o  ons s i d d  of t h o  indzxing mscliins zx is ;  oth.;rv:isa, t h s  
p n s r a l  c o c s t r u c t i o n  i s  u n s l t s r e d  from th2.t ddscr ibad  i n  SGction IV. 
c c p t  f o r  t h e s e  changes i n  l o c a t i o n  m d  m t h o d  of inddxing,  t h a  charg ing  and 
d igcharg ing  ope ra t ions  2 ro  i d e n t i c 2 1  with thoso  p r2v ious ly  descr ibed.  

Bx- 

6. S t a t u s  of ha1 Eandling. 

a. Chargins  and Discharging Xachine. Both o f  t h e  m2.chinos dcs- 
c r i b g d  i n  thG f o r a p i n g  paragra?hs show promiso o f  s a t i s f a c t o r y  OpXatiOn, 
bu t  r e q u i r e  f u r t h s r  &s ign  vmrk before  dociding v;hich orla is  t h e  n o r c  
p r o s i s i n g p  
common t o  both  dasigns.  Of i:mc-ciic.t2 concarn 8 r c  t h 2  tho Txoblems of t u b e  
a b r a s i o n  wLd cracking  of f u e l  z l e x e n t s  i n  pas s ing  through thv curved. pass- 
ago. Bearings lrrhich w i l l  
ope ra t s  wi thout  l u b r i c a t i o n  and a t  t e i n p r h t u r e s  up t o  5000 F n u s t  bo found 
o r  davcloped; t h e  most  l i k n l y  s o l u t i o n  t o  t h e  p r o b l m  i s  t h a  use of a n t i -  
f r i c t i o n  baa r ings  f a b r i c c t z d  from h igh  t2ryera ture  a l l o y  stz2el. 
gas mals are r equ i r r ;d  f o r  bo th  machines a d  i n  t h o  case  o f  t h e  l a t z r  pro- 
posh1 E, s l i d i n g  s.;.al must bo use'd. 

Most of tho  2roblems requiring a x p e r h z n t e l +  i n v d s t i g u t i o n  81°C 

(This  i s  p a r t i c u l a r l y  t r u a  of B::ryllium Oxide). 

lcotnry 

B i t h o r ' o f  t h e  machiczs ney bo adaptcd. f o r  chzrg ing  i3. h o r i z o n t a l  
p i l e  w i t h  l i t t l e  o r  no changa i n  design. It should  be ;;ointsd otat, hovrevc.r, 
t h a t  onc of t h a  unsolved 2robloms I n  i;hs h o r i z o c t a l  D i l s  i s  th2.t o f  f u e l  
remoml. i i i t h  c o n t r o l  rods  pzss ing  through t h o  ploiiun c h m b r  a t  o c a  2nd 
of  thi: p i l o  it has s o  f a r  bzen irnijossible t o  ds s ign  c; d i sche rg ing  m x h i n e  
which w i l l  o p a r s t e  i n  end around t h e  rods.  

-.,, . bo  Gas Locks. i ; i t h  -tha Gxceptiorr 01' t h z  ;>urging system valvzs  
'Lho t h o  charg ing  ges l cck  czii s c a r c s l y  be pursued f u r t h 2 r  a t  t h i s  t h e .  

c o n s t r u c t i o n  design i s  pzr t ly  ,ir:volvcd x i t h  t h e  l o c z t i o n  of t h e  lock ,  which 
is i n  turr i  depondent upon th;: s u l s c t i o n  o f  E charg ing  mch iEe .  
of  a purg ing  system hing=s upon kno1i:ledgo or" helium a c t i v i t j j .  Lha qu ick  
n c t i n g  va lves ,  on tk o t h e r  hind,  e r e  com.ion t o  bo th  purging s y s t e m  and 
can bo i r ivas t igc t ad  p r o f i t n b l y .  

'iho choice  

n 1212 dischnrgc  lock  problarn Pes had o n l y  ske tchy  c o n s i d z r z t i o n  t o  
date, yet  it i s  2 problom rcqu i r i i i g  rnuch thought  bGfore a s o l u t i o n  can ba 
reached. 15 must c p r c t e  01; tho  s a x  t imo schcdule  2.s t h d  charg ing  lock,  
p rov id ing  coo l ing  f o r  t h e  sZen t  61c.iGnts durir,& and f o r  some t ima c f t c r  
d i s  char  gc . 

c. d:xt;.rnal Eiandling and L w v i c i n g  iqu ipmmt.  These ? roblens  2.m 

no t  o f  i rmcd i s t e  conckrn s i n c e  o p z r a t i n g  cond i t ions  ar: n o r m 1  and t h e  
machinss w i l l  ba  r e a d i l y  a c c e h s i b l e  f o r  r e p a i r s  znd z l t d r a t i o n s ,  50 th  t y p d s  
of  equipment &re t o  some oxter i t  depc-ndsnt u2on t h o  & s i g n  s d l e c t o d  f o r  t h e  
chcrg ing  nachine,  a d  hancc: must b s  d e f e r r e d  u n t i l  t h a t  d e c i s i o n  i s  ncdB. 
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The ilercent2g.v. of neutrons which y-oducs f i s s i o n  must be decreased  
t o  decro:rse t h c  neutror. f l c x  dens i ty .  
cr i . t icc .1  t o  incLinti in t h e  : i ~ w  flux d e n s i t y  level. 

Th2 p i l a  must S e  brought  bnck t o  

Til.?se challges ca:1 ba accomplished i n  s c v s r a l  vu”;?yse The f r a c t i o n  
o f  2eu t rons  yjiiich lsck c2.n bi-: ch::nged 5r t h e  f r a c t i o n  o f  n m t r o n s  captured  
by o t lwr  thcx f i s s i o n a b l c  materizl c u  50  chzngcd. ihe l a t t e r  ch?-ng:: can 
be accom2lishGd b y  changing t h s  m o u n t  of f i s s i o s n b l z  nzta-ie.1 i n  thu Di le ,  
by chenging t h e  locdcior,  of  f iss ionc.blc  mater ie l  i n  t h a  p i l a  01- by i n t r o -  
ducing a neut ron  ,o,bsorbar. The f rc ,c t icn  o f  neut rons  ?;!hich leek can  ’UC 
changed by mschznica l ly  s o p z r c t i n g  t h e  p i l e  i n t o  two o r  moro p n r t s  o r  by 
removing part of t i e  r o f l e c t o r , ,  lhese  l a s t  .two a re  u s u a l l y  very d i f f i c u l t  

n 

I, 

t G  :tCCOItlp1~Sh. 
I 

Most th i l rma l  p i l e s  hzve a nee- t ive  tompercLture c o o f f i c i o n t ,  t h z t  is, 
t h e  r o e c t  i v i t y  deci-eascis w i t h  i n c r e a s e  o f  t a i p c r a t u r o .  
cause of  t h i s  cliange i s  t h e  increasod  leckcge Cua t o  thi: i n c r x s c :  i n  
L2, which i s  proportionc.1 t o  the squGrs r o o t  of - tho  a b i o l u t o  3ixn:ierzture 
o f  t h e  p i l e .  I n  rnmqr cases  the  oporatirig t amperc tu rc  of a h i g h  torqxret- 
t u r a  t h o r n a l  p i l i :  i s  n o t  c r i t i c e l  but  c m  bo a110~3Li t o  v a r y  q u i t e  t ccn- 
s idcrRhle  m o u n t .  The c1:iaf d i f f i c u . l t y  wit6 t h i s  t ype  o f  c o n t r o l  i s  t h o  

r, i n i s  > 

of  thi:  p i l e  t o  chcages ifi cclolcnt  vallscity or c o o l a i t  i n l e t  tcmpcrc. turo,  

'The principc.1 

long thz rm-1  t i m e  c o n s h n t  of t h o  p i l e .  ccus2s ;L s l u g g i s h  rdsponsi3 

Tho rlonnal method of c o n t r o l l i n g  R th:.?riml p i l e  i s  i;hc USQ o f  c o n t r o l  
Thase r o d s  ?.re =.de o f  L: rna to r i c l  which i s  h i g h l y - n e u t r o n  rbsorbent ,  rods. 

Tha c o c t r o l  off.2c.t i s  dar ivad ,  howsvar, n o t  on ly  from ciiangos i n  tb  ab- 
s o r p t i o n  of.  t h o r m l  neu t rons  bu t  from -the a t t e n d c n t  changes i n  t h e  1eak.ge 
o f  rieutrons out of t h e  2i le .  

S i g h  tLmlxrc ture  t h z m . 1  ? i l c s  cc?n perhe;3s be n o s t  e f f i c i e n t l y  con- 
t rol l ._id by mc’c.ns of E combinzt io2 o f  c o n t r o l  rods ,  pi10 t empera tu re  
changes, znd chcngos in fue l  loading  p a t t e r n .  

2. Contro 1 Cod Ca lcu la t ions  , 

I n  t h o  q q l i c a t i o n  o f  c o n t r o l  r c d s  t o  thzrfixil p i l c s  onc of thc 
f i r s t  t h i n g s  thsLt nust  bo cclculc . tad i s  thc: chcnge i n  p i l c  rcac-c iv i ty  cnused  
by vzr ious  numbors o f  rods  o f  v a r i o u s  s i zds ,  s k p e s ,  and l o c a t i m s .  
t hoory  i s  v s e l l  undorstood cnd  v a r i o u s  riothods o f  c a l c u l a t i n g  have been rcporteG 

The 
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Ths most imFortant  of t h c s a  nrc  l i s t c d  i n  t h e  b ib l iography,  I n  gcnora l  
t h e  more s t r c i g h t  fori:-crd and r i g o r c u s l y  cor r l ;c t  c a l c u l a t i o n s  &re ex- 
tr2mely d i f f i c u l t  and t sd ious .  There are, hovrcv2r, numx-ous approximRtions 
which a r e  r c l a t i v e l y  s imple 2nd g i v e  good r e s u l t s  under c a r t a i n  con- 
d i t i o n s .  ir cons idc rab le  nunibor of c s l c u l a t i o n s  hsve bdcr, incde as t o  t h e  
c o n t r o l  e f f e c t  Tad neutron, f l u x  d i s t r i b u t i o n  by s c v a r a l  d i f f o r a n t  methodso 
Thc r e s u l t s  hcve b22n p1or;tcd on curvBs s c  t h L t  tb r z s u l t s  ccn be com- 
pared q u z n t i t a t i v e l y  f o r  va r ious  va lues  of  2 i l e  constc.ntse 

Ce&lcLlat ions as t o  t h e  a f f e c t  of 2 c e n t r a l  c o n t r o l  r o d  i n  p i l c  having 
t h e  shape (;f Et r i g h t  c i r c u l a r  cylir?,dor havs b s a n  madeo 
k v e  beon ussd  i n  mclcir,g t h c  calculcj.tions and t h e  r e s u l t s  hcvi: boeri p l o t t e d  
:?nd conpared, 
Appendix F, 

Sevorz l  insthods 

f u l l y  Covered i n  'The methcds of mkinc; t ho  c cL lcu la t ions  a r e  

The f i r s t  mathod i s  that  given by A.3 .  Uainbcrg. ( l)  Changos i n  k 
r e q u i r e d  t o  keep '&Le p i l o  c r i t i cc .1  hart Seen ~ l o t t ~ d  ?.@inst t h 2  e f f e c t -  

z r o  bcscd 
on t h e  zssumption t h c t  tkrz cop.tro1 r o d  i s  blc.cL: t o  both  th:?rm,nl and fc.st 
nel+ltronse The othor  t\r:'o cu.rvc's cr!= bnsod on t h e  rssump-tion t h c t  t h e  con- 
t r o l  rod i s  b1ncl.r - t o  thSr1ilc-l neut rons  
f a s t  neu t ronso  
c c n s t m t  ; L t  258. The q i p s r  two curvas  rr3preseiit cn uppGr 1ixi.t on t h c  
c f f c c t i v s n c s s  'of 2. con t ro  1 rod and t h 2  c t l iz r  twc: cu.rv;)s r s p r e s o n t  lower 
lirnits f o r  t h c  ?cLr t i cu l& vc luss  of Lzo 'The c c t u c l  ef ' f2ct  i s  somewhcro 
betwcefi t h e  two curvas  ~.r,d has c", t o ~ d c n c y  t o  bo iicz,r=r the  lowar l i m i t  
f o r  s m a l l  rods  End necr3-r t h ~  u'ilpar l i m i t  €or l w g c  rods.  It c~zn a l s o  . 

be  noted  t h a t  G S  L2 incroc.sc;s vrith r.;s?ect t o  
t h e  u p p x  l i m i t ,  

i ve  r a d i u s  of t h o  c o n t r o l  roii, on Fig. 72. .7 l h e  u;3px two curves 

?.sd h ~ s  no z f f a c t  on t h e  1eZ:kslgc O f  

The c u r v s s  c r e  f o r  L2 = 121 rad L2 = 212 withT hi.ld 

t h e  lower l i m i t  approaches 

The second motliod i s  t h c t  o u t l i n s d  by  J. A. i'J'neeler(2i This  i s  a 
two group thoory  -pp rox ima t ion  method. It is  9.ssmed thct  t h e  pezks o f  
t h e  therm21 and  f a s t  f l u x  occur  cik thu. s a c  r o d i a l  d i s t c n c e  from t h e  c e n t e r  
G f  t h a  p i lo .  The boundery cond i t ions  a r c  2.s f o l l o w s :  1. Thermal f l u x  
zero a t  3 f f 2 c t i v a  r2diu.s of c o n t r o l  roa.,, 2. 
of  p i l c  3. 
f luanco  and 4. b r i v a t i v a  of f c s t  f l u x  ze ro  et s2.n~ ?lace.  F 0 r . a  
given vslur: of k, L2, a d  er and consequent ly  of buckl ing  t h e  r a d i u s  o f  
t h o  c y l i n d e r  i f  i n f l u e n c e  ( d i s t a n c e  f r o x  c e c t e r  o f  p i l e  t o  po in t  o f  z e r o  
d e r i v c t i v e  o f  f a s t  znd  t h z r m l  f lux)  i s  c c l c u l e t e d  f o r  c c n t r o l  rods with 
v a r i o u s  s f f z c t i v c  r n d i i .  
G S  t h e  rss t  o f  t h e  p i l o  i s  concsr:;cd the k w i t h i n  t h i s  cy1inds.r o f  i n -  
f l uence  i s  e.qual t o -  one end  tho  buckl ing  i s  zi3;r-o. The -1ocr l  change in  

on t h e  whola p i l z  i s  t h a n  dc.t;.rn?insd b y  thC method o f  s t & i s t i c a l  weights  
w i t h  tho  importance of e c c h  poin t  5i3ing p r o p o r t i c n r l  t o  the squarc. o f  t h e  
Or,iginCd f l u x ' d e n s i t y . ,  The r e s u l t s  c r c  c i v e n  OR Fig. 76; 
i s  p l o t t e d  as a f u n c t i o n  o f  tho.rctu5.1 rndius  of t h o  c o n t r o l  rod on Fie;. 77 
f o r  t h e  c ~ s e  G f  a rod enbeaded i n  t h z  mcjdzrator. 

F c s t  f l u x  r e g u l a r  a t  c c n t d r  
DerivcLtivo o f  t h r n a l  f l u x  zaro a t  cdgc o f  c y l i n d a r  o f  in -  

This  in format ion  i s  p l o t t a d  on Fig. 75. I n s o f a r  

k i s  the re fo re  k - 1. ' r l  lhc: e f f e c t  o f  t3is cquivsi lent . locc-1 chz-ngc i n  k 

The chm-go in k 

The change i n  k f o r  a rod having a n  e f f e c t i v G  rc,dius o f  1.35 cm. i n  
c p i l o  x i t h  2 1.: or" 1.78 and 2 7 or" 258 i s  L 1imco.r f u n c t i o n  of L2 a s  shovm 

" 'Superscr ipts  refer  t o  nwnbcrcd r c fc rcnces  at end o f  s e c t '  
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Coc t ro l  r o d  c f f d c t i v s n c s s  i s  also 2 f u n c t i o n  of t h o  p o s i t i o n  O f  the  
.'? rod  i n  t h e  p i l e .  i ' h ~  curve i n  L'ig. 80 o b h i n e d  by m n h s  of t h e  p o s i t i o n  

f cc - to r  method o u t l i n a d  b y  J. A. Cu'liaolDr 

Fig. 57 n l s o  shows ch.mgz i n  k as 2.. fumctiop c f  -th'e c f f e c t i v o  rz.dius 
o f  s o v w  c o n t r o l  rods  loc~t;::tl as desc r ibed  above. ' the/ t c d x l  e f f e c t  
o f  t h c s e  rods  i s ,  l i o i ~ ~ ! ~  r, takeii cis oqus l  t o  t h z t  ~f z s i n g l a  c q n t r a l  r o d  
f a r  vd-iic1-i t h e  cross-d.5ctionc.l  8r&r? th;. c y l i n d e r  of influoncc: i s  t h e  sum 
of  thoso  f ~ r  t h s  s e w n  reds i n d i v i d u a l l y .  For rods  irrith e f f e c t i v e  r c d i i  
l u s s  t h a n  2 cnS t h e  c h x g e  i n  k i s  ;.pprcsimatzly tlis z ~ m 2  =:s t h o t  shovm on 
Fig.  85. 'Zhs np~~roximc; t ion  by Sotn o f  t h e  abovs metthocis i s  poor f o r  c o n t r  01 

. rods  w i t h  l a r g e  r z d i i .  
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Fig. 88 and 89 show chongz i n  k n s  a ' f u n c t i o n  of  
r i n g  o f  r o d s  from t h o  cc i i t s r  o f  t h e  p i l e .  Ths e c t u a l  
2.00 cm. i n  Fig. 89 and 4 cm. i n  i ' ig.  88, l'hs cont ro  
mated f o r  smell d i s t c n c e s  from t h e  c o n t c r  of  t h e  p i l e  
t ho  f a c t  tk t  celcu l? . t ions  were made by t h s  method o f  
and shadowing e f f e c t s  w c r o  neg lec t cd i  

d i s t a n c e  o f  a n  o u t e r  
r a d i u s  o f  t h o  rods i s  

e f f e c t  i s  ov3ro 's t i -  
i h i s  i s  duo t o  

s t &  i s t i c a l  w i g h t s  

A two group t h e o r y  c a l c u l ~ t i o n  of thv. d f f d c t  of  an a r r a y  f seven 
rods  v;c,s .mc?,de by t h e  method ou-clindd by l$ordhcim cnd S c n l c t t a r r ? )  
d k  WLS .45& f o r  six rods  loczL-t;ed on a c i r c l c  26.67 cm. from t h b  c s n t r & l  
rod. x l l  rods  had an ei ' fsctivt:  r z d i u s  o f  1.35 cm. 

3. Ins t rumenta t ion .  

The in s t rumzn ta t ion  o f  a gow>r p l c n t  opc:r?:ting on h e a t  onargy 
obta ined  from E. c h a i n  r e a c t i n g  p i l e  c o n s i s t s  o f  chosz instrumdnts  which 
recoivd s i g n c l s  f r c m  neut ron  d s t d c t i n g  Lnd t s a p r n t u r e  ('isvic:s i n  t h a  p i l e  
s t r u c t u r z ,  and convant iene l  2ooa.ar p l c n t  ins t rumznts  i n  thc: s t e ~ . m  m d  3 1 ~ ~ -  
t r i c  genz ra t ing  a;>par:.tus. Xoutron f l i s  and -t 2 m p r c t u r e  measurmznts  a r ?  
s u c c o s s f u l l y  nede i n  cx i s t in . c  ?3 r;;.-c.ctor.s a t  t m p z r z t u r 2 s  c l o s e  t o  o r d i n s r y  
a i r  temperatures. 
ur'o f o r  p i l e  cco l ing  c t  h igh  -tarnpsrs.turs ~ i i : k : ~ s  it necaesary  t o  naka I?OW 
deviczs  f o r  neut ron  f l u x  cnci tdnp"ri>.turo d.c;tcction, ~ ~ C E ~ U S ~  P r z s m t  devices  
use na tur ia l s  which would m l t  o r  d ~ c c . n ~ o s a  i n  t h a  p i l d .  -?he devices  should 
have vJry long l i f e  because it w i l l  b.j p r e c t i c e l l y  impossible t o  r ap lace  some 
of  t hen  if f a i l u r e  occurs.  The b o s t  d x i q l a s  psrhc.ps are Qic the rmocoup~es  

l ' h ~  use of ;?. c1os;;cI systei:i w i t h  h s l i u n  gas under p r d s s -  

which w i l l  'on2 l o c a t e d  throughcut  t h o  p i l e .  

a. Ncutrc;n Flux i.idasuranant. i'o c o n t r o l  p i l .ds  t o  incintzin t h e  
d s s i r s d  t e m p r t r t u r e s  znd power output  th.;: nautror: f l u x  n u s t  be h e l d  c o n s t e n t  
at tho  r equ i r ed  valua.  Successfu l  cor , t ro l  depends on t h e  Etbi l i ty  t o  ness- 
u r 3  n m t r o n  f l u x  con-tiriuous ly mC! dat  e c t  changos quickly.  

Nmt rons  ar3 n e u t r a l  p a r t i c l 3 s  which havc no p rope r ty  which can 
lhay  zrc du tzc t cd  by t h e i r  o i ' f sc t s  on rnaturials 1 1  be neasursd  d i r e c t l y .  

which produce mezsurabla * l a C t r i c  cu r roc t s .  lno dsv icas  u s s d  f o r  nout ron  
f l u x  macisuremcnt a r z  m&Ei  f c i l s ,  Geiger coun-tors, neut ron  thermocouples 
end icjn chanb2r.s. , 

i-l , 

Ccr tn in  inetals, s u c h  as i r id iwn ,  car? bo placud i n  e 2 i l e  and t h e  
r a d i c a c t i v i t y  mensurad e f t a r  r3ncval. Any scheme ckponcling on t h i s  e f f J c t  
would bo u s e l e s s  becausc: t h o  e f f a c t s  o f  t h e  neut rons  on f o i l s  ar3 cumulat ive 

-and n o t  s u i t a b l e  f o r  con t ro l . '  

Geigor coun te r s  cen d 3 t z c t  s i n g l a  noutrons.  Thd do tec t ing  device 
y i e l d s  pu l sos  i?f e l e c t r i c  currant as i ons  produced by e.lpha P a r t i c l e s  from 
t h 3  (n , a )  r o e c t i o n  o f  neu t r cns  on borori ar2 swapt out of ja gas spaco by  nn 
a p 2 l i e d  d i r e c t  cu r ron t  vo l t age .  These pulsus  3 rc  countad by e l s c t r c n i c  
c i r c u i t s  which ops rn te  8 cc;untar o r  r=cordor, .  
f u l  for low f l u x  mce.suramonts and t h e  c i r c u i t s  can d i i ' f a & c n t i c t o  b e t w e n  
puls3s  due t o  a l p h a  p a r t i c l o s  and g a m a  ionizc:tiGn because t h e  a l p h a  parti- 
c l e s  produc3 nany n o r 3  ions  p z r  p a r t i c l o  t . hm gamnmns thus y i s l d i c g  l a r p r  

<The G2ig.jT counter i s  U S B -  
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c u r r e n t  pu lszs .  
e.n i n t d g r c t i n g  tyi33 o f  instrumelit ,  it i s  r?ot u s z f s l  f o r  rneasuring r a t o  o f  

I t  does n o t  have a g r u a t  Gnough range;  andqs incc  it is 
J 

r. neu t rcns  and borcn rGioases  3nGrg.y which 
can S Q  gydesurod by no2.r.s 
i,xiith boron ai?d ti13 "cold" jurictiori i s  l occ t ed  closi:  t o  t h e  ho t  Junc t ion  
S O  thi: z f foc- t s  of t s q j e r G t u r s  z r s  p i l e  
duo t c  neutron ca?.ture. 
rij.spcnse l a r g e  ei:oug!l t o  Ggarate  i n d i c a t i n g  metsrs o r  r u l a y s  vrhen tho  f l u x  
i s  o f  t h s  ordi;r  c f  The range i s  l imi t ed ,  

o th3rmscoupl:z i f  thd  " lwt"  j u n c t  ic.;i i s  coa tzd  

A tc!nperaturi; d i f f o r e n c s  is t h c n  
Wzutron tharrnopi les  can  be ncdc: which giva a 

I n  o x i s t i n g  a i l o s  thcz p r i i i c ipa l  neut ron  f l u x  n e t e r i n g  devicv? i s  t h e  
i c n  chsmber. 'The i o n  chcmbsr con tz ins  a gc;s s p a c ~  brjt iwm elzctrodi-;  su r -  
faces which z r e  c o a t a d  w i t h  boron. Alphc. p a r t i c l o s  rGlczsod by t h o  R, o( 
r a a c t i o n  between neut rons  and borcn,  i on i i i :  t h s  g2.s m d  e c u r r e n t  i s  ob- 
t a i n c d  by app ly ing  t: cocsta3-t; v o l t a g s  t c  the  s l e c t r c d d s .  D i r a c t  i o n i -  
z n t i o n  of thcI: gcs by g."-.mna r s d i a t i c n  i s  ~n mxop.nco  which hLs bson corn- 
b a t t a d  i n  s e v z r a l  ways. This  c m  bo dons by roducini; s G 1 f  L c t i v a t i o n ,  
sh i o  1 din  g a gz i n  s t gamn~  s v! i t h rrtet G r i?. 1 s hevi n 5 1 m? neut ron  c a? t u r  v' p r  3 - 
p e r t i j s ,  o r  by ba1nncin.g o u t  tho  t.iifi2ct c f  g 
which ar2 s ini lcr  oxcos t  t h k t  c.112 1x.s bcron contzd surfac:>s . E d  t h s  c t h c r  
does n s t .  Theso ccn  bc  co:ini-:c.ted s l x t r i c z l l y  t c  b c l m c e  o u t  c u r r e n t  due 
t o  gnxnes 1ec;ving a n e t  c u r r e n t  d u o - t o  - t k  izeutrc;iz f l u x .  'The i o n  c h m b a r s  
i n  use do not. hav2 s u f f i c i v n t  rRngs ali3icugh zx;?,;ri!nen-tal EC d o h  have- bdon 
mcde t b  cover  t h o  ran SiEce tho  i c n  chcmbar i s  
gencrr. l ly 1occ;tt.d i n  ths s h i e l d  o r  r r f l s c t o r  of 2 P i l e  such  a rango o f  
va lues  may be zdequz.teo Ir, p r e s s n t  p i l o s  t h o  i c n  chanbcr i s  mcvsd i n  and 
ou t  o f  t h c  p i l e  t o  e x t x d  t h e  renga. This  d.oes c c t  appoar t o  b 3  v;ry.prac-  
t i c a l  i n  c. h i g h  tenperaturG p i l e .  i r o n  End. s t e e l  used i n  i o n  chnrnbdr ccn- 
s t r u c t i o n  he.ve bssn  r s s p s n s i b l e  f o r  most cif t h e  s2 l f  ? .c t iv&ticn,  'The use-  
f u l  range c f  oxpor inon ta l  ion  chembors has bean Gxtcnucd by usc c,f m a t d r i a l s  
which do n o t  ~ J C O : W  r n d i o a c t i w  ~ n d  by  impovamant of t h s  bo rcn  coa t ings .  
Hovmv;r thi! h i g h  ts inperature  ?i13 mill b s  surrisunded by z.beut 20 c s n t i n c t e r s  
cf iror? and s t z o l  so 5 l i n i n c t i n g  i r o c  iii t h e  c h m b c r  w i l l  n o t  help nuch, 
I t  zppecrs  thc : t  t h e  ic,r, chrrnbcr n u s t  bo i n  t h e  r d f l z c t o r  i p s i d o  of t h o  2 i l o  
s h e l l .  The t2;xpcrr ture  and r z d i e t i o n  i n  t h i s  r s g i o n  wid1 make it necessa ry  
t o  b u i l d  t h a  chamburs 3f s u i t a b l e  m a t w i o . l s  vdnich c m  s t , y L d  t h e '  3xposuro. 
Radiet ioi i  arld t a n p r n t u r i .  d u s t r 3 y  nss t i n s u h t i c n .  
o p s r a t o  u t  350'OC. b u t  radiZti .cn dnmagos thL' glcss. 
sulated sals, such as t k i s  s i l i ce .  sals usod i n  th C h . 1  River ion  churn- 
bo r s ,  use  m e t s l  sqal r i n g s  made cf mote ls  havir.g low m c t l  i n g  ternperaturos . 
If t h o  c h m b o r s  lnust be ?le.cnd i n  t h a  2 i l s  it  ill be rio ossary ti: des ign  
naw cnes u s i n g  s u i t a b l s  met2r ia is .  On .th.> e t h e r  hsnd, $hu chambors msy 
o p s r c t e  s a t i s f e c t o r i l y  outsicic: of t h a  p r e s s u r e  shell. This  ixsy bo poss ib lo  
if t h s  chanbcrs a r c  sh i c ldad  . m d  r e f l s c t o r s  usod t o  incr jasc :  t h o  neutrcn'.- 
f l u x  thrcug,h thG ic;n c h m b e r s o  

2s by use of txio i c n  chambers 

frcm 5 x io3 tc 5 x lo9. 

I! 

Glas's-Kovk sanls can 
Othsr  t ypes  of  i n -  

H s c h m o  , for  sep t i rz t ing  i o n  c u r r a n t  ?uo t o  nau.tron from t h h t  duo t o  
garinrs c c n s i s t s  o f  i3lncing t h z  ion  cncmber i n  5. c l z s u 2  SLitron abs  9rbing 
slziold such E;.S cedmiurr, m d  2: s h u t t o r  arrzngcxeKt 2rovidLd f c r  pdr i13dicnl ly  
sdmitt i i2g c6utri ins.  Thus ai; a l t j r L i G t i n g  currGrit cc;rn,=cns?t duc t: noutrclns 

http://radiZti.cn
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hk?rs exac t  cn1cul::tions of t h o  o f f s c t  of c o n t r c l  r o d s  should  be  made 
be fo re  t h o  c r i t i cc .1  uxpzriiTGi1ts s r a  rL:2d3:. 
f l u x  d i s t r i b u t i o n  w i t h  c o n t r o l  r eds  p r r t i c l l y  i n s z r t e d  should  be mcdc. 
nz thod  c f  making t h e  n a r c  s x a c t  calculat i : ,n  a f  cont r i l l  c f f o c t  md. ncut ron  
f l u x  d i s t r i b u t i o n  i s  known, bu t  t h 6  cctucil cs lculz . t ions w i l l  t a k e  a con- 
s i d o r a b l e  amr?u.nt cf t i n e ,  Tharo j.s no s e t i s f m t o r y  rizthcd c f  c z l c u l z t i n g  
neut ron  f l u x  d i s t r i b u t i o n  whori t h e  c o n t r o l  rods  ar3 c n l y  p a r t i a l l y  in se r t ed .  
VGry approximat$ calcul; . i . t iocs ccn, howover , bc: mud3. 
t i o n  C E ~  be obtziins d from E i ' lux d i s t r i b u t i o n  s imula tor .  

A l s c .  c a l c u l n t i c n s  of th;. noutron 
'Tho 

19oru ~ x a c t  cIctdrmin?.- 

5 .  Powor Love1 and Tc2pGrE5Gra Rcgul?.tors. The pr$ l iminary  de- -- 
s i g n  o f  thcsi: rogul::.tors i s  ~ r o l l  cLLIc!n? ~ n e .  C:XL ba ccrnpldxc!  by zna dnginGer 
i n  about t h r 3 s  months, 

C. C3ntrc;l zeds. Thc.' i nves t i s ; i t i on  c,f t ha  gon3rc.l problsrn arid t h e  
dosign o f  c o n t r o l  r cds  and a c t u a t i n g  r!?.sckianisms i s  i n  e w r y  p r s l imina ry  
stage. Ths ccmiilzt i on  cf t h s  p r c l i x i c e r y  ddsign inc lud ing  t h o  b u i l d i n g  
and t d s t i n g  =f 3icools  w i l l  r.:quire cne ongincor  f o r  nbout on= yj:ar. 
t h i s  s t c g p  h2.s b,en czmpletsd the f i n a l  d u t a i l z d  des ign  ~will r 2 q u i r c  a'bcut . 
s i x  months. 

A f t s r  

d,  I n s t r u a e n t z t i o n  a n a  Sz.fety Rzlnying. -.- Very ,littli+ wcrk hcs bacn 
dens c n  t h i s  pl-oblen., It i s  nc;t b c l i s v s d  t h z t  &iiy mejor; d i f f i c u l t i d s  w i l l  
be encountered. On:: unginz,. ,r c ~ n  c x q l a t e  th;: prGliminary ussign i n  some- 
what l e s s  thzn  3nP y k c r .  'T!iS finf.1 dztc- i led dcs ign  r d q u i r e  L:baut s i x  
inonths ncre ,  
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F I  COOJANT SYSTEX AND PUTF3 CONVERSION EQUIRtENT 

A d i s c u s s i o n  of  t h e  s t a t u s  of des ign  and o f  t h e  development prablems of . - 
t he  coo lan t  system and pbwer conversion zquipment are presented  below f o r  
each component. 

1. High Tompersture Duct 

a .  General  Requirements. The des ign  o f  a high  tempera ture  d u c t  
i n c o r p o r a t i n g  p a r a l l e l  f low coo l ing  i s  t h c  r e s u l t  of s n  e x t e n s i v e  s tudy  pro- 
gram i n s t i t u t e d  e a r l y  i n  t h e  p r o j c c t  t r ,  i n v e s t i g a t e  p o s s i b l e  wzys i n  whioh 
t h e  duc t  problem might be handled. 
i n  i t s  des ign  roquicemsnts.  
a b s o l u t e ,  and must be l a r g e  enough t o  c a r r y  the  requi red  gas flow wi thou t  
excess ive  p re s su re  drop. 
p i l e  from t h e  r e s t  o f  t h e  p l a n t  a t  shutdown t o  give access  f o r  r e p a i r s  t o  t h e  
b o i l e r .  
of decontaminat ion 3t 1c:st up t o  t h e  p- , int  o f  isolclkion. 

It  was r e a l i z e d  t h a t  t h i s  duc t  was unique 
This  duc t  must handle  1400OF h c l i u n  a t  150 psi 

It must fur thermore hlve m a n s  f o r  i s o l a t i n g  thc  

I n  z r d c r  t o  c a r r y  out  t h c s e  r e p z i r s ,  t h e  d u c t  must a l s o  be czpable  

b.  A l t e r n a t e  Designs.  To meat t h e  f o r s g s i n g  requircxmnts ,  t h e  
fo l lowing  a l t e r n d t e  des igns  were considered.  
s i d e r a b l e  n e r i t  t h e y  :jicrC el.iIninLted i n  f avor  of t h e  prc;seiit d e s i g n  because 
o f  t h e  reasons s e t  f o r t h .  .In ezich case  two p r a l l e l  duc t s  were planned ex- 
c e p t  where o therwise  noted.  

X;lile s o m  o f  them have con- 

(1) Standard Duct w i t h  Outside I n s u l a t i o n .  Th i s  des ign  con- 
s i s t c d  o f  two l a rge  p ipas  conveyins  gas a t  14000F. 
a r ranged  w i t h  a l a r g e  c x p . n s i m  l o o p  t o  provide f l e x i b i l i t y  2nd ex- 
pansion.  The advant .go of t h i s  dcs ign  i s  s i n p l i c i t y .  I t  does however 
r e q u i r e  a l l o y  p ip ing  af t h i c k  w a l l  s e c t i o n s  because o f  t h e  low permis- 
s i b l e  s t r e s s e s  of t h e  m t c r i a l  a t  1400°F. A l s o ,  excess ivc  d iameters  
of expansion loops and l eng ths  cf p ip ing  % r e  r equ i r ed  t o  prUvi.de f o r  
t h e  l a r g c  amount of expansion encouctcred.  

EJch p ipe  was 

I n  connec t ion  w i t h  t h i s  dosign,  expansion j o i n t s  i n  p l ace  of 
oxpansion l o o p s  were i n v e s t i g a t e d .  It WIS l c s rned ,  th rough c o n t a c t  
w i t h  m3nufacturers '  des igne r s ,  t h a t  s a t i s f i c t o r y  des igns  o f  expansion 
j o i n t s  f o r  1400°F 2nd 150 p s i  a b s d l u t e  p re s su re  had not  been developed. 

( 2 )  Duct w i t h  Ccncen t r i c  Spaced I~!etzl l ic  'Lincks w i t h  Flow of 
In t h i s  des ign ,  barr iers  a r e  pro- 

-pass ing  of  ho t  ! g i s  th rough spaces  
bctween t h e  s e p a r a t e  l i n e r s .  ivleans i s  provided f o r  e q u z l i z i n g  gas pres-  
s u r e  betwoen th:k core  'of t he  duc t  '?ad spflces between ou t s ide  l i n e r  and 
t h e  m i n  body o'f t h e  duc t .  
c e n t r i c  l i n e r ,  2 c o n c e n t r i c  Liners ,  2 concen t r i c  l i n e r s  w i t h  cor ruga ted  
m e t i l  space r s  between.' I n  all czscs ,  G i r  w2.s assumed t o  c i r c u l a t e  a long  
t h e  ou t s ide  of ithe p i l e  under  forced  c i r c u l a t i o n ,  i n  s u f f i c i e n t  q u a n t i t y  
t o  reduce t h e  q i p e  tempera ture  t o  900°F. This das ign  provided means f o r  
main ta in ing  a s c i t i s f a c t o r y  d u c t  t c n p o r a t u r e  w i t h  r c l z i t i v c l y  s,m11 m o u n t  
o f  expansion. 
and t h e  d i f f i c u l t i e s  of docontaminating n i t h  a c i d  2ro  d e f i n i t e  disadvan-  
t age  s 

Tl?r?;o C L ~ S C S  were cons idered:  s i n g l e  con- 

However, i n  a11 C ~ S O S ,  the  h igh  hea t  l o s s  from t h o  duc t  

.. 0.0 .. .. . ... 0 ... 0 .  ... * . .  . e .  * e .  .. 0 .  .... 0 * . .  . a * .  * . e  e .  
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(3)  Mul t ip le  Pipes  i n  ParaLleL. I n  plnc.; o f  two l a r g e  d u c t s ,  
t h e  f e a s i b i l i t y  o f  u s i n g  s e v t r a l  s m l l e r  p ipes  was cons idered .  I t  was 
pr3posed t o  a r r ange  p a r a l l a l  t u b e s  i n  two groups t o  f a c i l i t a t e  i n s u l a -  
t i o n .  

e This a r r s n g c x e n t  pcovided g r o s t e r  f l e x i b i l i t y  of t h e  connec t ing  p i p i n g  
b u t  connec t ions  t o  t h c  p i l e  end b o i l e r  are  d i f i ’ i cu l t  t o  a r range  as 
would s a t  i s f  t o r y  decon tan ins t i  on . 

U-bends would bc provided i n  czch  tube  t o  t ake  t h e  cxpansion.  

(4) Ins ide  Lined Ducts ,  I; proinising des ign  of i n s i d e  l i n e d  
d u c t s  i s  t h a t  .mnufactured by t h e  Baldwin H i l l  Company. 
have been i n s t a l l e d  and are i n  ope ra t ion  a t  tempera tures  of 140O0F. 
V i t h  t h i s  c o n s t r u c t i o n ,  t h e  i n s u l a t i o n  sur rounding  t h e  i n n e r  l i n e r  i s  
s lowly p res su r i zed  f r m  t h e  i n n e r  duc t .  
i s  no t  accep tcb le  where decontzminat ion i s  necessary.  
w a s  cons idered  of provid ing  a t i g h t  i n n e r  l i n e r  and F r e s s u r i z i n g  t h e  
i n s u l z t i o n  w i t h  helium suppl ied  through a x t e r n a l  j e t s  t o  t h e  scc t ion -  
a l i z e d  inne r  l i n e r .  
duced t o  t h e  low viilus of Z O O O F .  
would, however, cornplicrlte t h e  des ign .  
prevent  decontaminat ion of t h e  duc t .  

Seve ra l  d u c t s  

Such a c o r ? s t r ~ c t i o n ,  of cou r se ,  
The p o s s i b i l i t y  

. 

The d u c t  tempera ture  w i t h  t h i s  des ign  could  be  re-  
1d~le-m~ f o r  prsssur iz j .ng  t h e  i n s u l a t i o n  

F ~ i l u r e  3f t h e  i n n e r  l i n e s  would 

(5) Countorflow I”innu1:lr X I C ~ .  T Y I ~ S  d c s i g  i s  c v a r i a t i o n  of  

The h s l i u m  coolant  a n t e r s  ,Lhe annulus  

- - 
t h e  des ign  adopted f o r  t h e  h i r t o r i p e r a t u r e  duct  desc r ibed  i n  t h e  pro- 
vious s e c t i o n s  o f  t h i s  r e p o r t .  
of t h e  h igh  tempera ture  duc t  and i lovss  f rom t h e  b o i l e r  t o  the  p i l e  
coun te r  c u r r e n t  t o  the  mLin helium s t r o a n  i n  the core  .-7f the duct .  The 
c h i e f  advantage of  t h e  counter  f low scheine r e s u l t s  f rom t h e  Simll tern- 
p s r 3 t u r e  d i f f e r e n c e  betweon the  m t l e t  end of  t h e  d u c t  :md the b o i l e r  
s h e l l .  The advantages of t h e  p a r a l l e l  over  t hz  counterflovf scheme a r e  
t h e  f o l l o x i n g :  

(a) Higher hel ium temperature  e n t e r i n g  b o i l e r .  

(b )  Hsliurn f low maintained i n  case  of f l i l u r e  of 
concen t r i c  l i n e r .  Loakngs o f  helium due t o  
l i n e r  f a i l u r e  would r e s u l t  i n  f l o w  of c o o l a n t  
from t h e  annulus  i n t o  t h e  lower p re s su re  main 
@s strean. F a i l u r e  i n  the  cwnter f loTvv d u c t  
would r e s u l t  i n  reduced gss f low through t h e  
p i l e  w i t h  d m g e r  o f  overhea t ing .  

( c )  Smal2 tenpercl ture  d i f f e r e n c e  between duc t  and 
p i l e  o u t e r  cas ing .  

(d)  S impl i f i ed  duc t  p i p i n g  n r r m g e a e n t .  
I 

( 6 )  Uixina of 500°F ”ind 1400°F E e l i u n  inil Mixinp, Box a t  P i l e  
O u t l e t  t o  Obtain Scfe  Tengcraturer f o r  Standard Dubt 
t h e  scheme are : i nc reased  duc t  d ix te te r ,  increas’ed b o i l e r  heatinK su r -  

Disadvantages of  
- 

f a c e  and inc reased  blowor powor. 
des ign  2 s a t i s f a c t o r y  mixing box. 

Furthermore,  i t  would be d i f f i c u l t  t o  

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  
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(7 1 
Temperature t o  Safe  Valuc f o r  Standard Duct. 
s e v e r a l  complicat ions s ince  it involves  t u b i n g  and j o i n t s  c lose  t o  t h e  
p i l e  which n r o  s u b j e c t  t o  loakage. Pumps o r  blowers would be r equ i r ed  
t o  c i r c u l a t e  t h e  coo l ing  medium. The l a r g e  amount of hea t  absorbed by  
t h e  coo lan t  would be l o s t ,  I jo i le r  heatirzg s u r f a c e  and blower power 
would be inc reased  b y  t h e  same m o u n t  as i n  case  ( 6 ) .  

This  scheme in t roduces  

c .  S t a t u s  of a e s i p .  The d e t a i l e d  s p e c i f i c 3 t i o n s  f o r  t h e  h igh  tcm- 
pe ra tu rc  duc t  have been prepared. 
prepared and shows suggested d e t a i l s  of c o n s t r u c t i o n  of tho i n n e r  and o u t e r  
duc t s .  
sh3wn on t h i s  des ign  lnyout .  
hnve been d i scussed  e x t e n s i v e l y  w i t h  msny consu l t an t s .  
c a r r y  ou t  a n y  f u r t h e r  work on t h i s  d u c t  u n t i l  f i n i l  c o n s t r u c t i o n  p lans  have 
buen prepared ,  a t  which t ime it i s  plznned t o  e n t e r  i n t o  a sub-conzract  f o r  
t h a  f i n a l  des ign  and c o n s t r u c t i o n  o f  t h i s  duc t  z long  t h e  l i n e s  descr ibed .  

.A des ign  l ayou t ,  Fig.  50, hLs a l s o  been 

Such t h i n g s  as j o i n t s  betweon s e c t i o n s ,  welding des ign ,  e t c .  are 
S u i t a b i l i t y  snd  p r a c t i c a b i l i t y  o f  t h e  des ign  

I t  i s  ncrt planned t o  

2 .  B o i l e r  

a .  Genoral Requirements o f  3 o i l s r  

(1) Helium c i r c u l 2 t c d  t i ,rough t h s  p i l e  A.Ssorbs h e a t  p n c r a t e d  
t h e r e i n .  Before r c t u r n i n g  t o  t h e  p i l t ,  t h e  helium i s  cooled t o  remove 
t h c  hea t  absorbed.  I t  i s  t h e  f u n c t i o n  of thc b o i l e r s  t o  abso rb  t h i s  
hen t .  

( 2 )  The b o i l e r ,  i n  add i t i ; n  t o  zbsDrbing t h c  hoa t ,  f u n c t i o n s  
a l s o  t o  m k o  tho  hea t  a v a i l a b l e  f o r  t he  g e n c n t i o n  of power. Ifi t h e  
b o i l e r  a p p l i c a t i o n  h o r e i n  considered,  the  b o i l e r  u n i t  c o n s i s t s  of  three 
s e c t i o n s  as follows ; econoaizer  s e c t i o n ,  evapora tor  s e c t i o n  snd super-  
h e a t e r  s e c t i o n .  

(a) Economizer Sec t ion .  Steclni condensed i n  t h e  main 
t u r b i n e  condenser is  d c s e n t e d  2nd pumpcd t o  t h e  b o i l e r  u n i t  where 
i t  f i r s t  o n t c r s  t h e  economizer and r e c e i v e s  h e a t  from tho  helium. 
The temperaturn of t h e  incoming feedwater  (Condensate from conden- 
s e r )  i s  r a i s e d  t o  a n l u e  c l o s e  t o  t h e  s a t u r n t i s n  temperature  cor -  
responding t o  t h e  p re s su re  i n  t h e  b o i l e r .  Becausc t h e  economizer 
handles  wa te r  a t  t h e  loivest to,nperature i n  the b o i l e r  u n i t ,  advan- 
t age  i s  tcken o f  t h i s  f a c t  i n  q r r ang ing  the  hea t ing  su r face  t o  
o b t a i n  counter f law o f  gas and w a t e r .  
poss ib l e  t 3  o b t a i n  lo-;{ o u t l e t  g z s  temporztures  2nd minimum h e a t i n g  
su r face .  

This  a r r angenen t  makes it 

(b)  E m p o r a t o r  Sec t ion .  Feedwzter,  q f t e r  b e i n s  hea ted  
i n  t h e  econdini-n stonm and wnter  drum of the  
b o i l e r ,  whsre it i s  mixed w i t h  wa te r  a t  s a t u r a t e d  temperature .  
Water i s  supp l i ed  from t h e  steam drum t o  the  evapora tor  s e c t i o n  i n  
t h i s  case by meens of  a pun?. 
c i r c u h t i c n  i s  produced by Zi-tube e f f e c t  caussd b y  d i f f c r e n c c  i n  
d e n s i t y  between s 3 l i d  water and mixture of s t e a x  and wnter . )  
i s  absorbed by the  water  i n  t h e  form of l a t e n t  h e a t ,  r e s u l t i n g  i n  

( I n  n3turzi.l c i r c u l a t i o n  b o i l e r s ,  

Heat 
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t ho  gene ra t ion  of steam. 
w i t h  the  c i r c u l a t i n g  water t o  t h e  s t e m  2nd miter d r u a  of t h e  
b o i l e r  where i t  i s  sepa ra t ed  and piped t o  t he  superhedtcr .  

Steam thus  genera ted  i s  c a r r i e d  a long  

( c )  Supzrhea ter  Sec t ion .  The supe rhea te r  r e c e i v e s  sa tu -  
r a t e d  s team i'rm t h e  b o i l e r  drum. 
r a i s e s  t h e  t e n p e r a t u r e  of t h e  steam b y  t h e  anount  r e q u i r e d  t o  give 
the  proper  superheat  a t  t h e  i n l e t  of t h c  t u r b i n e .  
g e n e r a l l y  loca t ed  i n  h igh  gas t m p c r a t u r e  zoncs t o  provide s u f f i -  
c i e n t  tempcratxre  d i f f e rence  between stezm and gas 2nd t o  rninimizc 
t h e  amount o f  su r f ace  requi red .  
b o i l e r s ,  it i s  d e s i r a b l e ,  i n  o rde r  t o  min to* in  uniform steam t e m -  
pe rz tu re  w i t h  varying l o i d ,  t o  l o m t e  the  superhc::tcr fol lowing 
p i r t  o f  t h e  evapora to r  s e c t i o n .  

Heat absorbed i n  t h e  superhe2ter  

Superhec ters  are  

I n  t h e  caso ;f t h e  powcr p i l e  

(3) &hxinun r e l i a b i l i t y  is r equ i r ed  of t h e  powcr p i l u  b o i l o r s .  

Inproved r c l i -  
Experience i n d i c n t c s  t h o t  w i t h  propor des ign  and proper  opera t ion ,  
p r a c t i c a l l y  100 Fercent  ' r e l i a b i l i t y  c-n be obtzinod.  
a b i l i t y  du r ing  t h e  p a s t  s e v o r a l  y e u s  i s  t h e  r e s u l t  of impraved des igns ,  
improved ope ra t ing  procedures ,  t h e  cm9loy:nent g f  t r a i n e d  ope ra to r s ,  and 
inc reased  Itnowledge and. npp l i ca t iDn  of >rc;por feedwater  t r ea tmen t .  

( 4 )  The powcr p i l e  b o i l e r s  3r.c: r0quirt.d t o  reduce t h c  tempera- 
t u r e  of hel ium t o  a s a f e  v ~ l u e  f o r  the$ k e l i u a  blowors.  I n  t h e  present 
a p p l i c a t i a n ,  t h e  fcediriBter ternperTtura i s  lo-:; on.sur;h m d  t h e  d e s i r e d  
hel ium blower temperature  h igh  e n m g h  as no t  t o  r s q u i r s  t h e  b o i l e r  u n i t  
t o  reduce t h e  helium tempera tures  t o  unreasonable  va lues .  Under some 
cond i t ions  such as encountered w i t h  high s t o a n  prcssuracs and h igh  feed-  
Taker t enpe r t a tu rc s ,  t h c  helium o u t l e t  tcmpor2ture  may be t h e  c o s t r o l -  
l i n g  f a c t o r  i n  the  design.  

(5 )  Seve ra l  z d d i t i o n 3 1  spGcia l  requi rements  a re  encountered 

The fa.niliar c m v e n t i o n u l  b o i l e r  i nc ludes  a furnace  i n  which 
on t h e  porvcr p i l e  b o i l e r s  which are n s t  p r e s e n t  on thc  convent iona l  de- 
signs. 
the  f u e l  i s  burned and fr3n which tl;e h3t Zases d i scha rge  d i r c c t l y  t o  
tho b o i l e r  heati3.t; su r f ace .  ?+!any 5 - i l c r s ,  h m e v e r ,  a r c  dcsignod f o r  a 
v? . r ie ty  o f  s p e c i a l  n p p l i c c t i o n s .  A c i x s s  o f  t h i s  t ype  are vnste belt 
b o i l e r s .  The p i e r  p i l e  b o i l e r s  can bc cons idered  i n  t h i s  c l a s s i f i c a -  
t i o n .  Generally',  waste h a a t  5 o i l c r s  a r e  supp l i ed  w i t h  hot gas a t  
spproxirnatcly atmospheric  pressure .  Ducts c m d u c t i n g  h Q t  gns t o  t h e  
b o i l e r  a r e  r e f r a c t o r y  l i n e d .  Lt~zktizc cr c!.nmgc t;, the d u c t ,  beczuse 
of  nverhez t ing  i s  n 3 t  of s c r i o u s  cmsoqucnca.  
which conf ines  t h c  g"1s t o  t h c  b o i l e r  hos t ing  s u r f a c e  i s  2.1~0 cons t ruc t ed  
o f  r e f m c t o r y  mpterip.1. Lezkago o f  g:.s th rough tF walls of enc losure  
a l so  i s  generali ly R o t  s o r i o u s o  
b o i l e r  i n s t a l l a t i o n ,  t h e  pawcr p i l e  s p p l i c 3 t i o n  p r s s e n t s  t h e  f J l l o w i n g  
a d d i t i o n a l  desi'gn problems: 

I 

T d  b o i l z r  enc losure  

I' 

Cgntr:,st.jd v i t h  t h z  usua l  w i s t o  hdat  

(a,) B o i l e r  cnc losu re  r equ i r ed  t o  confine gas under com- 
b i n s t i o n  Qf h igh  gas pressuro  and h i g h  toinperzture.  

(b )  Design t o  provide h igh  hea t  abso rp t ion  b y  a r r a n g i n g  
h e a t i n g  s u r f x o  f o r  un i fa rm high  gas flow. 
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n (e)  Prov i s ion  f o r  decontamination w i t h  a c i d  t o  remove 
r s d i  oac t  i v i t  y. 

(d)  A 1 1  n e t a l l i c  c o n s t r u c t i o n  r e q u i r e d ,  ( r e f r a c t o r i e s  o r  
i n t e r n a l  i n s u l a t i o n  no t  a p p l i c a b l e ) .  

( e )  Means w i t h i n  t h e  b o i l e r  f o r  rs-moving d u s t  c a r r i e d  by 
t h e  helium. 

( f )  Means f o r  s e p a r a t i n g  moisture from the hsliuin i n  event  
of 2 l eak  i n  t h e  b o i l e r .  

(6) Means f o r  providing ixximua insu r snce  a g a i n s t  b o i l e r  
l e  aka ge . 

(h) Means f o r  providing maximum insurance z q p i n s t  corro-  
s i o n  of and s c a l e  d e p o s i t s  3n b o i l e r  h e a t i n g  s u r f a c e .  

b. Discussion o f  Factors  Affsctin;: t h e  Desizn and S e l e c t i o n  o f  
B o i l e r s .  
Power P i le  a p p l i c n t i s n  involves  probloms no t  n e t  ir, prcvious b o i l s r  design 
p r a c t i c e .  
cussed i n  t h i s  s e c t i o n .  
portctnco t o  tho o v e r a l l  design i n  o rde r  t o  p o i n t  thr, wiy toward proper com- 
promise betivecn c m f  l i c t i n g  requi re -n ts  o f  applicYble design f a c t o r s  where 
necessary.  

In  P a r t  I V  it i s  pointed out  that  tkc: d a s i , p  o f  b o i l e r s  f o r  t h e  

Ths inajor f a c t o r s  involved i n  thc: d o s i g n  of  those  b o i l e r s  a r e  d i s -  
The f a c t J r s  c;re discussed 1:; thu o r d e r  of  t h e i r  i m -  

(1 )  S t e a n  Leakage. 
such that t h e r e  i s  t h e  mini:num p o s s i b i l i t y  o f  t h e  occurrence o f  a steam 
l eak  du r ing  ope ra t ion  of' t he  b o i l e r .  
wa te r  vapor i n t o  t h e  helium system w i l l  r e s u l t  i n  d e t e r i o r a t i o n  of the 
Be0 i n  t h e  p i l e .  
suddonly r e p l a c e s  m o s t  of t h c  helium i n  the p i l c  cooling passages r e -  
s u l t s  i n  inc reased  p i l e  r e a c t i v i t y .  The p i l o  c o n t r o l  mechanism must be 
arrangod t o  func t ion  m p i d l y  under thosc c s n d i t i o n s ,  t o  a v o i d  overheat-  
i n g  of t he  r e n c t 3 r .  Moisture s e n s i t i v e  dev ices ,  as desc r ibed  i n  part 
B-6-f, S e c t i o n  I V ,  w i l l  be i n s t a l l e d  t o  he lp  p r o t e c t  the p i l e  2nd t h e  
helium systeic f r o m  tho e f f e c t s  3f ~i b o i l e r  steam l m k .  

It i s  i n p o r t a n t  t h a t  t he  b o i l e r  design be 

A sirall steam l e s k  d i scha rg ing  

k l z rge  s t e m .  1ezk of proport ions such t h a t  s t o a n  

I 
I 

A l a r g e  isteam loa4  i n  t h a  b o i l e r  m y  be s(pccted t o  cause r a p i d  
r i s e  i n  t h e  helium s y s t c n  pressure,: 
s t r u c t e d  f o r  a Pcsign p res su re  of 250 p s i  gauge, 1'18 p s i  h i g h e r  t h a n  
t h e  n o r m 1  maximum he l i u n  o p e r a t i n g  p res su re .  A p re s su re  s e n s i t i v e  de- 
v i c e  w i l l  be p r  vidod * o  shut dovlrn'the p i l e  if the; pres su re  r i s e s  sub- 
s t a n t i a l l y  above the n o r m 1  o p e r a t i n g  :,reszure. If the  helium system 
p res su re  increaFes t o  250 p s i ,  thol, designcd :mxin(m s a f e  p re s su re  f o r  
t h e  system, due! t o  a l a rgo  stecn l eak  i n  the boi ld , r  o r  f o r  I n y  o the r  
reason, t h e  excess  p re s su re  w i l l  be r e l i e v e d  t o  a / s h i e l d c d  s t o r a g e  t ank  
as desc r ibed  i n  h r t  B-6-g, S e c t i o n  IV.  

1 T h o  helium system w i l l  be con- 

I 
I 

i i 

I n  ordc'r t o  avo id  contamination o f  t h e  helium system and damago 
t o  p i l e  materials, t h e  b o i l e r  must b e  designed t o  e l i m i n a t e ,  i n s o f a r  as 
p s s s i b l e .  t h e  p o s s i b i l i t y  of a steam le2k. h f u r t h e r  reason f o r  r e l i -  
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a b i l i t y  f m k i n g  r e p a i r s  t o  t h e  b o i l e r  once 
it has been p u t  i n t o  ope ra t ion  and t h u s  rendered r a d i o e s t i v e ,  The f o l -  
lowing p o i n t s  i n  connection w i t h  b o i l e r  design,  c o n s t r u c t i o n  and opera- 
t i o n  appear  p e r t i n e n t .  

S found i n  t h e  d i f f i c u l t y  

* (a) Minimize t h e  number of welded j o i n t s  exposod t o  t h e  
helium system. 

(b) Minimize t h e  number of tube hoadsr. j o i n t s  and l o c a t e  
headers  i n  p a r t s  of t h e  b o i l e r  n o t  exposed t o  h igh  temperature  helium. 

( c )  Avoid the  l o c a t i o n  of b o i l e r  steam o r  m t o r  drums with-  
i n  t h e  b o i l e r  p re s su re  s h e l l .  

(d)  Design steam and water  .connect ions through t h e  pres- 
s u r e  s h e l l  t o  e l i m i n a t e  excess ive  t h c r m l  s t r e s s e s .  

(e )  S u b j e c t  a l l  m t e r i n l s  of c o n s t r u c t i o n  t o  minute i n -  
s p e c t i o n ,  ohemical., and phys ica l  t e s t s  p r i o r  t o  f a b r i c a t i o n .  

( f )  Sub jec t  a l l  welded j o i n t s  t o  x - r ay  or e q u i v a l e n t  in -  
spec ti on during f a b r i c a t i o n .  

(g) Sub jec t  completed b o i l e r s  t o  h y d r o s t a t i c  and tempera- 
t u r e  t e s t s  a f t e r  f a b r i c a t i o n .  

( h )  Design t o  o l i m i m t e  the  p o s s i b i l i t y  of non-uniform 
c i r c u l a t i o n  through p a r a l l e l  tube c i r c u i t s .  

(i) Provide f o r  supp ly  of h igh  p u r i t y  make-u,p feedwater .  

(j) Minimize the  p o s s i b i l i t y  o f  contaminat ion of feedwater 
supply through condenser l e a k a p .  

(k) Provide f o r  thorough and r e l i a b l e  d e a e r a t i o n  of b o i l o r  
f oedwa te r .  

(1) Datermine and p r a c t i c e  s u i t a b l e  procedure f o r  bDi l e r  
water t r e r t m n t  t o  avo id  c o r r o s i o n  and s c a l e  f o r n a t i o n  i n  b o i l e r s  
and t o  minimize r a d i o a c t i v i t y  of s team generated and b o i l e r  blow 
down (See P a r t  9 of t h i s  s e c t i m  f o r  d i s c u s s i o n  o f  r a d i o a c t i v i t y  
problems. ) 

(2 )  Wa'ter Leakage. Avoidance of a water  l e a k  o r  a water-steam 
l eak  i n  t h e  b o i l e r  i s  important  f o r  t he  ssme reasons as those  d i scussed  
above i n  connection with steam leakage, and the m a n s  t o  be r e l i e d  on 
f o r  minimizing the  p o s s i b i l i t y  of such leakage i n  s e r v i c e  a r e  l i kewise  
similar. However, i f  an a p p r e c i s b l c  q u a n t i t y  of l i q u i d  wa te r  i s  por- 
mi t t ed  t o  e n t e r  t h e  p i l e  r e a c t 2 r  c m l i n g  passages,  t h e  r e a c t i v i t y  i n -  
c r e a s e s  much more r a p i d l y  than i s ; t h e  case f o r  a steam l w k ;  s o  r a p i d l y ,  
i n  f a c t ,  that  it i s  n o t  foas ib lo  t o  r e l y  on t h e  p i l e  contrc\ l  mechanism 
t o  funo t ion  qu ick ly  c n m g h  t o  avoid m e r h e a t i n g  of . t h e  p i l e .  
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To avo id  d i scha rge  of water i n t o  the p i l e  a wa te r  s e p a r a t o r  w i l l  
be b u i l t  i n t o  t h e  Laver end of' t he  b o i l e r  s h e l l .  This device w i l l  be 
arranged t o  s e p a r a t e  Be0 d u s t  from the helium s t r eam during normal ope- 
r a t i o n  of  t he  system and be adequate f o r  removal of w a t e r  i n  the even t  
of water leakage from the  b o i l e r .  . 
helium s t r eam , p a s s i n g  through t h e  d u s t  and wator  s o p a r a t o r ,  w i l l  be  
c o l l e c t e d  a t  t h e  bottom of the  b o i l e r  s h e l l ,  and be blown o r  f lu shed  out 
t o  a decay t ank  as necessary.  
t o r s  of t h e  type n o r m l l y  used i n  the steam and wa te r  drums of conven- 
t i o n a l  steam b o i l e r s  c a n  be used f o r  t h e s e  purposes and w i l l  be  adequate 
f o r  t h e  degree of water and d u s t  removal necessa ry  t o  t h i s  z p p l i c a t i o n .  
Test of such devic6s i n  connect ion w i t h  f i n a l  b o i l e r  d e s i g n  appears  dc- 
sirable. 
o o l l e c t e d  i n  the bottom of b o i l e r  s h e l l  appears necessary.  

Dust o r  wa te r  s e p r a t e d  from the  

Prel iminary s t u d y  i n d i c a t e s  that sepa ra -  

Also, f u r t h e r  s t u d y  of arrangements f o r  d i s p o s a l  of Be0 d u s t  

(3 )  Helium Leakage. The b o i l e r  p re s su re  s h e l l  must be designed 
so as t o  e l i d n a t e  t h e  p o s s i b i l i t y  of rup tu re  o r  leakage o f  contaminated 
helium. Rupture o f  t ho  s h e l l  p e r m i t t i n g  l a r g e  s c a l e  escape of t h e  con- 
taminated helium from the system might s u b j e c t  p l a n t  o p e r a t i n g  personnel  
t o  dangerous r a d i a t i o n  hazards .  S m a l l  l eaks  must be avoided t o  conserve 
the helium charge and t o  mininize r 2 d i o a c t i v i t y  .bf the. shiB$d&ag-enolotsum 
and v e n t i l a t i o n  system. 

- 

i 

Major f a c t o r s  i n  providing f o r  sound b o i l e r  pressure. s h e l l  de- 
s i g n  involve maintenance o f  rensonably l o w  uniform temperature through- 
ou t  the s h e l l  s t r u c t u r e  and avoidance o f  d i r e c t  exposure of a n y  a r e a  t o  
t h e  h igh  temperature  incoming helium and minimizing the number o f  p i p i n g  
connections through the  p re s su re  s h e l l .  The methods employed f o r  making 
p i p i n g  connect ions t o  and through the p re s su re  shell must be c a r e f u l l y  
worked out t o  avoid excess ive  thermal  s t r e s s e s ,  a s s u r e  f r e e  oxpansion o f  
a l l  p a r t s ,  and provide s u i t a b l e  s h e l l  geometry. A l l  j o i n t s  and CONIQC- 
t i o n s  should be s t r e n g t h  welded a r  s e a l  welded f o r  permanent t i c h t n a s s .  

(4) Decontamination. It i s  considered important  that e v e r y  
reasonable  e f f o r t  be made t o  design the b o i l e r  s o  t h a t  it will b e  SUS- 
c e p t i b l o  t o  decontaminstion f o r  i n s p c t i o n  and r e p a i r .  I t  i s  a n t i c i -  
pated t h a t  s u c c e s s f u l  decontamination w i l l  involve f loodin;: (and flush- 
ing t h e  b o i l e r  w i t h  water, steam and a c i d  s o l u t i o n s  t o  d i s s o l v e  and re- 
move condensed f i s s im  products  and r a d i o a c t i v e  d u s t .  Tests  w e  under 
way f o r  de t e rmina t ion  o f  s u i t a b l e  procedures . 

Pendin2 f u r t h e r  dove lopment of s u i t a b l e  decontamination pro- 
cedures ,  t h e  fol lowing c r i t e r i a  h v e ' b e e n  s e t  up t o  provide f o r  des ign  
of  b o i l e r s  s u s c e p t i b l e  t o  decontamination: 

( a )  Use' o f  hea t  i n s u l a t i o n  w i t h i n  tho b o i l c r  p re s su re  
s h e l l  provides  the  l i k l i h o o d  'of a b s o r p t i o n  of contaminated helium 
i n t o  the  pores of t h e  i n s u l e t i o n  through leaks i n  tho i n s u l a t i o n  
sheathing,  making. d e c o n t m i n a t i o n  impossible .  
i n  t he  p re s su re  s h e l l  must, i h e r e f o r e ,  be e l imina ted ,  and gas cco l -  
ing cf the pres su re  s h a l l  has been s p e c i f i e d .  

Heat i n s u l a t i o n  with- 
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(b) Expanded tube j o i n t s  should n o t  be used as such con- 
s t r u c t i o n  is expected t o  add t o  tho d i f f i c u l t y  of decontamination. 
Cracks, c r e v i c e s ,  and unwelded j o i n t s  w i t h i n  t h e  b o i l e r  p re s su re  
s h e l l  should be e l i m i n a t e d ,  i n s o f a r  as p r a c t i c a b l e ,  f o r  t h e  same 

i reas6nc;T r -  ' ~ ' F t  '* ir * ,  ;, _ .  I - I  

( c )  Pockets or passages which cannot be r e a d i l y  f looded 
and flushed w i t h  decontaminating s o l u t i o n s  should bo nvoided. 

( d )  E f f o r t  should be made t o  des ign  t h e  b o i l e r s  s o  as t o  
f a c i l i t a t e  i n s p e c t i o n  and r e p a i r  fo l lowing  decontemination. 

(5) Miscellaneous Design Requirements. For more complete d i s -  
cuss ion  of t h e  fo l lowing  b o i l e r  des ign  requirements r e f e r e n c e  may be 
made t o  r e p o r t ,  ''Steam B o i l e r s  f o r  Gas Cooled P i l e s " ,  d a t e d  11 June 1947: 
Power P i l e  F i l e  No. 405. 

(a) The b o i l e r  design must be such that  i t  i s  capable o f  
p e r f q t n i n g  its f u n c t i o n  as a h e a t  s i n k  f o r  t h e  p i l e  under any d e s i r e d  
p i l o  o p e r a t i n g  c o n d i t i o n  from atmospheric t o  10 atmospheres helium 
pressure,  from SOO°F t o  14000F p i l e  o u t l e t  helium temperature ,  and 
from nominally low helium flow up t o  r a t e d  c a p a c i t y  o f  t h e  helium 
blowers. 

* 
(b) Since  t h e  p i l e  i t s e l f  i s  tho  main oxperimental  feature . 

of t h e  Power P i l e  p r o j e c t ,  t h e  b o i l e r  design should be based on t h e  
b e s t  background of experience a v a i l a b l e  2nd inc lude  as l i t t l e  as 
p o s s i b l e  of Zn cxperimontal  o r  specu la t ive  na tu re  

( c )  The b o i l e r  des ign  should be such t h a t  o p e r a t i o n  through 
a wide rango of o p e r a t i n g  cond i t ions  can be accomplished r e l i a b l y  
and au tomat i ca l ly .  

(d)  The b o i l e r  m u s t  be capsble  o f  d i s s i p a t i n g  t h e  h e a t  from 
t h e  p i l e  f o r  a reasonable pe r iod  of t ime  wi thou t  damage, r e g a r d l e s s  
o f  unexpected f a i l u r e  o f  boiler a u x i l i a r i e s  such as f eed  o r  r o c i r c u -  
l a t i n g  purnps. 

s p o c t  t o  tho helium f low through t h e  b o i l e r  that excess ive  f i n a l  
steam temperature i s  nvoided throughout t h e  o p e r a t i n g  range. 

(e )  The b o i l e r  s u p e r h e a t e r  should be s o  arrangod w i t h  re- 

(f) .The des ign  should be such t h a t  paximum advantage i s  
t a k e n  o f  t h e  helium p res su re  drop a l l o c a t e d  toLthe b o i l e r  t o  s ecu re  
a h igh  hea t  t r a n s f e r  ra te  throughout t h e  heating, su r f ace .  

4 

-(g) Tho b o i l e r s  should be o f  a design which has no funda- 
mental Limitat ions as t o  h ighe r  s t c a n i n g  cspa'city,  helium p res su re ,  
steam p res su re  o r  steam temperature  i n  o rde r  ' that  t h e  o p e r a t i n g  ex- 
perience t h  be @nod from t h i s  p r o j e c t  w i l l  bu o f  maximum vrilue i n  
f u t u r e  nuc lea r  power developments. 
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( 6 )  A p p l i c a b i l i t y  of High Frossurcs  ond Temperztures.  3 'hile 
it i s  desirzible  t o  des ign  t h e  i n i t i a l  powsr p i l e  i n s t i l l a t i o n  f o r  condi- 
t i m s  which are known t o  be conse rva t ive  and w i t h  which t h e r e  h i s  ?wen 
a backgrmnd of exper ience ,  tho  advin tages  of usin;  h i z h s r  helium prcs-  
s u m  end h ighe r  stcam pres su re  and t s t i l  temperature  i n  f u t u r e  s t u d i e s ,  
should be g iven  c o n s i d e r z t i s n .  

The adventages of ope ra t ing  steam power p l a n t s  a t  h igh  s t m m  
p res su res  and h igh  t.ot3.1 steam temperztures  t o  o b t a i n  incrcnsod  z f f i c i -  
oncy have long been recognized. S te lm p res su res  of 900 p s i  t o  1500 p s i  
and steam tempers tures  of 900@F tq 1000°F -re  now g d n e n l l y  adopted i n  
c e n t r a l  s t a t i o n s .  The pc7ss ib i l i t i e s  af  app ly in2  h ighe r  stozm p res su re  
and h ighe r  s t e l m  temperature  t o  t h e  Dan i s l s  P i l e  l.lavi? bsen. studii id.  
suits of t h e  s t u d i e s  bssod on 1400°F hel ium from t h e  p i l o  i n d i c z t e  t h a t  
t h o  same General des ign  (of b o i l e r  and s u p e r h e i t c r  3dr;ptcd f o r  t h i s  2ro- 
j e c t  i s  a p p l i c a b l a  f o r  s team pressur3s  3nd temperaturos  nox used i n  Cen- 
t r a l  S t a t i o n s .  
s u p c r h s a t e r  and ev:tporuti>r vi 11 be cons iderably  inc reased .  Such i s  a l s o  

Rc- 

Obviously, t h e  a m u n t  cf h.xi t ing s u r f a c e  requi red  i n  

3 -  - tpue  i n -  t h e  case o f  convent iona l  b o i l e r s .  

Due t o  i n c r e a s e d - c o s t  o f  f u s l ,  s e v e r a l  power coinpnnies now haw 
steam g e n e r s t i n g  u n i t s  under e r e c t i o n  which i n c o r p o r s t e  n a t  ' o n l y  h igh  
p res su res  and tempera tures ,  but  s l s o  r e h e a t i n s  of the  steam a f t e r  it has 
expanded part way t h r o u g h . t h e  t u r b i n e .  
cons idered  i n  t h e  power p i l e  b o i l e r s ,  it i s  cbvious t h 2 t  t h e  des ign  of 
t h e  b o i l e r s  would accomodnte  a r s h s m t e r  and t h a t  thu  t enpc ra tu re  d i f f e r -  
ences  between steam and gas would bo s a t i s f a c t o r y .  

Tihilo t h i s  f e a t u r e  has  n o t  beon 

It i s ' c v i d s n t  from t h e  va r ious  s t u d i e s  t h a t  b o i l e r s  czn be de- 
s igned  t o  ope ra t e  3 t . s team c o n d i t i a n s  c o m p r a b l e  t e  those  used i n  Cen- 
t r a l  S t a t i o n s .  Therefore ,  it i s  poss ib l t ;  t o  o b t a i n  comparable tu rb ine  
e f f i c i e n c i e s  i n  t h e  power p i l e  nnd c e n t r a l  s t n t i  on a p p l i c a t i o n s .  

The d i r e c t  hurited f Jrcod r e c i r c u l a t i o n  type  b o i l e r  3 s  s p e c i f i e d  
and described i n  P a r t  C-6-b of S e c t i o n  I V  W'IS s e l e c t c d  a f t e r  3 thorough 
s tudy  of miny poss ib l e  a l t e r n 2 t e  boiler t ypes  as the  type  Gcrs t  s u i t e d  
t o  t h e  requirements  ;f t h i s  a p p l i c a t i o n .  A d i s c u s s i o n  o f  t h e  a l t e r n a t e  
b o i l e r  dcsigns considered f o r  t h i s  2 p p l i c a t i o n  i s  prcsanted  b e l m .  

1 

ske tch  o f .  t h e  forced,  r e c i r c u l a t i o n  typo b o i l e r  i s  inc luded  in t h i s  drawing 
f o r  r eady  comparison. 

k 

(1) On'ce-Through Bo i l e r .  - I n  t h i s  t y p  b o i l e r ,  2 s  shown i n  Fig.  
91, t ho  i)conorni'zer, evapora tor ,  2nd suporhea tor  ai-e arran;ed i n  s e r i e s  

I 370 sepa ra t e  r e c , i r c u l a t i n g  pump i s  r equ i r ed ,  IS thA feed  pump provides  
f o r  t h e  necess$ry c i r c u l a t i o n .  
t h o  b o i l o r  pressure  s h e l l  3rc r equ i r ed .  I n  t h e  s t ;eming  c a p a c i t y  rango 
be ing  cons idersd  f o r  t h i s  p r o j e c t ;  i t  i s  f e a s i b l e  t o  c o n s t r u c t  2 once 
t h r m g h  b J i l e r  c :nsis t ing o f  s s i n g l e  cont inuous c o i l ,  t h u s  e l i m i m t i n g  
header  j o i n t s ,  rninimizinG tho p o s s i b i l i t y  o f  steam 3r water lodes, m d  
p r a v i d i n g  s i m p l i f i o d  cons t ruc t ion .  

Only.  two m j o r  pipin; conncct ions through 

'I 

6 s i n g l e  tube  h i n d l i n g  t h e  e n t i r o  
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f low through t h e  b o i l e r  i s  n e c e s s a r i l y  o f  large d iameter  and coinpara- 
t i v e l y  t h i c k  w z ~ l l .  The p res su re  drop through t h e  s i n g l e  tube  c i r c u i t  
i s  high. 
ness  of )the tube ,  The inc res sed  t h a r w l  s t r e s s  due t o  t h e  t h i c k  w&lL 
makes thc! t ube  more s u s c e p t i b l e  t o  f a i l u r e  t h s n  a small t h i n  w l l e d  tube .  
Furthermore,  i n  c3se of f a i l u r e ,  t h e  r a t e  a t  which steam and w t e r  would 
d ischarge  i n t a  t h e  hel ium might be much Greater t h r n  i n  t h e  case  of a 
boi1e.r c o n s i s t i n g  of fiisny small d i a n e t e r  p a r a l l e l  c i r c u i t s .  
c a p a c i t y  t h a n  p r e s e n t l y  contemplated,  s eve r s1  ; a r a l l e1  tube c i r c u i t s  
would be needed, dec reas ing  t h e  s i m p l i c i t y  of t h e  des ign  and r e q u i r i n g  
t h e  use  of header  j o i c t s  o r  e x t r a  connect ions throu- ,h  t h e  b 3 i l c r  p re s su re  
s h e l l .  

The a f f e c t  o f  h igher  steam pres su re  i s  t o  i n c r e l s e  t h e  th i ck -  

For l a r g e r  

The p r i n c i p l e  disadvantage of t h e  once-throuzh typo b o i l e r  i s  
t h e  l s c k  of a background of exper ience  i n  the  des ign ,  ope ra t ion ,  and con- 
t r o l  of t h i s  type of b o i l e r .  
been f e w ,  of sml l  c a p a c i t y  and of experinientnl na tu re .  kutoinztic con- 
t r o l  of onco-through b a i l e r s  n u s t  depend on thermocouples i n  t h e  t u b e s  

. near  t h e  zone of conpletc> evapora t ion ,  as t h e r e  i s  no steam-water drum 
f o r  wa te r  l e v e l  c o n t m l .  

I n s t a l l a t i o n s  i n  t h i s  coun t ry  t o  d a t e  have 

A l l  i n p u r i t i e s  e n t e r i n g  t h e  S .3 i l s r  x i t h  t h e  feedwater  Lre e i t h e r  
depos i t ed  w i t h i n  t h e  b o i l s r  t u b e s  wi th  a t t c n d z n t  p o s s i b i l i t y  of  cor ro-  
s i o n  o r  o v e r h w t i n g  of  . t he  tubes,o ' r  t h c  impur i t i i i s  are c a r r i a d  ou t  of 
t h e  b o i l e r  i n  t h e ,  stoain w i t h  tho  p o s s i b i l i t y  of t r m b l e s o m  s c a l e  do- 
p o s i t s  o f  r a d i o a c t i v e  i m t a r i a l  i n  t h c  steam l i n e s ,  t u r b i n e s ,  condensers ,  
c tc .  of  t h e  paver  p lnn t .  Use Df '  h i g h  p u r i t y .  b o i l e r  feedwater  supply 
w i l l  minimize t h e  p o s s i b i l i t y  of such d i f f i c u l t i e s  w i t h  t h e  mce-through 
type? b 3 i l e r .  The advantage of t h e  r e c i r c u l a t i o n  type  b o i l e r  i n  t h i s  
connec t ion  i s  t h a t  t h e r e  i s  always water w i t h  the  s team i n  t h e  evapora- 
t o r  s e c t i o n  of t h e  b o i l e r  so t h a t  tha  c'hsnce f o r  scale d e p o s i t  i s  reduced 
because t h e r e  i s  no zone of complete evapora t ion  and t h e  s o l i d s  can  be 
removed by blowdswn. 

( 2 )  Natu ra l  C i r c u l a t i o n  Water Tube Bo i l e r .  This  t ype  of b o i l e r  
has t he  advantage o f  a wide background. o f  oxpericncc i n  t h e  p w e r  gcner- 
a t i o n  f i e l d  e No r e c i r c u l a t i o n  pumps a r e  requi red .  The arrangcment 
shown i n  Fig.  9 1  provides  s team and water drums loca ted  w i t h i n  t h e  b o i l e r  
p re s su re  s h e l l  t o  avoid  t h e  conp l i ca t ion  of t h e  numerous steam and water 
l i n e s  through t h e  boil 'er s h e l l  which %re requ i r cd  i f  e x t e r n a l  steam and 
water  drums are  used. 
tube  ends inust \e expanded i n t o  t h b  drums as t h e y  ivculdabe t 3 o  c l o s e  t o  
permit  of welding i n  any  p r z c t i c a l  des ign;  t hus ,  d , econ tmina t ion  o f  t h e  
b o i l e r  would probably  prove d i f f i c u l t  if n o t  impossible .  
c o n s t r u c t i o n  i s ' u s e d  s o  t h a t  6 1srg;e number of i n d i v i d u a l  t ubes  are  
al lowed t o  pene t r3 t e  tho  p res su re  s h e l l  t o  conncct t o  e x t e r n a l  s team and 
wator  drums, t h e  r e s u l t i n g  2rranSement i s  complicLted, w a s t e f u l  of mi- 
t e r i a l s ,  and involves  d i f f i c u l t  therms1 s t r e s s  !problems and weakening 

i s  u s e d  t o  reduce t h e  nuinoer o f  s tec i ln  and water c s m c c t i o n s  through t h e  
p r e s s u r e  s h e l l ,  t h e  s team drum m s t  be locz tod  a t  3 cons iderable  e leva-  
t i o n  above t h e  b o i l e r  proper  i n  o rde r  t 3  provide s u f f i c i e n t  head f o r  
adequato n a t u r a l  c i r c u l a t i o n .  

With t h i s  a r rangenent ,  i t  i s  probable  t h a t  t h e  

If a l t e r n 3 t e  

. o f  t h e  b o i l e r  prossure  s h o l l ,  If c o i l s  o r  r e t u r n , b e n d  tube  c x s t r u c t i o n  
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(3)  Na tu ra l  C i r c u l a t i o n  F i r e  Tube Type. This  t y  
appears  t o  possess  no mr l ted  advantage over  t h e  o t h e r  types excep t ,  pos-  
s i b l y  lower cos t ,  2nd has n fundamental  c o n s t r u c t i o n a l  disadvantage i n  
connec t ion  w i t h  d i f f e r e n t i a l  expansion o f  tube  s h e e t s  and b o i l e r  s h e l l .  
The d e s i g n  which has been cons idered  w3uld r e q u i r e  v e r y  gradual  warmi,ng 
up from room temperature  t o  b o i l i n g  temperature .  
i n g  t h e  j o i n t s  between tube s h e e t s  and b o i l e r  p re s su re  s h e l l  t o  avoid  
excess ive  s t r e s s e s  i s  d i f f i c u l t ,  p s r t i c u l a r l y  a t  t h e  end of t h e  u n i t  
where tho  h o t  helium e n t e r s ,  and s a t i s f a c t o r y  s o l u t i o n  i s  c o t  assured .  
The s i t u a t i o n  i s  complicated b y  t h e  n e c e s s i t y  f o r  enc los ing  t h e  u n i t  i n  
a pressure  t i g h t  s h e l l  f o r  con ta in ing  t h e  150 p s i  a b s o l u t e  hel ium a t  
h igh  tempera turc ,  p a r t i c u l a r l y  s i n c e  it i s  d e s i r e d  t h s t  no hoat i n su la -  
t i o n  be a p p l i e d  t o  t h e  i n s i d e  of t h e  s h e l l  f o r  reaSGnS expla ined  under 
cons ide ra t ion  of' decont;aminztion. 
e x c l u s i v e l y  f o r  p re s su rzs  cbove 400 p s i ,  and t h e  b2,ckground o f  exper ience  
a v a i l a b l e  i n d i c a t e s  t h a t  t h e  w a t e r  t ube  type i s  s a f e r .  

The prablem of  des i@-  

?%ter  tube  b o i l e r s  are used almost  

( 4 )  The L o e f f l o r  Type .Boi le r .  This  type b 3 i l e r  (See  Fig. 9 1 )  
hss  been cons idered  f o r  t h i s  a p p l i c z t i o n  bac-usa it c m  be' a r ranged  s o  
t h a t  nr, l i q u i d  wator  c i r c u i t s  need be exposed t o  t h e  hel ium c i r c u i t ;  

p i l e  2nd t h e  p o s s i b i l i t y  of  a p i l e  .explosion due t o  prsssnce  o f  wzter  i n  
t h e  p i l e  hel ium pnssages i s  avgidod. It has bean dec ided  t h a t  t h e  l a r g e  
p a r a s i t i c  power r e q u i r e m n t s  f o r  t h e  ste:nm c i r c u l a t i n g  pump, which i s  a 
v i t a l  component of t h e  L o e f f l e r  type  b o i l e r ,  outrveizh t h e  above LdTmn- 
t a p .  The power rcqui rod  i s  p a r t i c u l a r l y  l a rge  i n  t h i s  a p p l i c a t i o n  be- 
cause of t h e  n s c e s s i t y  for  e l i m i n a t i o n  o f  t h e  usua l  oconomizer normally 
incorpora ted  w i t h i n  . the b o i l e r  s h e l l  a f  th.:: L o e f f l e r  t ype  b o i l e r .  Con- 
s i d e r a t i o n s  of r e l i a b i l i t y  and m i n t e n a n c e  of t h e  l a r g e  steam pump re- 
qu i r ed  a l s o  weigh hoaviFy a g a i n s t  use o f  t h i s  type  o f  steam g e n e r a t a r ,  
a s  does  t h e  lack of a n y  a p p r e c i a b l e  backg-ound o f  s u c c v s s f u l  cxperienco 
i n  i t s  prev ious  use i n  o t h s r  f i e l d s  of poxcr genera t ion .  

' t h u s ,  should  a b o i l e r  l eak  occur i n  service, on ly  s t e s n  can e n t e r  t h e  

(5) Dun1 Systems. A t  on3 t ime i n  t h e  development of t h e  Power 
P i l e  P r o j e c t  it wo,s thought th:i t  t h e  sudden d i s c h a r s e  o f  :: large q u i n t i t y  
Of steam i n t o  t h e  helium circuit, through a ltrrge leak  o c c u r r i n z  i n  t h e  
b o i l e r ,  would probably r e s u l t  i n  e x p l o s i m  of t h e  p i l e .  
per iod ,  s e r i o u s  c o n s i d e r a t i o n  was given t 3  tho  u s e  of a dual system, pro- 
v i d i n g  a n  in t e rmed ia t e  hea t  tr9fisfer medium. 
P i l e  Design Proposztl" o u t l i n e s  e a r l y  s t u d i e s  of he l iun - l iqu id  marcury; 
ho l iun- l iqu id-vapor  phase lixercury and double  helium c i r c u i t  dua l  systems 
t o  e l imina te  t h e  p o s s i b i l i t y  of s t c m  .;r wnte r  1caka;;e i n t o  t h e  p i l e  b y  
use o f  i n t e rmed ia t e  hczt  exchangers  bctiveen t h e  b o i l z r  and t h e  p i l e .  

During t h i s  

The " P r e l i n i n a r y  Power 

A l l  such systems involve a d d i t i o n a l  c q u i p m n t ,  compl ics t ion  and 

The s i z a  o f  t h e  b o i l e r s  i s  cons ide rab ly  in-  
expcnso, as w e l l  as  inc rczse?  p3rasi t i .c  paver l o s s  f o r  pumping t h e  secon- 
d a r y  h c a t  t r a n s f e r  medium. 
c reased  o v e r  t h a t  o f  d i r a c t  hea ted  b o i l e r s .  In ace s t u d y  itnde of a d u a l  
helium systom, t h e  s i z e  of t h e  in t e rmed ia t e  h5at  exchcn;;ers a lone  vere  
s e v e r a l  t ines  g r e 2 t e r  t h a n  t h s  s i z c  of d i r e c t  h L - i t e d l b o i l o r s  o f  t h e  type  
s e l e c t e d  f o r  t h i s  p r o j e c t ,  and thi? d e s i g n  of tho? h c s t  exchmgcrs  involves  
d i f f i c u l t  thermal  p r o b l e m .  

* c  d 
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d. B o i l e r  Char i$$eTis t ics  Under Varying Opcrzt ing Condit ions 

(1) Opera t ion  a t  Variable H e l i u m  Frussure  and Temperature. Ls 
one of t h e ' u j d r :  func t ions  of  t h o  b o i l e r s  fo r  t h i s  proj 'cct  i s  t o  a c t  as a 
hea t  sink f o r ' t h e  power pilG,  t h e  b a i l e r  des ign  x u s t  b b  such t h - t  t h i s  
f u n c t i o n  can  be performed sc . t i s ' f ac t8>r i iy  undep n. wide v q r i e t y  o f  opera- 
t i n g  ccnd i t ions .  
t i n g  per iod  o f  sevsrsi  qon$hs d u r a t i o n  whon t h e  p i l o  i s  be ing  t e s t e d  a t  
reduccd p res su re  and temperature be fo re  t h e  p l a n t  i s  brought  up t o  de- 
s i  ,ped m a x l m ~ m  p o w  r output .  

E t  i s  - an . t i c ipa t ed  this$ t h e r e  w i l l  gq an  i n i t i a l  opera- 

Cu lcu le t ions  haye bsen made t o  determine t h o  e f f e c t s  on t h e  psr -  
forxance of a fo rced  r o c i r c u l z t i o n  b o i l e r  of a typo s imilcr  t o  khat  shown 
i n  F igs .  52 and 53, which ? r i l l  o b t a i n  under  reduced hel ium pres 'sure  and 
tomper3ture  c p e r a t i n g  c m d i t i o n s .  The min6r e f f e c t  o f  i n t r o d u c t i o n  o f  
duc t  c o o l i n g  ~ r i s  i n t o  tho  'oo i lz r  h2.s been neglec ted  i n  t h e s e  c s l c u l a t i o n s .  
Fig.  92 indicates t h e  r e s u l t s  -of  t hese -  c3lcul:Ltions i n  g r a p h i c a l  fxm. 
The maximum continuous c a p a c i t y  po in t  indic;:ti:d i n  tho  f i  Zure i s  b-sed 
on us0  of two b o i l e r s  a t  2 p i l e  pmrer s u t p u t  of 20,000 Kli w i t h  t h e  b o i l -  
e r s  opera ted  a t  dcsigned s teaming c m d i t i o n s ,  v iz  450 p s i g  steam pres su re ,  
775'F s team temperature  a t  supcrhonter  o u t l e t  and 2350F feedwater  i n l e t  
t cnpe  r a tu r5 .  

Heat a b s o r p t i o n  i n  tho  b o i l e r  a t  J. given helium nnss f low i s  only 
s l i g h t l y  a f f e c t c d  by t h e  h c l i u n  3 rossu re  i n  t h e  system. The cffY?ct o f  
he1iu:n p re s su re  i s  t o o  smll  t o  bc: considerod i n  sn a p p r o x i l u t e  a n a l y s i s  
o f  t h i s  type .  Halium p res su re ,  ha2wcver, docs af.?ect t h e  p re s su re  l o s s  
through t h e  b o i l e r  as w e l l  1 s  t he  z n t i r e  c i r c u l a t i n s  systam. Elower CA- 
p a c i t y  a l s o  v 2 r i e s  wide ly  w i t h  m r y i n g  !ieliurn p re s su re .  Superiinpqsed on 
tho curves of Fig. 92 zre a d d i t i o n a l  l i n e s  i n d i c a t i l i g  r-tzxinum helium f l o w  
and b o i l o r  e v s p o r ! t i o n  'corrCspondicg t o  helium p res su res  i n  ttic system 
of 5, 10, and 15 a tnosphcrcs .  
evapora t ion  curves  a r e  : c x t r a p o l z t i o n s ,  
pose o f  i n d i c a t i n g  t h o  l approx imto  c a p a c i t y  c f  t h e  blower a t  15 a tnos-  
pheres  hel ium pressure .  

The, da t tod  s e c t i o n s  33f the  hc l iun  versus 
These were extended f o r  the pur- 

L 

( 2 )  B3iler Operat ion I t  Reduced S t e m  Fre,ssurc nnd %ilium Ten- 
p e r a t u r e .  
t e m p r a t u r e ,  t n e  b o i l e r  sh3uld be lcspablc a f  abso rb ing  hea t  when suppl ied  
w i t h  l o v ~  tompe u re  helium. 
t h e  des ign  con ion  of 450 p s i  gmge steam p res su re  i s  460°F, thc. b o i l e r  
w i l l  n s t  absorb" h e a t  f r m  hel ium supp l i ed  at; tcmpdr3turos ef 460°F or 
bc lcg ,  when ope,mting a t  450 p s i  g?.uge s taam p res su re .  
b o i l 2 r  c m  bo opera ted  a t  s t e ~ . m  pressurGs between a t x o s ? h c r i c  and 450 p s i  
2nd t h u s  Froviclc m 2 . m  f o r  cibsorbing h e a t  f r o m  t h o  p i l e  when o p e r a t i n g  
2.t LGCJ hc3liun temForzturcs .  
on t h e  S a i l e r  ?erfornTncc sf vs ry ing  hel ium t enpe r3 tu rc  2nd s team pros-  
su re .  All data p l o t t c d  a r e  f o r  & c o c s t m t  helium f low of 30,600 #/h, 
corresponding  t o  t h e  imxinum continuous c l p a c i t y  o f  t h e  c u r r e n t  des ign .  

I n  a rdor  t o  ope ra t e  tho1 p i l e  i n i t i a l l y  ' a t  low hclium o u t l e t  

S ince  t h e  s a t u r z t e d  < s t e a n .  t m p e r a t u r e  st 

I Hawever, t h e  

The d2tn  p l o t t e d  ;n F ig .  93 show tho  e f f e c t  

This  s tudy  i n d i c z t e s  t h a t  t h c  propssed des ign  o f  b o i l e r  will 

. -. 



steam t o  t h e  b o i l e r  drum, ope ra t ion  would be s a t i s f a c t o r y .  For  s h 3 r t  
per iods  of  ope ra t ion ,  no s c r i m s  c o r r s s i o n  i n  t h e  economizer would be 
encountered.  Should it be de te rx ined  t h a t  s teaming i n  t h e  economizer 
I s  under s i r ab lo  , arrangements will be provided , as d i scussed  he ro in ,  
f o r  avo id ing  t h i s  cond i t ion  f o r  l eng thy  ope ra t ing  per iods .  

Feedwater temperatures  Leaving t h e  economizer p l o t t e d  on Fig .  
93 a r e  c o r r e c t  o n l y  i f  s u f f i c i c n t  pressure  i s  a i n t L i n e d  i n  the  scono- 
mizer t o  prevent  s t e m  gener- t ion.  If n3 p r o v i s i s n  i s  made t o  opera te  
w i t h  incrcclssd p re s su re  i n  t h e  economizer, as shDwn b y  t h e  curves,  steam I 

w3uld be generated a t  s t m m  p res su res  of 50 p s i  2nd 250 p s i ,  r ega rd le s s  
of t h e  hel ium i n l e t  temperature .  Xhen o p e r a t i n g  a t  a s team pressure  of  
450 p s i ,  and v i t h  helium i n l e t  temperatures  beloiv 10250F, some s t e m  
would be genera ted  i n  t h e  economizer. 

For t h c  exper imenta l  o2e ra t ing  pc+riad \v i  t h  reduced steam p res su re  
and reduced helium i n l e t  ' t empera tures ,  t h o  econonizer  csulrl  be crrrangcd 
t o  ope ra t e  8 s  a t h i r d  e v a p o r a t o r . s e c t i o n  of t h e  b o i l e r .  
could be provided Sy simple chcnges t o  t h e  feedwater  l i n e s  and p ip ing  be- 
tween gas p re s su re  s h e l l  :ind b o i l e r  drurx, and t h e  a d d i t i o n  of  t h r e e  small 
valves ,  os shown i n  F ig .  51. Norrnzl operati:.ri proct-!eds w i t h  valve b open 
and vi:lves 2 and c c losed .  The z f f e c t  of changing tho  economizer t o  a n  
evapora to r  s e c t i o n  of  t h e  b o i l e r  xould bo t o  inc rease  t h e  e x i t  helium 
tornperature,  b u t  t h i s  woulh n 3 t  i nc rozso  zbove 500OF. Tho b o i l e r  shown 
i n  Fig.  54 does not  r equ i r e  t h e s e  changes f o r  ope ra t ion  a t  low p res su re .  

This f e a t u r e  

e .  B o i l e r  ,Control  Ins t rumenta t ion .  The fo rced  r sc i r cu la t i . on  type  
b o i l e r  t o  be  used w i l l  be designed f o r  s u f f i c i o n t  i nhe ren t  s t a b i l i t y  s o  t h a t  
manual c o n t r o l  i s  f e s s i b l e .  
m a t i c a l l y  through p rov i s ion  of s u i t a b l e  c o n t r o l  equipixent. Only two c o n t r o l  
ope ra t ions  ' a r e  necessary:  m i n t e n m c e  of proper  steam drum w a t e r  l sve l  and 
c o n t r o l  of s t e m  pressure .  

Normal ope ra t ion ,  however, w i l l  proceed au to-  

(1) The fo rne r  can be accomplished by any of  s e v e r a l  systems 
which have provcfd s u c c e s s f u l  a n d .  r e l i a b l e  throughout  t h e  stewn power i n -  
d u s t r y .  One o f  t h e  b e s t  of t h e s e  systeins involves  meter ing  steam f l o w  
from and feedwater  t o  t h e  b o i l e r .  
b y  t h e  s team meter p rov ide .  cQrrerpondin;; adjustment  i n  t h e  r a t e  o f  feed- 
wa te r  admission t o  t h e  b o i l e r .  
v i c e  i s  provided,  i n  a g d i t i o n  t o  t h o  s tecm c.nd n z t e r  meters ,  f o r  au to-  
m t i c  secondary  a d j u s t n e n t  o f  t h e  ;njAter l eve l  w i t h  changes i n  b o i l e r  ou t  
p u t ,  as  necessa ry  t o  ~ 1 1 0 ; ~  f o r  t h e  ,vzryin,: volumc of s t e n x  containod i n  
t h e  b o i l e r  water  a t  d i f f e r e n t  ra tes  of stenm gene r%t ion  arid evaporn t ion  
pressure .  

'Changes i n  s t e m  demand r e g i s t e r e d  

Ii slteam drum,ymter l e v e l  i n d i c a t i n g  de- 

(2). The b o i l e r '  steam pres su re  can  be. czntrol le td  by a d j u s t m n t  
o f  p i l e  o p e r a t i n g  l e v e l  o r  by ad jus i tmnt  of steam dernmd a t  t h e  power 
g e n e r s t i n g  t u r b i n e  Qr o t h e r  steam ,consuining equipment i n  t h e  p l a n t .  . I t  
i s  probable  t h a t  t h e  l a t t e r  ae thod  , w i l l  bo t h o  one ornplopd du r ing  a a r l y  
ope ra t ion  of  t h e  p l a n t . w h i l e  t h e  p i l o  is- be ing  t e s t e d .  
would be p r e f e r a b l e  f o r  a cormerc ia l  o r  mi l i ta ry  power a n p l i c n t i o n  and 
arrangements  w i l l  probably be m%de f o r  u l t i m t a  t c , s t  of t h i s  t y p e  of 

The forrner method 

b o i l e r  and p i l e  c o c t r o l .  

i 
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(3) S a f e t y  devices  w i l l  .be provided t o  s h u t  d m n  t h e  p i l e  
s u t o m t i c a l l y  i n  tFLe e v e n t  of  2 b o i l e r  l eak ,  Pezd o r  r e c i r c u l a t i n s  pump 
f a i l u r e ,  o r .  excess ive .he l ium tenperzi ture  o r  pressure .  Bo i l c r  s a f e t y  
V : L ~ V C S  d i s c h s r g i n g  t o  t h e  atmosphere will be provided f o r  t h e  b o i l e r  
s t e m  drum and supe rhsa t e r  o u t l e t  t o  p r o t e c t  t he  bol ' l e r  and ster:im Ey6tCin 
f r o m  cxcess ive  s t e m  pressure .  

. .  

. . . . . . . ... ... .... . * .  
e . .  . . 
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( 2 )  Decantaninzbi;ior: t c s t s  :,re now u r L c r w ~ y  a t  C l i n t o n  Laborn- 
t o r i e s  t o  d e t e r n i n s  s f f s c t i v c  procedure fJr  S o i l o r  docont2nina t ion .  
After dcter ininzt ion ?f ,;onor21 yrocc?dure, mcclels of ;3%rts o f  t h e  s p e c i f i c  
b o i l e r  s t r u c t u r e  t o  So used should bc? tost?.: t o  c s s u r e  t h c t  s f f e c t i v o  
dec?n tax ina t ion  o f  t h e  u n i t  e%:: b e  %ccoapl i shcd  i n  s c r v i c e ,  2nd t c  iw.ke 
p s s i b l c  p e r i o d i c  cxa:-iin::tion c!f the  S a i l e r s  and r e p a i r s  Z r  repl:Lcmc;nt 
i f  nacessary.  

( 3 )  R e s u i t s  of t e s t s  ns-J undervray on t h o  srosi-Je p r s p c r t i o s  t o  
be expected i n  coi inect i \m w i t h  p a r t i c l e s  cf f u e l  roc! and modcrctor :a- 
t e r i a l  c i r c u l a t i n g  w i t h  t h e  hel.iun s t r c c n  should  be t?.l:en iccoctnt o f  i n  
tlic f i n a l  des ign  or" t h e  ' troilcrc f o r  t h i s  prc jGct .  
inc lude  detor :? inat ion of t h o  p o s s i b i l i t y  o f  d u s t  f i l m  Porm:i.cion i n  mr i -  
ous n r e i s  of t h e  b o i l e r  hccLtin;; s u r f i c e ,  2nd t h u s  provide for a u p l i c a -  
t i m  %A' a smitnblc: f i l m  rcs i s t t=ncc  f a c t o r  t o  b o i l c r  Zes isn  hza t  t r c n s f c r  
rzites fi)r pro?cr  p rcpor t ion ing  of t h o  :ie;tinS s u r f i c e  t o  'Sc proviued i n  
t h e  supe rhea te r ,  Cvjporcttor, an? c c o n ~ r ? i z e r  s e c t i o n s  o f  t h e  boi lc  r. 

ThessG C,Lsts s h o u l d  

... .. 
0 

0 *.* e. 
e .  .. 
e . .  . e  .. .. 
0 0  n o  " -"% "I 



h 

cond i t ions  should be determined,  as w e l l  a s  t h e  e f f e c t i v e n e s s  of t h e  
means devised  f o r  d i scha rge . f rom t h e  syztem the  d u s t  o r  water removed 
from t h e  helium stream. 

(5) P re l imina ry  c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  d i scha rge  o f  
steam i n t o  t h e  hel ium system i n  t h e  event  o f  a l a r g e  l e a k  occur ing  sud- 
denly  i n  t h e  b o i l e r  w i l l  n o t  cause inc rease  i n  p i l e  r e a c t i v i t y  a t  a rate 
g r e a t e r  t h a n  t h e  p i l e  c o n t r o l  and s a f e t y  mechanism can accornodate. 
i s  cons idered  e s s e n t i a l  t h a t  t h e s e  c a l c u l a t i o n s  be r epea ted  w i t h  t h e  u t -  
most ca re  when more d e f i n i t e  in format ion  becomes a v a i l a b l e  a s  t o  t h e  
c o n s t r u c t i o n  and c h a r a c t e r i s t i c s  o f  t h e  b o i l e r ,  ductwork, p i l e  and con- 
t r o l  mechanism, These c a l c u l a t i o n s  should t a k e  i n t o  account  t h e  change 
i n  c i r c u l a t i n g  medium temperature  , pres su re ,  wa te r  vapor and l i q u i d  
water conten t  t o  be expected i n  t h e  even t  of a b o i l e r  c a s u a l t y .  
s i g n  of t h e  hel ium blowers should t a k e  account o f  t ho  sudden change i n  
t h e  d e n s i t y  of t h e  c i r c u l a t i n g  medium under t h e s e  cond i t ions .  

It 

The de- 

( 6 )  ' do i le rs  and ductwork should be t e s t e d  a f t8 r  i n s t a l l a t i o n  b y  
use o f  e l e c t r i c  h e a t i n g  c o i l s  t empora r i ly  i n s t a l l e d  i n  t h e  p i l e  pressure  
s h e l l  be fo re  the  i n s t a l l a t i o n  of t h s  r eac to r .  Thus, t h e  e n t i r e  system 
e x t e r n a l  t o  t h o  p i l e  can be operated a t  f u l l  p ressure  and tempera ture ,  
though a t  low power ou tpu t ,  and any ad jus tments  o r  r e p a i r s  found naces- 
s a r y  can be made wi thou t  t h e  notd f o r  p r i o r  decontaminat ion.  

(7 )  Considera t ion  i s  a l s o  St-ing given t o  t h e  e f f e c t  on t h e  
b o i l e r  of  u s i n g  h igher  h e l i u n  p res su res  and lower p i l e  i n l e t  helium tem- 
pe ra tu res .  A nuinber of advantages would be gained by t h e s e  changes, b u t  
i n  t h e  case  of reduced p i l e  i n l e t  helium tempera ture ,  t h e s e  advantages 
could be gained on ly  a t  t h e  expense of Z d d i t i o n a l  h e a t i n g  surfzice i n  t h e  
b o i l e r .  

I n c r e a s i n g  t h e  hel ium pressura  r e s u l t s  i n  reduced p res su re  l o s s  
i n  t h e  system and reduced volume of gas through t h e  blowers.  
t h e s e  f a c t o r s  r s s u l t  i n  reducing  t h e  power requi red  f o r  t h e  hel ium blow- 
e r s .  It  fo l lows  t h a t  w i t h  incroased  helium p res su re ,  t h e  s i z e s  o r  num- 
b e r  o f  b lowerswi l l  decrease .  

Both of  

I 

The fo l lowing  a r e  advantagcs t o  be Gained by  reducing t h c  hel ium 
o u t l e t  t empera ture  : I 

(a) Reduced h o l i u n  f low.  

(b) Reduced blower power. 

( c )  Beduced duc t  diamneter. 

(d)  Higher c a p a c i t y  on s i n g l e  s t a g e  blower f o r  sam 
t i p  speed. 

Figs .  92 and 93 show t h e  e f f e c t  o f  v a r i a b l e  cond i t ions  on opera- 

Fig.  94 has been prepared 
t i n g  c h a r a c t e r i s t i c s  of a b o i l e r  des ignsd  t o  meet e x i s t i n g  cond i t ions  

:of hel ium and steam p res su re  and t cmper i tu re .  
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t o  show t h e  e f f e c t  on t h e  m o u n t  of h e a t i n g  s u r f a c e  r equ i r ed  i n  t h e  
b o i l e r  of va ry ing  t h e s e  design cond i t ions .  

The l o v e r  curve i n  Fig.  94 she% t h a t  t h e  b o i l e r  s i z e  does n o t  
chnnge g r e a t l y  with reduct ions i n  t h e  helium i n l e t  t e n p e r e t u r e .  The 
nex t  curve above i n d i c a t e s  t h a t  t h e r e  i s  no g r e a t  i n c r e a s c  i n  t h e  r e q u i r e d  
s i z e  o f  t h e  b o i l e r  if steaming cond i t ions  izre changed t o  1200 p s i  gauge 
and 1000°F superheated steam'tempem.turc,  provided t h a t  t h e  helium o u t l e t  
t m p e r a t u r e  i s  a l l o ~ ~ ~ ? d  t c  r i s e  t o  600°F, If t h e  helium o u t l e t  temperz- 
t u r e  must be kept  a t  5000F, homwer, t h e  b o i l e r  s i z e  i s  inc reased  s e v e r a l  
f o l d  as i n d i c a t e d  by t h e  curve a t  t h e  to-;, of F ig ,  94. 

The curve marked "Steam Press .  - 45$, Stecm Temperature 775OF, 
Gcs Temperature Out 4000F"'shons t h a t  t h e  b o i l e r  s i z e  i s  inc reased  only 
44 pe rcen t  by designing f o r  4000 F helium o u t l e t  t m p e r a t u r e  i n s t e a d  o f  
500OF. 
would be i nc reased  il; d iame te r  end l eng th ;  othertzisc,  no changes would 
be r o q u i r e d  t o  t h e  b o i l e r .  The i n c r e a s c  i n  cos t  of t h e  b o i l e r  u n i t  t o  
cover t h e  above changes would be i n  t h e  o r d e r  of 10 pe rcen t  TO 20  percent .  
The r e d u c t i o n  i n  helium f low f o r  t h e  same h c a t  output i s  approximately 
11 percent ,  and t h e  r e d u c t i o n  i n  blower power' approximately 20 percent .  
The maximum c a p c i t y  of t h e  blower i s  approximatcly 10 percent  higher  f o r  
t h e  same t o p  speed-. 

To provide f o r  t h i s  i nc reased  su r face ,  t h e  gas p r e s s u r e  s h e l l  

Thc r e s u l t s  .of t h i s  s t u d y  n i l 1  have t o  be c o r r e l a t e d w i t h  o t h e r  
des ign  f a c t o r s  t o  see i f  t h e  s p e c i f i c a t i o n s  should be - a l t e r e d  t o  t a k e  
advantage o f  h ighe r  ope ra t ing  p res su re  m d  lower p i l e  i n l e t  t c n p e r a t u r c  
t o  gain i n  o v e r c l l  pc r fomance  a t  t h e  expense of i n c r e a s i n g  i n  b o i l e r  
s i z e .  

3 . Low Temperature Duct 

a. General Requirements. The dcs ign  o f  low ternpcraturc duct ing i s  
d i c t o t e d  by t h e  f o l l o v i n g  c r i t e r i a :  

(1) Val&s mist bi: anchored i n  h o r i z o n t a l  p ipe  runs f o r  s a t i s -  
f a c t o r y  oph7ration. 

e s  must be i n s t a l l e c !  t o  be a c c e s s i l 5 l e . f o r  ope ra t ion .  
'I 

s i o n  j o i n t s  must be i n  v e r t i c a l  pipe runs so  t h a t  ac id  
used f o r  decontai i inat io  c sn  be d r a i n e d  o u t  of the$. 

I I i 
be so arranged t h a t  any equipment which it i s  

n o t  i n  d i r e c t  l i n e  wi th  t h e  va lves  which e r e  \ 

i! ! 

Arrangements of ,ducting t o  f u l l ' i l l  ~ t h c a c  requirements n c c c s s i t z t e  
1' a c o n s i d e r a b l e  numbed o f  expansion j o i n t s  i n  t h e  d u c t i n g  and t e n d  t o  lengthen 

t h e  l i n e s  . i.!iith due considerk.t ion f o r  t h e s e  f a c t o r s ,  ho'i'mrclr, a s a t i s f a c t o r y  
dcs ign  can bi! vorkcd ou t  as d e s c r i b e d  i n  P a r t  S-6 of  S e c t i o n  IV.  
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b. S t a t u s  of Design.' 8 t E t u s  o f  t h o  107:: tcmpcrcturc  duct ing i s  as 
fol lows . Thickness of piping has bcun c z l c u l a t c d , '  kpproximrtc l cng th  of 
piping r cqu i r cd  f o r  t h c  v e n t u r i  rn2tc.r hzls Lccn computcd s o  t h a t  t h i s  l i n g t h  
cou ld  bc provided f o r  i n  t h c  ltiyo%t, Expmsion  of duct ,s .hcs  b x n  computed 
and t h e  E.B. Bcdger Company of  Boston, Massachusetts hes bccn contsct*d 
r c l e t i v c  t o  design of' nLccssary uxpansion j o i n t s .  I n  con junc t ion  with 
5. B o  &.dgGr & Solis, it has bi .m d c t c m i n c d  t h c t  t h c  fo l lowing  tF.ndem CX- 
pcnsion j o i n t s  n i l1  bc r c q u i r c d  f o r  the mcin c i r c u l r k i n g  system: 

(1) 10-18" Double 6 corrug?.t ion Bzdgor d i r c c t c d  f l c x i n g ,  s c l t -  
cqu?.l izing typo,  s t n i n l c s s  s t c c l ,  cxpcnsion j o i n t s  t o  -t;nl:c: m a x i m u m  t r a n s -  
v z r s e  motion of 1.25" cnd mcximm cxic.1 cxpcnsion of 1.36"; t h e y  f r c  
f i t t c d  wi th  c c s t  s t c o l  equc.lizing r i n g s  c a d  cmbon s t e o l  p i p e  1/2" t h i c k  
2nd c r c  :.sscmblcd wi th  l i m i t  b i z s . '  P r i ce ,  '$1544.00 pcr  a n i t ,  t o t c l i n g  
315,440 . OOe 

( 2 )  8-16" Double 8 c o r r u g c t i o n  u n i t s  similrr  t o  t h e  nbove t o  
t2kc  n?.ximum t rpnsvc r so  n o t i o n  of 1.69" p n d  mexircltw axin1 cxpms ion  of 
.76" .  P r i c e ,  r1630.nO p.r u n i t ,  t o t c l i n g  $>13,040.00. 

( 3 )  18-16" Double G ' c o r r u g ~ t i o n  u n i t s  t o  t akc  a maximum t r a n s -  
vlcrse motion of .4" rnd c. mcximum c x i r l  cxprmsion o f  .6". 
'~1425.00 p c r  u n i t ,  t o t a l i n g  '>11,400.00. 

Price,  

a. Gmicrool Hcquircments. Epxh o f  t h c  b lova r s  f o r  t h i s  r D p l i c c t i o n  
must bc ccpablo of supplying h c l i m  o t  2. maximum f l o w  o f  5540 f t O 3 - p c r  
minute with F. prcs su rc  r i s c  of 3.G1 p s i ;  t h c y  mus t  bc crLp:.ble o f  ope rn t ing  
a t  p a r t  loc-ds dolim t o  cpproximcttcly onc q u a r t e r  1oz.d. Thc blorwcrs must 
be t i g h t  nga ins t  r n d i o c c t i v c  helium out-lcaknga pad a i r  o f  wcter  vapor i n -  
lcakcgc;  t hcy  must ~ l s o  o p e r c t e  i n s i d c  t h e  shiolding;  Thc blowcr d r i v e  ccn 
e i t h e r  be t o t c l l y  cnclosud i n  t h o  scqc  I I O U S ~ T , ~  E S  thc, blower end, t h o r e f o r e ,  
be t i g h t  nga ins t  lczk?ge o r  it c2.n be extcrnc.1 t o  t h e  blower and, t h c r e f o r e ,  
r c q u i r o  r t i g h t  s h a f t  s o a l  t o  prevent IC 

* 

I 
I 

b. Dovcloprnknt Problems . The use o f  e. t o t e l l y  1,;ncloscd c l e c t r i c  
motor d r iven  b lov rc r  w . s  choscn f o r  t h i s  cpp l i cck ion  becqusc it e l i m i n a t e s  
t h e  nocd- f o r  an fLbsol c l y  t i g h t  s h a f t  s 'cnl. 
nnothcr problcm i n  t h  t it sub jeces  t h e  motor windings t'o i n t c n s e  gcunm@ 
ray i r r a d i a t i o n  s i n c e  t h c y  c r c  p l r c c d  n c x t  t o  t h e  blovrer; i n s i d e  t h e  
sh i c ld ing .  
by t h e  b l o w r  m d  from. t h e  r c d i o z c t i v c  i h p u r i t i c s  which bdiffuso p a s t  t h e  
h b y r i n t h  i n t o  t h 2  mo or . 
typr?s o f  insi.ilP king n srip.19 
Study of thc  l i t - . rn t i l  ( 9 )  i n d i c a t e s  t h c t  s i l i c o n e  bon 
i f r i l l  nrobcbly s i v c  s ? , t i s f r c t o r y  se rv ice . '  I r r a c l i r t i o n -  t 
t h i s  t p c  insulP5ion hnve bocn 1,indcrtckcri t o  q s s u r c  s u i  
m r t i c u l a r  i n s a l r t  i on  f i n c l l y  choscn fora t h i s  design. ' 

i 

This cho i<c ,  kiowcvt:r, p r c s c n t s  

I 

This r e d i  t i o n  comcs from bo;th t h e  "hot" hcjium bc ing  c i r c u l c t c d  

This rt?di?.t ion has d c l c t o r i o y  li cffl-.cts on c c r t r , i n  
I S  d z s c r i b c d  i n  P?.rt 9 ofi t h i s  Soct ion.  

I' d g l a s s  i n s u l a t i o n  
t s  on samples of 
b i l i t y  of 

'I 

m i s t  of numbL?r.:d rcfcrenc:;s i s  gLvelz r.t t h c  <:nd o f  Pc r t  F, S c c t i o n  V. , 3 4 i  
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The e f f e c t  of t h e  rcdizi t ion on t h e  o i l  usod t o  l u b r i c a t e  t h e  bea r ings  
i n  t h e  motor i s  be ing  i n v e s t i g a t e d .  
t h a t  t h i s  e f f e c t  would c'use l i t t l e  t r o u b l e  i f  t h e  o i l  i s  f i l t e r e d  c o n s t a n t l y  
and changad f r equen t ly .  
t h i s  p a r t  of  t he  lubricrzt ion system w i l l  be r s d i o i c t i v e .  

A s t u d y  of  thc l i t e r a t u r e ( 8 )  indicrztes *. 
/ 

The o i l  w i l l  absorb some f i s s i o n  products ;  henco, 

I n  o r d e r  t o  i n s u r e  having a suitzible blower and d r i v e  i n  t h e  event  
t h a t  i n s u l a t i o n  breakdown i n  t h c  canned b lower .  i s  niore s e r i o u s  t h m  a n t i c i p c t e d ,  
work has  been s t a r t e d  on the  development o f  s u i t e b l e  s h a f t  s e a l s  S O  t h a t  st0ai-n 
t u r b i n e s  o r  e l o c t r i c  motors o u t s i d e  t h e  s h i e l d i n g  can ba used f o r  d r i v i a g  t h o  
blowers.  
t h e  o p e r a t i n g  p r e s s u r e s  and speeds needed f o r  t h i s  a p p l i c a t i o n .  

Commercial s a n l s  do n o t  meet t h e  s t r i n g e n t  lerkage requirements  a t  

The v i s c o s i t y  p l a t e  seal  as uscd a t  K-25 i s  be ing  i n v s s t i g a t o d  f o r  
poss ib l e  use on t h i s  p r o j e c t .  
Chalmers Menufacturing Company f o r  development of a v i s c o s i t y  p l a t s  s e a l  t o  
opera te  e i t h e r  w i t h  10 2.tmospheres p re s su re  d i f f e r e n c e  ?cross  t h e  s e a l  o r  w i t h  
a small p re s su re  d i f f e r e n c e   cross t h s  s e a 1 , i n  a h i c l t  case it i s  planned t o  back 
up t h e  v i s c o s i t y  p l a t e  s e a l  with a slenve baa r ing  type  soal.  

A development c o n t r a c t  has been l o t  t o  t h e  A l l i s  

This  sub-cont rac t ,  Number 38, wzis s igned  2 7  December 1946. 
c o n t r a c t  e s t i m a t e s  t h a t  t h e  work c: i l led f o r  i n  it w i l l  be complstcd i n  about  
seven  months b 

l o s t  i n  n e g o t i a t i n g  tho  sub-cont rac t .  
submission of a r e p o r t  i n  t r i p l i c a t e  covering 5.11 Iifork performed under t h i s  
sub-cont rac t  no t  l a t e r  t h a n  1 I\'Iarch.1948. The c o s t  of t h i s  work i s  a lump sum 

'. of  $36,000 f o r  m a t e r i a l s ,  mobi l izx t ion ,  i n i t i a t i o n  o f  work and t h e  f i r s t  1500 
d i r e c t  engineering man hours ,  p l u s  $10.00 p e r  hour f o r  each  d i r e c t  eng inee r ing  
man hour  i n  excess  of 1500, up t o  a mzxinum of 2500 a d d i t i o n a l  d i r e c t  engineer -  
i,ng man hours.  

The sub- 

This  pe r iod ,  has been extended. inasmuch as  cons idcrablo  time was 
Ths anended sub-cont rac t  calls f o r  t ho  

@ 

Deve'lopment o f  a sleeve bear ing  s e a l  s u i t a b l e  f o r  use w i t h  t h e  v iscos-  
i t y  p l a t s  s e a l  i s  be ing  worlted on b y  eng inee r s  st the  E[-25 p l a n t  of CTrbide & 
Carbon Chemica.ls Corporat ion.  
b e a r i n g  gave promising r e s u l t s ( l 4 ) .  
Seal assembly has been designed which has Frov i s ion  f o r  installing a viscosity 
p l a t e  s e a l  and f o r  t e s t i n g  t k c  combination of t h e  two. 
t e s t e d  f o r  t h e  p o s ~ i b i l i t y  o f  u s ing  %ha s l eeve  b e c r i n g  s e a l  2 s  a primary sc-al. 
The c o n s t r u c t i o n  of . t h i s  appa rc tus  hss bse'n m t h o r i z e d  and begun. 
b e a r i n g  seal w i l l  f i r s t  be t e s t e d  f o r  use  as x bzckup s e a l .  
be run w i t h  SAE 2 0  o i l  and wi.th Pros tone  o i l .  

P r o l i n i n a r y  work on 8 2" diaineter  s h a f t  s e a l  
Since t h e n ,  3. f u l l  s i z e  s l eeve  b m r i n g  

This  u n i t  l f s o  can  be  

The s laeve  
These t es t s  w i l l  

. .  

This  work i s  be ing  done under  account  "-955, nnd payments are rinds 
on monthly b i l l i n g s ' b y  t r a n s f o r  of  funds. 
t h i s  account  have t o t a l e d  $8113.15. 

A s  of 30 June 1947, t h e  b i l l i n g s  on 

.-. 
It - is  e s t i ' m t e d  t h a t  t h e  c o n s t r u c t i o n . a n d  t o s i t  of t h e  s lcevo  bea r ing  

The r e s u l t s  o f  
. .  

s e a l  as a s e c o n d r r y ! s s a l  will be completed by 1 Octobek 1947. 
t h e  t e s t s  w i l l  be  mde' a v a i l a b l e  t o  A l l i s - C h a l m r s  as :soon as p o s s i b l e  s o  t h e y  
can be l i e f i t  f r o m  it i n  t h e i r  v i s c o s i t y  p l a t e  s e a l  development. Upon sa t i s -  
f a c t o r y  development of  both t h e  v i s c o s i t y  p l a t e  ssal and t h s  s l eave  b e a r i n g  
s o ~ 1 ,  t o s t s  w i l l  be made of t he  combination, 
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The c o n t a c t  t ype  seirl i s  a l s o  be ing  cons idered  f o r  t h i s  a p p l i c z t i o n .  
A dovelopment sub-cont rac t ,  Number 89,  has bean l c t  t o  t h e  DeLuv:al S t o m  Tur- 
b ine  Company f o r  t h i s  work. 
o r i g i n a l l y  c a l l e d  f o r  t h e  development work t o  be done b y  1 Scptamber 1947, and 
a r e p o r t  submit ted i n  t r i p l i c a t e  b y  1 October 1947. This  sub-cant rzc t  has 
s inco  been extended f o r  m a d d i t i o n a l  s i x  months. The esti1natc.d c o s t  i s  
$25,000 t o  be pa id  on monthly b i l l i n g s  on t h e  b a s i s  of m n  hours s p e n t  on t h e  
p r o j e c t .  

This  sub-cont rac t  i s  da ted  1 February 1947, m d  

I n  connect ion w i t h  t h i s  p r o j o c t ,  i r r a d i a t i o n  damage t e s t s  havg been 
made a t  C l in ton  Labora tor ies  on t h e  f l a t n e s s  of czrbon nose p i eces  which s r e  
be ing  cons idered  f o r  t h i s  a p p l i c a t i o n .  The d i s t o r t i o n  ob t s ined  w a s  n e g l i g i b l e .  
Rad ia t ion  t e s t s  a r o  a l s o  be ing  run  on O-rings which D e h v L l  plzns t o  use i n  
i t s  s e a l s .  

If t h e  use of seals  on thG blowers becomes necessziry, a d i f f e r e n t  
blower des ign  w i l l  be requi red .  To provide f o r  t h i s  cont ingency,  p ropos i t i on  
des igns  hzve been r eques t ed  c r d  recc ived  i’rom Allis-Chalmers k n u i k c t u r i n g  
Company and DeLaval Stczm Turbine Conpany f o r  b1ovrers t o  go w i t h  t h e i r  senbls. 

Thc Allis-Chalmers p r o p o s i t i o n  f o r  a b l o x e r  w i t h  s. sex1  wzs submit ted 
on May 21, 1947. This  p r o p o s i t i o n  w2.s m d s  t o  cover tk dcvelopment 2nd t e s t  
of one blower us ing  t h e  v i s c o s i t y  p l a t e  skal  backed up by s s k e v c  b e a r i n g  
s e a l .  
c a l  s h i e l d .  The c o s t  of t h i s  -.work i m s  quoted as  $87,500 f o r  m t c r i a l s ,  t c s t i n g ,  
mob i l i za t ion ,  and t h e  f i r s t  2500 m n  hcurs  p l u s  $10.00 per  d i r c c t  engincor ing  
man h3ur 
add i t ion21  man hours .  
m i t t e d  f i v e  months a f te r  des ign  approvz l ;  t h c  completc b l o m r  u n i t ,  3f tsr  t e s t s ,  
WAS 
was t o  be s u b n i t t c d  30 days a f t e r  s h i p c n t  o f  t h e  u n i t .  

The blower i s  d r iven  by an  induct ion  motor locrLted o u t s i d e  t h e  b i o l o g i -  

f o r  all work i n  excess  of 2500 inirn hours up t o  a maxinium 3f 3000 
A complote s e t  of reproducib le  d r w i n g s  were t o  be sub- 

t a  be shipped 20 t o  22 months c f t c r  d l t e  of  o rde r ;  2 r e p o r t  i n  t r i p l i c a t e  

Ths DeLavzl p r o p o s i t i o n  f o r  2. blower w i t h  a s c z l  wzs submi t ted  on 
June 25, 1947. This  p r o p o s i t i o n  was m d e  t o  cover  the  development and t c s t  
of one exper imenta l  u n i t  i n c o r p o r s t i n g  the  c o n t c c t  type sea l .  The blowsr i s  
t o  be d r iven  b y  a steam t u r b i n e  outsidc? the  b is1ogicc ; l  s h i e l d .  The c o s t  of 
t h i s  work wzs e s t i , m t e d  a t  $83,000. Under t h i s  p r o j a c t ,  reproducib le  drawings 
w8re t o  be submit ted by  1 December 1947, t h e  complete blower b y  1 June 1948; 
8 r e p o r t  i n  t r i p l i c a t e  by 30 June 1948. 

c. h l t e r n a t e  Designs.  k number of a l t e r n i t e  blower des igns  were 
cons idarcd  f o r  t h i s  g p p l i c a t i o n  i n  a d d i t i o n  t o  those  whose s t z t u s  was repor ted  
i n  t h e  provious s e c t i o n .  These des igns  f a l l  under two headings: S ing lc  s t a g e  
blower snd  1 lu l t i  -s t ago  blower.  

(1) Single  S t i g e  Blower. The a l t e r n a t e  des igns  cons idered  under 
* t h i s  heading involve o n l y  t h e  t y p e / d r i v e  ussd.  In? a d d i t i o n  t o  t h e  var i -  

a b l e  spoed induc t ion  motor and stoztn t u r b i n s  d r i v e  descr ibed  previous ly ,  
2 multi-speed e l e c t r i c  d r i v e  was considered.  This  des ign  invo lves  t h e  
use of a s i n g l e  s t a g e  blower d r i v s n  by  a mult i -speed induc t ion  motor t o  
handle t h e  r equ i r ed  helium flow a t  111 loads.  Such a u n i t  xould oper2 te  
a t  a t o p  speed of 3600 rpm and would b e  s o  w i red  as t o  permit s tep-wise 
ope ra t ion  a t  1800 rpm, 1200 rpm an.! 900 rpm. Loads in t e rmed ia t e  t o  those  

1 4  
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r ep resen ted  by the  speeds Listec! would be c a r r i e d  b y  by-passing t h e  ex- 
c e s s  flow. 

This  des ign  i s  applicclble t o  bo th  thI-8 csnned blower and t h e  blow- 
e r  w i t h  t h e  s z a l .  It c sn  be opera ted  d i r c l c t ly  from TVA and r e q u i r e s  no 
t u r b o - a l t e r m t o r .  It a l s o  e l i m i n a t e s  t h e  need f o r  s tand-by  staLm, A l -  
though dne blower i s  a l l  t h a t  wauld be r equ i r ed  f g r  mzxiinum c a p a c i t y ,  a t  
l e a s t  two blowers would be necessa ry  s o  t h a t  3ne would alwzys be a v a i l a b l e  
i n  case of f a i l u r e  of t h e  f i r s t  u n i t .  This  des ign  does n o t  lend i t s e l f  
t o  t h e  phi losophy o f  p a r a l l e l  operation as adopted f o r  t h i s  ? l i n t .  I t  
r e q u i r e s  cons ide rab ly  more powor Z t  i n t e rmed ia t e  londs t h a n  t h ?  v a r i a b l e  
speed machines. It i s  dependent on e l e c t r i c i t y  which, under emergency 
cond i t ions ,  may n o t  be a v a i l a b l e ,  wherecs s t o x n  f o r  t u r b o - 2 l t e r n s t s r s  i s  
always a v a i l a b l e  as long as hea t  i s  being produced i n  t h e  p i l e .  

The c o s t  of  two such u n i t s  was e s t i m t e d  by  ’,Vestinghouso engineers  
t o  be t h e  o rde r  o f  $300,000. 

I n  conjunct ion  w i t h  t h i s  appronch,. ?.nother scheme T N ~ S  i n v e s t i g a t e d  
which involves  the  use of  d i f f c m n t  s i z e  blo:;;lers, each  running a t  cons t an t  

blower would have t o  run  a t  a different s p e d  o r  have d i f f e r e n t  diameters  
a t  a gi.ven speed. If n l l  thoso  u n i t s  z r 3  =de t o  run a t  3600 rpm and t h e  
d iameters  chosen f o r  good ipJheel propor t ions  .it t h c  des ign  p o i n t s ,  t hey  
would no t  m t c h  the  p r s s su rc  drop  r e q u i r e m n t s  2nd uxcossive paver w5stage 
would occur‘. If both  t h e  diurnetsr and spcvd a r e  v a r i e d  f rsn blower t o  
blower t o  n e a t  bo th  t h e  r c q u i r c m n t s  f o r  pressuro  drop  m d  good wheol pro-  
p o r t i o n s ,  t h i s  des ign  roducos t o  blowers of t h e  sarw s i z e  running a t  d i f -  
f e r e n t  speods which i s  t h e  design doscr ibod above. 

. speed t o  covek t h e  s n t i r c  l m d  range. For good wheel p ropor t ions ,  each  

Thc use of a D.C .  motor d r i v e ,  namely thu Xzrd-Leonard System, w a s  
a l s o  i n v e s t i g a t e d .  
a D.C.  gene ra to r  and a o t o r .  
D.C.  source ,  t h i s  s y s t c n  w w l d  irzvolve a t  l e i s t  i n  A.C. n o t o r  o r  s t c a m  
t u r b i n e ,  3s w e l l  LS tl cons tan t  v2 l tago  D.C.  gene ra to r ,  a v a r i a b l e  vol tage  
D.C. gcne r2 to r  m d  n P.C. mator. It was f e l t  t h a t  t he  v a r i a b l e  spocd 
A.C. d r i v e  WAS a b z t t e r  dcs ign .  

This  systom vould r e q u i r e  3. D.C. source ,  as well 2 s  
Since t h i s  arrangeincnt would n e c e s s i t a t e  a 

( 2 )  Itkalti-St&go Blower. Under t h i s  he5ding bo th  the  mul t i - s tage  
c e n t r i f u g a l  blower 2nd tho multi-stcrge i x i a 1  blower wore considered.  

1 The mul t i - s tage  con t r i fugx l  blower w w l d  involve  t h e  use of  two 
s t a g e s  t o  o b t a i n  a h i g h e r  p re s su re  r i s e  st c u r r e n t  des ign  cand i t ions .  
d e c i s i o n  as t o  whether  o r  n o t  a two stage blower should be uscd depends 
on how much of t h e  sv ; i lnb le  hea t  i s  t o  be a l l o c a t e d  t o  t h e  blower f o r  
t h e  purpose o f  a n  experiment21 u n i t .  The s i n g l e  s t age  blower r e q u i r e s  
about  2 5  pe rcen t  o f  t he  s t e m  genera ted  i n  t h e  b o i l e r s  f o r  t h i s  p l a n t ,  S O  

from a power s t andpo in t  a lone ,  it would n o t  bo d e s i r a b b  t o  go t o  “A two 
s t a g e  machine t o  g e t  ,an incrcAse i n  pressure  drop. Thought was given ,  
however, t o  the  p o s s i b l e  use of  two  s t z g e  blowers d e s p i t e  power cons idera-  
t i o n s ,  so  t h a t  va r ious  typos  of h e 1  u n i t s  could be t a s t c d  wi thout  exceed- 
i n g  t h e  p re s su re  r i s o  c : l p a S i l i t i c s  of t h e  blower.  Thc use of a two s t age  
machine, howcvcr, i s  norc c2inplicated; i t  dos t roys  t h e  n i c c t y  of  m over- 
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hung i m p e l l e r  and, i n  the. case o f  tho  canned blov?or ,  means u t i l i z i n g  a 
ben r ing  d i r e c t l y  i n  the  helium stream xhere  r n d i n t i o n  d a r m p  t o  t h e  o i l  
and vaFor i zz t ion  o f  <?i1 i n t o  t h e  system would 'bc! g r e z t e r  th:m w i t h  t h e  
p rossn t  des ign ,  poss ib ly  e v s n  p r o h i b i t i P e .  

Tests a r e  c u r r e n t l y  underway t o  deterxint :  t h e  p re s su re  drop chrira- 
t o r i s t i c s  g f  va r ious  typo f u e l  e lements  which might be usi.d f o r  t h i s  
a p p l i c a t i o n .  C e r t a i n  o f  t h e s e  f u e l  u n i t s  i n d i c a t e  t h e  n m d  f o r  h ighe r  
p re s su re  r i s e  output  f r o m  t h e  blower or" ths o rde r  of 5.5 p s i  i ne t ead  o f  
3.61 p s i .  
ou tput  of a. s i n g l e  s tage  c e n t r i f u g i l  canpressor  o p e r a t i n g  2.t 10 a tnos -  
p!ierus w i t h  mixinun pe rmis s ib l e  t i p  spccd ,a t  50O"T. The c u r r e n t  ilasign 
was chosen as a compromise b e t m e n  t h i s  l i m i t a t i o n  and t h e  mxirnum expec- 
t e d  pressure  drop  requirements  f o r  cool ing  t h s  pilG c t  20,000 IGT. 
b a s i s ,  t h e  s i n g l e  stage u n i t  car, hunalo p i l e  oper - t ion  x i t h  all c u r r e n t  
f u e l  u n i t s  a t  loads  up t o  16,000 KW p i l e  hec t .  I i igher loads  can be ob- 
t 3 i n c d  w i t h  tho s i n g l e  s t a g e  blower under thoso cond i t ions  by  des igning  
.for a h i g h e r  hel ium s y s t e x  pressur2  o r  f o r  reduced blowar operat i f ig  tern- 
po ra tu re  o r  a conbinatir3n of both as e c m o s i c s  d i c t a t e .  

Th.3 3.61 p s i  p re s su re  r i s e  c u r r e n t l y  be ing  used i s  th;r mxiriiurn 

On t h i s  

Tho mul t i - s tage  a x i a l  f low compressor lends i t s e l f  t o  use of h igh  
r o t a t i n g  spoeds and consequent ly  sma l l a r  dimensions.  
s t s g e  c h a r a c t e r ,  i n v o l v i z g  m n y  s a a l l  e lements ,  it i s  more c o m p l i c ~ t e d  
and, consequent ly ,  iwre l i a b l e  t o  f a i l u r e .  Adherence of r sd ionc t ivo  dus.t 
p a r t i c l e s  t o  the  b l ades  xoulc i  cause iilore f l o w  d i s tu rbance  i n  t h o  : ixizl  
flow blower t h a n  i n  t h e  r a d i x 1  f l o w  type .  
d i s r u p t  t h e  c l o s e  clearrlncrj n sces sa ry  i n  t h e  nxir: l  t ype  compressor. 
thermore,  due t o  t h e  h igh  speed, b l ade  f a i l u r e s  a r e  more psobablo 2fid 
des ign ing  a r o t o r  w i t h  R c r i t i c : l l  spced abovathe !inximum ope ra t ing  speed 
i n  g r d e r  t o  Fecmit speed variati.DE, i s  more d i f f i c u l t .  S ince  it i s  POS- 
s i b l e  t o  use t h e  r a d i a l  type blow3r which promises t o  SE m r e  t r o u b l e  
f r e e  under c u r r e n t  des ign  c o n d i t i o n s ,  i t  was chosen i n  p r s fe ronce  to t h e  
axial f l o w  compressor. 

h e  t o  i t s  nlul t i -  

Such du.st ~ o u l d  a l s o  %and t o  
Fur- 

d. S t a t u s  of Design. Design o f  t h2  bllcwcrs desc r ibed  f o r  t h i s  o ,psl i -  
c a t i o n  h2.s bcon considered by severzl iiim.ufacturcrs. F r o p o s i t i o n s  f o r  t h c  
complete assembly of motor d r ivon  blowcrs w i t h  a s s o c i a t e d  t u r b o - s l t c r r a t o r s  
wid swi tchgear  hc&ve beon prepared  by t h e  i i l l i s - C h n l i m r s  Nznufactur ing Company 
and Westinghouse E l e c t r i c  Corporat ion.  
p r e s s a r  u n i t  i s  a l s o  be ing  prepared by Ingersol l -Rand Company. 

A 2 r o p x i t i o n  f o r  t h c  motor d r ivan  com- 

P r i c e  and d e l i v e r y  quo tz t ions  submit ted f a r  t h e  n o t o r  d r i v e n  blowers,  
t u rbo -a l t e rn i t3 i - s  and swi tchgear  i s  as f o l l o w s  : 

P r i c e  De li v8 r y  - 
Nest ingliouso E l e c t r i c  Corp. $418,000 1 4  Months 
Allis-Chalmors Mfg. Company 233,075 20-22 M2nths 
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5. Large Valves 

a .  General  Roquirenents .  Valves i n  t h e  m i n  c i r c u l i t i n s  system are  
r equ i r ed  t o  ope ra t e  t h e  p i l e  w i t h  va r ious  p ieces  o f  equipment i n o p e r a t i v e  and 
t o  i s o l a t e  any  p iece  ,af equipment i f  it should f n i l  s o  t h a t  it might bt? rc -  
p a i r e d  o r  r ep l sced .  Due t o  t h e  l a r g e  duc t  s i z e s ,  These must be  l i r p  vrrlves. 
They must no t  permit  r a d i o a c t i v e  hel ium out-lenkago fro12 t h o  s y s t e n  ind  a i r  o r  
w a t e r  vapor  in- lcskage  t o  the  system. They m u s t  no t  permit  in te rchwlge  of 
gases on oppos i te  s i d e s  of t h e  vz lves .  
shown i n  Fig.  56 w a s  f e l t  t o  mast c l a s e l y  meet t h o s e  r equ i r encn t s .  

The double d i s c  b u f f e r e d ,  gz t e  valve 

Since t h e  valves  w;>uld be most d i f f i c u l t  t o  r ep lzce ,  r e l i a b i l i t y  i s  a 
Consequently, eve ry  e f f o r t  was a i d e  t o  use known 2nd paramount cons ide ra t ion .  

proven d e s i g n  f e a t u r e s .  The f a c t  t h a t  t h e s e  va lves  ope ra t e  a t  500°F and m u s t  
work through t h e  b i o l o g i c z l  s h i e l d ,  hosvc-ar , i n t roduces  des ign  problems which 
a r e  d i f f e r e n t  from those n 3 r n a l I y  encountered.  

b. Dovelopment Problems. The ch ief  problems encountered i n  t h e  valve 
des ign  f o r  t h i s  p r o j e c t  a re  choica  of s u i t a b l e  stating m t e r i a l s ,  s e l e c t i o n  of 
.a r e l i a b l e  and s a t i s f a c t o r y  vz lm stem packing armngoment ,  and provid ing  f o r  
s a t i s f a c t o r y  ope ra t i  on of t ho  -Jalvo tlirough t h e  b i o l o g i c n l  s h i e l d .  
been undertaken a t  K-25 t o  deter.;nina i f  2 s i l l t ab l e  p l x t i c  v3lve s o a t  could be  
obta ined .  
i n g  p l a s t i c )  and 20 pe rcen t  coppar inpregnated  Te f lon  (DuPont) had e x c e l l e n t  
seat i .ng p r o p e r t i e s  a t  500°F, even a f t o r  a larg-r? nunlbar of a p e r a t i o n s ,  and a t  
600°F f o r  s h o r t  per iods .  
weeks i r r a d i a t i o n  t e s t  i n  t h e  C l i n t o n  p i l e .  
l o s t  t h e i r  r e s i l i e n c e  so much s o  5 s  t o  bo u n s a t i s f a c t o r y  f o r  our Use,- I n  
order  t o  t e s t  d i s t o r t i o n  and s e a t i n g  probleins wi th  a long  v ~ l . v e  stem, a 4" 
crnne valve from K-25 s tdck  was b u i l t  up w i t h  a n  extended stein 2nd i s  c u r r e n t l y  
be ing  t e s t e d .  

Xork has 

This  t e s t  work i n d i c a t e d  t h a t  va lve  seats of  S i l a s t i c - 1 8 0 .  (Dow Corn- 

Ne i the r  of these ; m t e r i . i l s ,  hmvever, w i ths tocd  a two 
They becxme ext remely  b r i t t l e  and  

c. A l t e rna te  Designs,  T h  f ? l l cwing  a l t e r n o t e  d e s i s n s  were consid-  
e r e d  f o r  t h i s  a p p l i c a t i o n :  
and vzilvc w i t h  non-r i s ing  s t e n .  

valve :;rith bvl lows s e a l ,  t o t z l l y  enc losed  v i l v e ,  

(1) Tile use of a bellaws s e a l  involves  t h e  use of a l a r g e  bel lows 

It xss f e l t  t h a t  oven w i t h  the  development 
t o  w i t h s t s n d  10 z tnospheres  pressure  d i f f e r e n t i l l  a t  temperaturrjs approach- 
i n g  5000F f o r  a travel of 18". 
of  such  bel lows,  a packing gl+nd similar t o  t h e  one descr ibed  f o r  t h e  
p re sen t  d e s i g n  would be m c o s s n r y  s i n c e  The bsl lows w x l d  n o t  be r e l i a b l e  
enough for extended opera t ion .  Xhi le  it i s  p o s s i b l o  t o  use a bel lows w i t h  
p re s su re  balanced on bo th  s i d e s ,  t h i s  n r r n n g e m n t  w m l d  r e q u i r e  a cons t an t  
changing of ba l znc ing  pressure  w i t h  changes i n  system p res su res .  

(2 )  Tho t o t a l l y  enc losed  va lve  i s  2n a t t r r i c t i v c  p x s i b i l i t y  b u t  

Such 8 
depa r tu re  from s t andc rd  des ign  wsuld r e q u i r e  an exkensive d€?VtlOpmt.nt pro- 
gram t o  work out  t h e  "bugs" 2nd a s s u r e  r e l i a b i l i t y  of opera t ion .  
des ign ,  f u r t h e r n o r e ,  does nrJt permit  hand ope ra t ion  i n  tho  even t  of power 
f a i l u r e .  

( 3 )  The non-r i s ing  stein - s l v e  p r a s e n t s  s c a l i n g  prablems s i ix i la r  
t o  t h e  present  d e s i g n  and, i n  a d d i t i o n ,  i nva lves  t h e  compl ica t ion  of gear- 

A 
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i n g  w i t h i n  t h e  v r lvo .  
o f f s e t  a n y  advantage t h a t  might be gr ined  w i t h  a non-r i s ing  cons t ruc t ion .  

I t  ;vas f e l t  t h a t  t h i s  3ddc.d compl ica t ion  would 

d. S t i t u s  o f  Design. P ropos i t i ons  f o r  t h e  des ign ,  development, m%nu- 
f a c t u r e ,  Ind t e s t  of t h e  va lves  desc r ibed  f o r  t h i s  a p p l i c a t i o n  have been r e -  
ceived from t h e  Chirpmzn Valve khnufi .cturing Coinpany m d  t h e  Crane Compmy. 
These p ropos i t i ons  a r e  bTsed on s t i i n l s s s  s t e e l  cons t ruc t ion ,  which z t  one t i m e  
were cons idered  f o r  t h e  e n t i r e  s y s t e z  i n  o rde r  t o  achieve  uniform decontamina- 
t i o n  r equ i r enen t s  as d i c t a t e d  by  t h e  high temperature  duc t ,  S incs  t h c  c u r r e n t  
h igh  tonpe ra tu re  duc t  des ign  dops not  r equ i r e  t h e  us9 of  s t a i n l e s s  s t i ' e l ,  t h c s e  
va lves ,  a long  w i t h  the  r o s t  of t h e  system can be  nado of carbon s t e e l .  

Each of t h e  quo ta t igns  submit ted was f o r  one 16" experimental valve 
f o r  t e s t ;  a l l  development c o s t s  were t o  be charged a g a i n s t  t h e  f i r s t  vnlvc.  
view sf t h e  d iscrepancy  i n  p r i c e ,  bo th  companies hcvo been asked  t o  prepare 
c o s t  e s t i m a t e s  f o r  t h e  next  t e n  va lves .  
t e d  f o r  t h e  f i r s t  v a l m ,  oxc lus ive  of s p c c i n l  t e s t s :  

In 

The fo l lowing  quo ta t ions  wcro submit- 

P r i c e  De l i v e r y  

C ha pimn Valve )/If g . C ompnr. y $27,000 120-150 days a f t e r  f reez-  
i a g  des ign ;  

Crane Company 7,108 26 wcoks a f t e r  des ign  and 
mnte r i a f s  are  obtained.  

6 .. Moisture  De tec to r  

2. General  Requirements. The need f o r  t h e  mois ture  d e t e c t o r  a r i s e s  
fron t h e  f a c t  t h a t  leakage :if water f rm t h e  b J i l e r  i n t o  t h e  hi.'l..ium system dur-  
i n g  ope ra t ion  will r e s u l t  i n  d e t e r i o r a t i o n  o f  t h e  hot  Be0 moderator as de- 
s c r ibed  i n  P a r t  9 o f  t h i s  Sec t ion .  A b o i l e r  f a i l u r e  would r e l e a s e  l a r g e  quan- 
t i t i e s  of m t e r  e.nd steam i n t o  t h e  hel.iurn system and might f i l l  t h 3  helium 
passages i n  t h e  p i l e  a lmost  i n s t a n h n e o u s l y  w i t h  wa te r  vapor 2nd wa te r  d r o p l e t s .  
This  a c t i o n  would cause  a n  i n c r e a s e  i n  ; re? .c t ivi ty  i n  t h e  p i l e  which must be 
compensated f o r  by  t h s  c o n t r a 1  rods.. If a c t u n l  drops o r  2 m i s t  of 1v:Yatc.r drop- 
l e t s  i s  c a r r i e d  i n t o  t h e  , p i l e ,  t h e  r e a c t i v i t y  m y  be inc reas sd  beyond t h e  s a f e  
l i m i t  of  t h e  delayed neut rons ,  m d  t h a n  t h e  - c o n t r o l  rods  could not  move f a s t  
enough t o  l i m i t  tlio power t o  
bottom o f  t h e  b o i l e r  i s  i n s t a l l e d  t c  prevent  nny drops of ivater 3r vapor from 
be ing  c a r r i e d  i n t o  t h e  p i l e  by  t h e  hel ium s o  t h a t  on ly  d r y  stsam m u l d  e n t e r  
t h e  p i l e .  It i s  be l i eved  from c? . l cu ln t ions ' t hn t  t h e  c o n t r o l  rods  could move 
f a s t  enough t o  c o n t r a 1  tho  p i l e  i f  only  d r y  steam i s  in t roduced  i n t o  the  p i l e .  

s a f e  va lue .  The moisture  separ ,a tor  a t  t h e  

Never the less ,  it i s  considered d e s i r a b l e  t o  have a s a f e t y  dev ice  t o  
s t a r t  t h e  c o n t r o l  o r  s a f e t y  rods i n t o  t h e  p i l e  be fo re  tho  water vapor e n t e r s  
t h e  p i l e .  This  can be done by  h2ving E: device i n  t h e  duc t  f r o m  t h e  b o i l e r  
which w i l l  s h u t  down t h e  p i l e  when t h e r e  i s  3. sudden i n c r o l s e  i n  the  moisture  
con ten t  i n  t h e  hel ium stream. This  ins t rument  will a l s o  d e t e c t  small leaks o f  
steam o r  wa te r  f r o a  t h e  b o i l e r  i n t o  t h e  helium system d u r i n g  ope ra t ion .  

, 
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Both t h e  In f r a - r ed  Analyzer and t h e  e l a c t r i c  s u r f a c e  conduct i  
instruinents  hsvo boon usod bo fa re  or? o t h e r  a p p l i c a t i o n s .  The c ? h c t r i c  sur- 
fAce c s n d u c t i v i t y  promises t o  be t h o  s i z p l e s t  instruinent  f o r  z la rm and t r i p  
purposes ,  2nd presuimbly, m u l d  have 3 response tinte of l e s s  t h a n  sne s e c m d ,  
which i s  v e r y  d e s i r a b l e .  The + i n  questions w i t h  t h i s  ins t rumont  a r o  t h e  
e f f e c t s  of c o r r o s i o n  and r a d i a t i o n .  P resen t  i n d i c a t i o n s  zre t h a t  co r ros ion  
w i l l  no t  be a c r i t i c a l  f % c t o r ,  provided a nobcl ‘inetal i s  uscd f ’ x  tho  s e n s i -  
t i v e  element.  The e f f e c t  on t h e  rcadtng  of t h i s  instrument  produced 5 y  imi- 
z a t i o n  of t h e  gas by  r n d i o a c t i v i t y  i s  :3: m t t c r  which w i l l  h v c :  to bo chec’<ed. 

Tw~r, a l t e r c a t e  des igns  have bken cans idered  f o r  t h i s  a p p l l c n t i o n :  :in 
aco i l s t i c  reson?.t ing charrhcr f o r .  g:.s p u r i t y  a n a l y s i s ,  xh ich  has bcec clevciopod 
b y  the  Ganercl E1.ectric Conpany and lised b y  E[-25 i n  t l ia c o n t r o l  .,I” thc! process  
gas systems t h e r e ,  .md a liilc r e c s r d e r ,  b i s e d  Qn t’ha mass s p c t r o g r a p h  p r i n -  
c i p l e .  

The a c o u s t i c  a n a l y z e r  iilzy be  a p p l i c a b l e ,  nl though it h:s 2 threshold 
of 2 t o  G weight  perccnt  x o i s u t r e  i n  t h e  holiurn. A xiass sp=ctrogrz.ph w i l l  be 
used f o r  gas a n a l y s i s  w i t h  the p u r i f i c a t i o n  system, but  i t  i s  EiGt SntiSf2CCOry 
f o r  d e t e c t i o n  of w a t e r  27~por intesfiiucli n s  i t s  rusponse time i s  t o o  long to be 
o f  va lue ,  p r t i c u l z r l y  f o r  z u t o m t i c  T i l e  c a n t r c l  purpose.  

Other  types  of i n s t r u m n t s  h:v2 bsen  ?rDp,>scd which should bo i n w s -  
t i p t e d  such as  those  me.~.suring changes i n  e1ectric:Ll r e s i s t i v i t y  2nd dielrjc- 
t r i c  s t r e n g t h  of holium w i t h  chzngas iri 2 o i s t u r e  contont .  

b. S t a t u s  sf Dosign. Tho Gcncrriil E l e c t r i c  Co:npiny ~ n d  thI3 B i i l c y  
Meter Comnlny h?.v; bosn cont2ctGd r o l a t i v e  t o  t h c  problcns ,f mois ture  de tec-  
t o r  des ign .  Thcse p r o b l e m  hsw n l s o  been  d i scusscd  w i t h  c r g i n e c r s  a t  K-25, 

Vfhi l e  t h e  e l e c t r i c  sur’face conduc t iv i ty  instrurnont spp.e:irs t o  show 
tho  most pr9ixise f o r  t h i s  npplic.rLtion a t  t h e  presont  t i n e ,  n :!lore ex tons ivc  
i n v e s t i g n t i J n  an2 t e s t  p rogrsn  should be undertakctn be fo re  embarking o n  2 f i n a l  
des ign .  The s a l e c t i . ~ n  o f  t h i s  instruinant  i s  t e n t a t i v e .  
t h a t  s u i t a b l e  m i s t u r e  d e t e c t d r s  czr; bo developed and d e l i v c r c d  w i t h i n  about  
s i x  months f r = m  thG d:;.te of con tac t .  

I t  h a s  been es t imatod  

7.  Surge System 

3 .  G5nerr:l Rcquircmants. The surge  system i s  ;provided as nn e x p ? r i -  
mental  f < l c i l i t y  f o r  t h i s  p h n t  s o  t h c t  p rossu r s  c h a p s  c m  be m%de a t  w i l l  . -  

w i t h c u t  dumping t h e  rnd ioac t ivo  hcliixn or u s i n g  undue %mounts of f r o s h  helium. 
Tho c h i e f  pr:!blem concerned w i t h  des ign  c,f t h e  surga system i s  tho  dcvclopmcnt 
of 3 su i tab l i :  pump des ign .  Requirements. of t h s  puizf are  be ing  viorkod ou t ,  bu t  
no punp dt!vsio?rx:l?-t Frogrxn has  y e t  boen i n s t i t u t e d .  

The h e l i u x  t ra rs fe r  punp must be  of a das ign  x h i c h  does n o t  l ezk  hel -  
ium out  of t h e  s y s t e q ,  n5r  i i r  i n t o  t h e  .system. 

o r  maintenance and vfithaut contnminat ing t h e  helium s t r e u n  w i t h  oil, w % t e r ,  3r 
o t h e r  l ub r i ca f i t .  I t  xust be ca?able of decan tan ina t ion  f o r  reinom1 nnd rc- 
p l a c e m n t  i n  even t  o f  f a i l u r e .  

The P‘JmF hns t o  op3r2te  S l t i S -  

f a c t a r i l y  i n  i m t e r n i t t e n t  s l j rv ice  f o r  long  pe r iods  wi thou t  i n t o r n z l  insprcti:.n 5. 
‘4. 
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. . 

A number o f  s l t e r n a t o  t a n k  arrnnpmnGnts f o r  t h e  su rge  system have 
been cons idcrod ,  bu t  t h e  genora l  p lan  of accomplishing t h e  system p res su re  
changes i n  each  i s  t h e  saxe. The des ign  descr ibed  was b:Lsod .nn volumes o f  
t z n k s  t h a t  can be accomnodstod crn r s i lwny  f l a t  ca r s  f o r  shipmsnt.  

b .  Stzitus of Design. The computations 3n 4x.m’. s i z e s  and surge  s y s -  
A more r e f i n e d  thermodynamic analy- t e n  s p e c i f i c a t i o n s  hava bee’nLworked out .  

s i s  of t h e  pcrforinance of  t h e  surge  system and c ~ l c u l C c t i c ~ n  of t h c  t ime  r e q u i r e d  
t o  ,mke pres su re  c k n g e s  under  n b n o r m l  ope r3 t ing  cond i t ions  h~ b c m  s t a r t e d .  

- 

8. V c n t i l z i t i m  of  Sh io ld ing  

Nork t o  be done inc ludes  de te rmining  t h e  amount of  v e n t i h t i n g  z i r  
r equ i r ed ,  based on Hcal th  Physics  cons ide ra t ions ,  ?.nd t h c  dutcrn i : iz t ion  sf t h c  
nuinbor and l o c a t i o n  of r:dioc.ctivity cletectior,  c,ppiratus nv?cc.sszr;; t o  indicz.tc 
t h e  a p p r o x i m t e  l o c a t i 4 m  of a leak without  t he  n e c e s s i t y  o f  deconts‘flic-king 
and l eak  t e s t i n g  t h e  e n t i r e  hel ium c i r c u k t i n g  systein. 

- - 174 - 
...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  
30 ooo o o o o  o o D O  01 o o o o o a  0 0  

- - _____-I- _ _  - -_ - - - _- - - - - 



9 i R a d i o a c t i v i t y  Problems 

a. Ou t l ine  of Problems. The g e n e r a l  p r o b l e m  r e s x l t i n g  from p i l e  
r a d i a t i o n s  have been d i scussed  under ' t he  t o p i c  of p i l e  s h i e l d i n g  ( F a r t  C o f  
Sec t ion  V)  and p r o p e r t i e s  O f  m a t e r i a l s  ( F a r t  H o f  Sec t ion  V ) .  
a r e  t h e  same ?or any p i l e  r e g a r d l e s s  of t h e  -hJpe o f  f u e l  rod  used. 
d i f f u s i o n  o f  r a d i o a c t i v e  f i s s i o n  prod\icts from ba re  fu.el u n i t s  a.s s p e c i f i e d  
f o r  t h i s  p i l e  g ives  r i s e  t o  e, s e r i e s  .of $?roble% p e c u l i a r  t o  ba re  f u e l  u n i t s  
r e s u l t i n g  from t h e  d i s t r i b u t i o n  o f  a high in t en ' s i t y  o f  r a d i a t i o n  not  on ly  i n  
t h e  p i l e  s t r q c t u r e  b u t  a l s o  i n  ' the hea t  t r a m f e r  accesso r i e s  connected t o  
t h e  p i l e .  I t  i s  t h e  o b j e c t  o f  t h i s  sec t ior !  t o  discu.ss t he  p r o b l e m  which 
have been s t u d i e d .  i n  t h i s  l a t t e r  ca tegory .  

These problems 
The 

. (1) Nature o f  Radia t ions  Involved. Evalua t ion  o f  t h e  e f f e c t s  -.--.--.___----.___-.-_I 
o f  f i s s i o n  products  r e q u i r e  s p e c i f i c  hiowledge b f  s e v e r a l  of  t h e  main 
f i s s i o n  .product  c h a r a c t e r i s t i c s .  
d i s t r i b u t i o n ,  yield., decay energkes,  and half l i f e  d i s t r ibu . t i ons  . A 
comprehensive su.nmiary o f  t h e  n u c l e i  f'ornied i n  f i s s i o n  has been pu-blished 
by t h e  Plukoniun P ro jec t ( ' )  g i v i n g  f i s s i o n  procluct d i s t r i b u t i o n ,  y i e l d s ,  
decay e n e r g i e s ,  and h a l f - l i v e s .  

Some o f .  t h e s e  are f i s s i o n  product  

The most s eve re  e f f e c t s  aye t o  be expected from gama r ays  whi le  
b e t a  ra5-s and de layed  neutrons c l s o  r e q u i r e  cons ide ra t ion .  General ly ,  
t h e  r a d i a t i o n  e f f e c t s  from a l l  n u c l e i  can be lumped t o g e t h e r .  
sone s t u d i e s ,  however, it i s  d e s i r a b l e  t o  i s o l a t e  i n d i v i d u a l  n u c l e i  o r  
Croups o f  E u c l e i  ( i . e .  - delayed neut ron  e m i t t e r s )  f o r  s e p a r a t e  c m s i d -  
e r a t i o n .  
c a l c u l a t i o n s  i s  given i n  Table T'III. 

For 

A niunber of important va lues  used i n  lumped f i s s i o n  product  

ThELE VI11 

AYEPJiGE F ISS IO?! CI'kPdiCTEIi JST ICs ( 2  ) 

Energy d i s t r i b u t i o n  3 - 0 3  U235 
F i s s i o n  fragments 165 ?:ev 
Neutrons 5 !Iev 
Prompt  gamcias (-1 I\Iev. ea. j 5 i:ev 

Radioac t ive  b e t a  decay , 7 ?Iev 
Nut r ino s 10 i'kv 

c t s  

Radioac t ive  g m l a  decay I 5 Iiev 

~ 

1 .ZSt-l** 
1.40 t-1.2 

where t t imc,  s e c .  
, 

H a l f - l i f e ,  s e c .  Yield,- >< ~ Eneqgy, Kev. 
2. .G25 11 250 

22 009 . 166 570 
.213 41 2 

670 
4.5 
18.5 ,241 
0.4 .ox 400 

l ' 6  

I1'A l i s t  of nunbered r e fe rences  are  giverl t.,t tile end of P a r t  Q &+,inn 
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The d i s t r i b u t i o n  of  f i s s i o n  product  h a l f - l i v e s  a s  shown i n  F ig .  95 
a l s o  se rves  as a k s i s  f o r  i n t e r p r e t i n g  t h e  e f f e c t s  o f  f i s s i o n  
products  e s p e c i a l l y  i f  a p u r i f i c a t i o n  cyc le  i s  comiected i n t o  t h e  
hel ium system. 

( 2 )  Basic  Cri ter ia  f o r  Eva1uatin-F E f f e c t s  of Radiat ion4 -.- --__ - -"o _____ - - -_- - - I-- - - 
Eva lua t ion  o f  t h e  e f f e c t s  o f  r a d i a t i o n  r e s u l t i n g  from f i s s i o n  product  
d i f f u s i o n  m y  be made or? t h r e e  d i s t i n c t  b%ses.  
m a t e r h l s  (example; 
should be w i t h i n  s a f e  l i m i t s  f o r  t h e  expected l i f e  o f  t h e  p i l c .  
r ep len i shab le  supp l i e s  ( l u b r i c a n t s )  t h e  e f f e c t  of r n d i a t i o n  on t h e  ra te  
of consumption should be  moderate.  
of  O o l  R per day i s  s p e c i f i e d ,  
t o  machinery which must be i n s t u l l e d  i n s i d e  the  m i n  b i o l o g i c a l  s h i e l d  
of t he  p i l e e  The l a s t  c r i t e r i o n  a p p l i e s  i n  gene ra l  t o  products  which 
a r e  d ischarged  from t h e  p i l e  (steam, helium, etc*),, 

For permanent s t r u c t u r a l  
e l e c t r i c a l  i n s u l a t i o n )  t h e  e f f e c t s  of  r a d i a t i o n  

For  

For b i o l o g i c a l  t o l e r a n c e s ,  a dose 
The f i r s t  two c r i t e r i a  app ly  c h i e f l y  

b, Experimen'inl Data ar,d Ca lcu la t ions  Rela t i n s  ---- t o  t h e  Dif fus ion  
o f  F i s s i o n  Products  from -%re Fuel  Units.  .The a c t u a l  - d i f f u s i o n  r a t e  of 
f i s s i o n  products  f 'ron a ba re  f u e l  u n i t  under t h e  coridi t ions encountered i n  
a h i g h  temperature  power p i l e  i s  d l f f i c u l t  and -tc:c!ious t o  dhtermine.. 
t h e  d i f f u s i o n  ra te  o f  f i s s i o n  products  i s  a s k t i . s t i c a l  pro3lern s t r o n g l y  
e f f e c t e d  by  lo ther  s ~ t i s t i c u l  va r i a - lo s  such as f u e l  rod h i s t o r y ,  d e n s i t y ,  
p o r o s i t y ,  composition, e t c , ,  a g r o a t  d e a l  of experimen'bl  , e f f o r t  would be 
r e q u i r e d  t o  reduce  d i f f u s i o n  experiments : t o  8 r e l i sb l s  b a s i s  f o r  p i l e  
des ign  and ope ra t ion .  The s t a t e  0.f knowledge on t h i s  s u b j e c t  u t  p r e s e n t  
i s  such  t h a t  the  probable  r a t e  of d i8gus ion  can be e s t a b l i s h e d  w i t h i n  n 
f a c t o r  of  about  10. Addi t iona l  exper imenta l  e f f o r t  would tend t o  narrow 
t h i s  range of u n c e r t a i n t y  b u t  s i n c e  most of  t he ,p rob l sms  involved a r e  o f  
a n o n - c r i t i c a l  n a t u r e  and y i e l d  s s t i s f a o t o r y  solut ioizs  even f o r  t h e  maximum 
probable  l e v e l s  o f  r a d i a t i o n ,  t h e  undertaking o f  f u r t h e r  exFer inen ta1  work 
i n  t h i s  f i e l d  i s  more a .mttkr of convenience t h a n  necess i ty .  

--I---.-.--- -I-.-- 
----.-- .. .....- .... -.---. - ...... .-- - 

Since  

(1) Exper inenta l  York on F i s s i o n  Product  D i f f u s i o n o  Di f fus ion  -- -- 
r a t e s  of  X e  from "hot p - e s ~ ~ c ~ o n ~ i ~ i n g  10;; sn r i ched  ~ P O -  
duced by  t h e  Horton Company were PV su red  by  J .  E, if i lson a t  Argome 
Na t iona l  l a b o r a t o r i e s  dur ing  l !d41 
lcm, x 1 cm, i n  t h e  krgonnc p i l c ,  then plhced t h e n  i n  a h igh  temper- 
a t u r e  fu rnace  and counted t h o  decay m c c  o f  Xe133 i n  a stream of  helium 
pass ing  over t h e  sample. 
a l lowed (4  h r , )  t o  illow o t h e r  Xe i s o t o p c s  w i t h  s h o r t e r  per iods  t o  
decay t o  n e g l i g i b l e  va lues ,  His t e s t s  covered b o t h  t ewse ra tu re  and 
d e n s i t y  of Be0 as  v a r i a b l e s ,  
found a re  g iven  i n  Table IX, 

He i r r a d i a t e d  samples 1 cm. x 

S u f f i c i e n t  t i n e  a f t e r  i r r n d i a t i o n  was 

The va lues  'of t he  d i f f u s i o n  c o c f f i s i e n t  

- 176 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  
0 0  0 0 0  0 0 0 0  0 0 0 0  0 0  0 0 0 0 0 0  0 0  



TABLE IX 

DIFFUSION COiqSTAET OF B % O N  IN RERYLLIA 

A 

Temperature, OC, -- - ----- 
1000 
1000 
1000 
1000 

1100 
1200 
1325 
1450 

Dens i t y  , gn. /cc . 
I .- 

D,  cm. 2 /min. 
-.I -- 

Anomalous vdr iu t ior , s  o f  the  d i f f u s i o n  c o e f f i c i e n t  b o t h  ivith d e n s i t y  and 
t e n p e r a t u r s  a r e  ev ident  
probably  r i g h t  w i t h i n  8 f ? c t o r  of  abou t  2 based o n  a n  a n a l y s i s  of 
exper imenta l  e r r o r s  exc lus ive  of s t a t i s t i c a l  v a r i a t i o n s  of the  samples 
themselves.  01; t h e  b a s i s  of  t h e  d i f f u s i o n  cons t an t s  g iven ,  X l s o n  
e s t ima ted  tha t  1 t o  2 per  c e n t  of t h e  lienon a c t i v i t y  would d i f f u s e  
intis  t h e  hel iur i  f o r  a p i l e  ope ra t ing  u t  1030°C, 
i s  app l iod  t o  a l l  v o l a t i l e  f i s s i o n  products  w i t h  h a l f - l i v e s  i n  excess  
of b 1 hour i n  brder  t o  exclude those n u c l e i  which robably  w i l l  

51% of  t h e  f i s s i o n  y i c l d  based on 2007; could b e  assumed f o r  t h i s  purpose) 
t h e  percentage o f  t o t a l  a c t i v i t y  reaching  t h e  helium i s  

Wilson e s t i n a t s d  t h a t  t h e  va lues  g iven  a re  

If t h i s  same percentage 

decay b e f o r e  g e t t i n g  i n t o  t h c  helium ( J , A . S ~ a r t h o u t  (2) es t imzted  that 

2s X 31/200 = 003% 

f o r  t h e  upper l i m i t  and - 0,lk f o r  t h e  lower. 

I n  a d d i t i o n  t o  d i f f u s i o n ,  atoms f i s s i o n i n g  c l o s e  t o  t h e  s r f a c e  
o f  a f u e l  rod would r e c o i l  d i r e c t l y  i n t o  t h e  helium, Swarthout ( 5Y 
estimated t h a t  005% o f  the tot31 a c t i v i t y  would c n t c r  t h e  hel ium by  
r e c o i l  based on a r e c o i l  rango of 5.5 x 10-d- cm. i n  Be0 

2, Upper L i m i t s  Es t imtes  of Ack iv i ty  -- i n  Eelium. One hundred --...---- ... 
percent  d i f f u s i o n  of t h e  f i s s i o n  products  i n t o  t h e  helium i s  assumed 
f o r  t he  upper l i m i t  a c t i v i t y d  
a pp rox im t i o n .  

This obvious ly  g ives  a very  pess i rn is t ic  

Experimental  Tests on t h e  E f f e c t s  of Rad ia t ion  01: P i l e  Componentsa c 0  - 
Extens ive  tes t s  were conductcd--*kr: 1923 on TKe e f f e c t s  of'  r a d i a t i o n  on p i l e  
s t r u c t u r a l  m t a r i a l s  ( c r a p h i t e ,  wa te r ,  l u b r i c a n t s ,  i f i s u l s t i o n ,  e t c . )  l ead ing  
up t o  t h e  d e s i g n  and c o n s t r u c t i o n  of the  Cl in ton ,  Hanford and xrgonne p i l e s ,  
The r e s u l t s  o f  t h e s e  t e s t s  t o g e t h e r  w i t h  a d e t a i l e d  n m l y s i s  o f  subsequent 
p i l e  o p e r a t i  n have e s t a b l i s h e d  a r e l i a  b s i s  f o r  t h e  e f f e c t s  of r a d i a t i o n  
on matcrials 96 1 and r a d i a t i o n  c h e n i s t r y  

d .  
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A f i r s t  o r d e r  approxim3tion of  t h e  e f f e c t s  o f  r a d i a t i o n  on  lub-  - -  
r i c a n t s  3r.d o t h e r  cova len t  chemical compounds can bo nads  b y  assu@ing 1;bt 
t h e  e f f o c t s  f r o n  any  p a r t i c u l a r  typo of rad.iation. i s  p ropor t iona l  . to($jsiS 
i o n i , i n g  p&wr and t h a t  t!i6 a b s o r b t i o n  o f  energy e q u i v s l e n t  t o  26 lev 
s u f f i c i e n t  t o  r u p t u r e  9 chemical bond. Second o rde r  e f f e c t s  , c h a i n  chernic,ll 
r e a c t i o n s ,  and reversE r e z c t i o n  g ive  y i e l d s  somewhat h ighe r  o r  1c:wer Sct i n  
t h e  CCSGS of i n t e r e s t  here ,  t hey  a r e  w i t h i n  t h e  same order  of '  n+~ni -kude a s  
t h e  f i r s t  ordi-ir approxirAtion.  

(1) Lubr i c sn t s (8 ) .  The proposed blower di.si&s r e q u i r c  bea r -  
ings  a d j a c e n t  t o  t h e r a d i o a c t i v e '  helium c i r c u l a t e d  -through tho p i l e .  
The mxinum s h i e l d i n g  e f f e c t  which m ~ ~ y  bc expected bstwoen t h e  rud io -  
a c t i v e  products  i n  t h e  h s l i m  ?,rid. the  l u b r i c a n t  i s  n r educ t ion  o f  
~SITLEB. rad ia t j .on  by  a f a c t o r  of 10 ( n - ~  2 inches  i r o n )  arid cssent j . a l ly  
complete s h i e l d i n g  2 p i n c . t .  d i r c c t  be t a  rays .  Secondary radi.5 t i ons  
( B r erns'tra-ill uag )f' r on ?:, e t a  - 1-3. d ia  :; i o n -,vi. I. 1 hovJ G v e 1- r e  a c h -bhe b ea r i ng s llr - 
f a c e  b u t  t h i s  c o n s t i t u t e s  on ly  a s m l l  f r s c t i o n  o r  t he  c r i g i n a l  energy. 

A. Tvae o f  l u b r i c a n t s  

' 1. 
2, 
3 .  
4, 
5, Troco Lubr i ca t ing  grease  No. A-07 

P h i l l i p s  l u b r i c a t i n g  o i l  ( g a m f f i n - b a s e )  SAE 20 
Gul fp r ide  motor o i l s  ( p r d f f i s  base)SkE 10, SAE 20, SA3 30 
Texaco l u b r i c a t i n g  gre&ses  , Stzrf21c I,! ( s t r a i g h t  &rsLss) 

J Texsco S t a r f a k  Nc. 2 Rex 127 (g rease  n:itli m t i o x i d a n t )  

3 ,  C r i t e r i o n s  of Exposwe - ---- 
1. Index of r e f r a c t i o n  
2. Iodin? a b s o r p t i o n  
3 .  V i s c o s i t y  
4, A c i d i t y  
5 .  Decomposition 2 r o d u c t s  
6. Phys ica l  appearance,  odor ,  etcm 

C. Sources o f  b d i i t i o n s  

1, Cyclotron (6.9 Nev. Du.teroils) 
2 .  Vxride Graf f  (2-3 :;lev bs ta  And X-rays) 

The t e s t s  werc c a r r i e d  out  a t  r o o n  t e r p c r a t u r a  2nd t h e  exposure 
in s o m  C ~ S E ) S  x i s  carr ied.  s u f f i c i e n t l y  f a r ' t o  c'1use t h e  o i l  t o  po lyner izo  
i n t o  a s o l i d ( 1 S s o r p t i c n  -10 m t t  hovrs/cc.)  
enumerntsd ir:  m b l e  X wis cirist cc.n?lete f o r  P h i l l i p s  o i l .  Other l u b r i -  
cafits were t e s t ed  l e s s  oxhasvt ive ly .  
corresponds t o  tho  S reak ing  af :iSout l,< o f  t o t a l  br;aiic chemicj.1 Zionds 

observed on o i l s  i r rddis i ted  t o  t h i s  e x t e n t  I r e  sWnmirizc:d i n  B b l e  X I ,  

Correlation o f  v a r i x b l e s  

Absorpt ion of 1 watt liour/cc. 

c a l c u l a t e d  by l i r s t  o r d e r  approx ina t ion  me d s ( 7 ) .  The c f f c c t s  
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. TAELE XI 

RADIB rmi ESFECTS 01; L E R I C ~ S T S  

BBRAESPOi\jDING TO ABSG2rTIC?J' GF 1 YLTT hr/cc ENERGY 

1. Index o f  r e f r a c t i o n :  Incroased f r o n  1,4943 t o  1.4961 ( ? h i l l i p s  o i l )  

2 .  Iodine  abso rp t ion :  Increased  from 5.60 t o  12.70 p b  iodir,e/100 gm. 
o i l  ( P h i l l i p s  o i l )  

3 .  Viscos i ty :  Increased  from 1.955 t o  2.775 poise  ( r h i l l i p s  o i l ) .  
F m c t i o n a l  i n c r e a s e  f o r  Gu l fp r ide  o i l s  WAS coicgaratle . 

4. A c i d i t y :  Increased  3-5 mg. KaOH per  cc .  f o r  g reases  and about  
2 ng. 1 b O H  per  cc f o r  o i l s  

5. Decomposition products  : S l i g h t  gas bul-:?le formation.  O i l s  s l i g h t l y  
w r e  od i f c rous .  

6. P h y s i c r l  appcarancc: Gils  s t i l l  l i q u 5 d .  No ncrrkcd change i n  
co lo r .  Grcn,ses blenclicd s l i g h t l y .  

Most of t h e  experiments surrm.rized abGve were c a r r i e d  o u t  w i t h  
g a m a  r a y s ,  and a r e  t h e r e f o r e  d i r e c t l y  comparable t o  t h e  e f f e c t s  
expected froci p i l c  ope ra t ion .  The dosage given a l s o  represents a 
reasonzible exposure on the b a s i s  of e i ' rects  observed and t h e r e f o r e  
s e r v e s  a s  B t en ta t iv ,e  i i r i l i t  o f  exposlire Cor fu r t l l c r  onginesr ing  
c a l c u l s  t i o n s .  

( 2 )  E l e c t r i c a l  I n s u l a t i o n ,  Tho cond i t ions  of  exposure 
desc r ibed  f o r  lul.ric2rit.s i n  t h e  h e l i x  blower 2150 app ly  t o  e l e c t r i c a l  
i n s u l a t i o n  of t h e  blowsr  no to r  windings f o r  t?.o "canned motor" blower 
proposal .  hlicre it is p o s s i b l e  to use s p p r i c i - i b l s  shielding between 
t h e  motor and helium, no r a d i a t i c n  p r o b l e m  involv ing  e l 6 c  t r i c a l  
i ns u la ti o I? a r E; anti c i ?a t e d . 

----- 

f f d c t s  o f  r c d i a t i o n  on 
R O T  i n  ~ conncct ion  wi th  t h e  e l e c t r i c a l  insul:.;tion has besil p r e p r e d  ( 9  

h igh  temperature  experimen@l pow$r p i l e  design.  , D s b  hAs bcen 
r epor t cd  f o r  ovcr  30 d i f f e r e n t  si tmplcs of comicrc iz l  i n s u l a t i o n  and 
p l a s t i c s  t e s t e d  f o r  exposure t o  xn an6 beta r a d i z t i o n s  t o  t h e  c x t e n t  
o f  0.1 watt-hour per cc .  enel-gy absorhod. X n o r  ya r i ak ions  i n  r e s i s t a n c e  
of' samples were cbserved b e f o r e  and. a f t e r  gzrma r$di::tion t e s t s  ( a c t u a l  
energy absorbed i n  p r m 2  rad ia t io lz  t es t s  w%s n o t  q e f i n i t c l y  e s t i 5 l i s h e d ) .  
For be t a - r ay  t e s t s  (energy absorbed z energy emi t ted  frcm source)  
a c t u a l  s o f t e f i i q  occurred  f o r  Inphezol  2nd copole$s p l a s t i c s  
s i g n i f i c a n t  chznges i n  r e s i s t a n c e  o r  appearance was observed f o r  the 
f ollowine; : 

A'swm~ry o f  s x p c r i n e n t i l  wcrk on 

NO h igh ly  

V i n y l i t c  5900 and 5901 
Korosea 1 1434 
Rubber Okonite 313 i n d  881E 81 
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Non-signif i c a n t  v a r i a t i o n s  i n  r e s i s t a n c e  were obta ined  f o r  gama-ray  
exposures  of :&estinghouse Rockbestos , General  EIac t r ic  De l t abes tos  
and s i l i c o n e  bonded glass  arid n i c a  i r s u I a  t i ons .  

I n  e a r l y  t e s t s  (1943) t h e  r c s i s t a n c e  rnessurements were n o t  
c a r r i e d  o u t  s imul tnn  ou ly w i t h  t h e  i r r a d i a t i o n ,  
was r epor t ed  i n  1946 i n  which the  r c s i s a n c e  measurements were 
c a r r i e d  o u t  s imul taneous ly  wi th  t h e  i r r a d i a t i o n  b u t  t h e  v a r i 2 t i o n s  
observed were ncjt h ighly  s i g n i f i c a n t  and i n  s o ~ e  cases  were q u i t c  
e r r a t i c  (wi th in  t h e  experimental  Accuracy of t h e  t e s t  instruments).. 

A s e r i e s  of t o s t s  
PllB 

I n  a c t u a l  p i l e  i n s t a l l a t i o n s ,  t h e  r a d i z t i o n  e f f e c t s  on i n s u l a t i o n  
w i l l  r e s u l t  a lmos t  e x c l u s i v e l y  from glmna-rays. 
0.1 wa t t -h rc  pe r  cc ,  exposure have f a i l e d  t o  show any  marked c f f c c t s  
on t h e  r e s i s t s n c e  or  Phys ica l  p r o p e r t i s s  o f  t h e  i n s u l d t i o n s  naned 
above a cons ide rab le  - m r g i n  of exposure is a v i i h b l c  beyond t h i s  dosage 
before  d e t e r i o r a t i o n  m y  be expected.. 

S ince  t e s t s  up t o  

' d. Calcula ted  n c t i v i t i e s  i n  P i l e  Coc:ponents. The d i f f u s i o n  o f  ----------I--C.-._-- ------ 
f i s s i o n  Droducts i n t o  t h e  h e l i u n  r e s u l t s  i n  t h s  d e p o s i t i o n  of  a f i l m  of 
r a d i o a c t i v e  products  on t h e  i n n e r  s u r f s c e  of t h e  he l im.  system and a l s o  
g ives  r i s e  to delayed neut ron  induced a c t i v i  t i c s  i n  the s t r u c t u r a l  corr.ponents 
o f  t h e  system as  we l l  2,s t h e  w - k e r - i n  t h e  s t a a n  Soilcr. I t  i s  c iesi rezble  t o  
be  a b l e  t o  reduce t h e  a c t i v i t y  o f  tpe b o i l o r  t o  a s u . f f i c i e n t l y  low va lue  
t o  pe rmi t  p e r i o d i c  inspectio.r ,s  ~ C C ?  m i n t e m r i c e ,  I t  i s  n l s o  d e s i r e a b l e  t o  
keep t h e  a c t i v i t y  of t h e  steam t o  a- s u f f i c i e n t l y  low c r d e r  no t  t o  r e q u i r e  
s h i e l d i n g  on the  steam pipes '  and t u r b i n e s  outsicte t h s  . p i l e ,  &:ticivtlted 
l e v e l s  of (yc t iv i ty  f o r  bo th  of t h e s e  p.roSlens have % e m  ~ u l c u l a t e d f ~ ~ ) ( ~ ~ )  e 

(1) A c i t i v i t y  of S t r u c t u r a l  P a r t s  o f  Boi le r .  I t  i s  n n t i c i p a t c d  ------. . __ ..-.,._--_ -..- 
t h a t  t h e  f i l m  o f  f i s s i o n  products  which depos i t s  on t h e  helium s i d e  of 
t h e  b o i l e r  c a n  be dissolved. w i th  s u i t a b l y  i n h i b i t e d  a c i d s  i n  o r d e r  
t o  m k e  t h e  b o i l e r  s v z i l a b l e  f o r  i n spec t ioc .  Txploratory t e s t s  us ing  
meta l  s amples c o n t m i m  t ed  i n  r a d i o a c t i v e  f i s s i o n  prcduct  s c l u t i o n s  
d i d  n o t  y i e l d  any  very  tenac ious  f i l m s  f o r  t e s t i n g .  The f i l m  obta ined  
could  be washed. o f f  w i th  w a t e r  b u t  acid. had. a soinexhat qu ickar  a c t i o n .  
E f f o r t s  are  being continued t o  obta i r ,  xiore tenac icus  f i l m s  f o r  t e s t i n g o  
S ince  t h e  r e s i d u a l  f i l m  a c t i v i t y  r e r a i n i n g  a f t e r  decon t imiw t i o n  
depends on t h e  ' decontaninnt ion  procedure used, no d i r e c t  c o r r e l a t i o n  
e x i s t s  between the r a t e  o f  f i s s i o n  product di?'fusion from tlm f u e l  u n i t s  
and t h e  f i n a l  f i l m  A c t i v i t y  i n  t h e  b c i l a r ,  

, Another c o n t r i b u t i o n  t o  'soiI;r  A c t i v i t y  r e s u l t s  f r o z  t h e  
a b s o r p t i o n  o f  delayed neut rons  by cer t - i in  i s o t o p t s  t o  gcne ra t e  r ad io -  
a c t i v e  n u c l e i .  This induced a c t i v i t y  can:iot be decontaminz ted .  The 
m a j o r i t y  of t h e  neut rons  absGrbed y i e l d  e i t h e r  s t f i b l e  n u c l e i  o r  a c t i v i -  
t i e s  of r e l a t i v e l y  s h o r t  decay pe r i cds  n e i t h e r  of which would s c r i o u s l y  
i n t e r f e r e  w i t h  b o i l e r  i n spec t ion ,  However, t h e s e  n u c l e i  which decay 
w i t h  8 r e l a t i v e l y  long  per iods  would e i t h e r  clelay o r  prevent  i n spec t ions  
from being madeo 
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3 

Fr.om Table VI11 the. y i e l d  o f  dolayed neut rons  i s  0 .7  pc,r cen t  
of t h e  t o e l .  
minute,  t h e  l o s s  of delayed 'r,eutron.s g m i t t e r s  from-a f u e l  u n i t  by 
d i f f u s i o n  i s  expe;ctcd t o  be small, 
r e c o i l  i n t o  the 1:ali.um'msy :amount t c  0.05 pcr cent .  
t h e  de layed  neutrons i n  t h e  helium sbsorbed i n  any  giver. p: i r t  of t h e  
h e l i m  s y s t e x  w i l l  he d i r e c t l y  p ropor t iona l ,  t o  t h e  f r a c t i o n  o f  .the 
t o b l  hel ium a t  t h a t  l o c s t i o n .  
of the  t o t a l  heliwun i n  t h e  s p t e n ,  t h e  f r a c t i o n  of de layed  nzutroris 
emi t t ed  i n  t h e  b o i l e r  i s  a l s o  25%. 
genera ted  u t  sny  p r t i c u l s r  p o i n t  w i l l  be  givc:l by t h e  r e l a t i o n  

S ince  rll delayed neut rons  dec2y w i t h  ~1 period o f  < 1 

However, i t  iUZs cho-m t h a t  d i r o c t  
!!ha p o r t i o n  of 

Since t h e  Sailer contnifis rouy,hly 25$ 

The nuriber of r ad ioac t ivo  n u c l e i  

whcre 

N % T c t a l  delayed neut rons  emi t t ed  

Q (n- X >  l hc roscop ic  c ros s - sec t ion  o f  pa ren t  
i so tope  

za  
The c h i e r  l o n g  l i ved  ( > 
steel c r  s b i n l e s s  s t o e l  

RADIOAC TIVE 

IIDUCED IE 

Nuc 1 e us 

S t a i n l e s s  S t e g l  (18-8) 
c r 3 1 -  ----- 
Fs 55 
Fe59 . 

~ i 5 9  
63 

= Tota l  m c r c s c o p i c  . . absorp t ion  c r o s s  - 
s e c t i o n 

2 days)  : x c t i v i t i e s  n f f c c t i n g  i n s p e c t i o n  g f  3 
b o i l s r  a r c  giver, i n  Tt~ble X I I .  

TABLE XI1 

K'UCLEI ( > z DAY FGLF-LIFS) 

STEEL A?iD STAiINLESS STEEL 

Ih 1 f - 1 i f e Far  c n t  i s c t n p" 
- &I.I/-Q- 

4 y r ,  6 x 
47 days 4 10-4 

26 days ' 3  x 10-2 
' 4 x 10'2 

' 1 x 10'1 
2.6 yr. 1 4  x 10-4 

4 y r .  

150 yr.  
47 days 1 ' 2  

Using t h e  f i c t o r s  givcn ubovs f o r  'dcldyed neut rons ,  we  have 

,097 x .0005 x .25 = 8 x ,(say 

of t h e  t o t a l  Eeutrons err,i.l;tJd i n  thc  b o i l s r .  This f a c t o r  m u l t i p l i e d  by 
t h e  v a l u c s  givcn i n  Table X I 1  g ives  tht; r a t e  c f  r - d i c a c t i v e  n u c l e i  
gencrz t ion .  For a p i l e  ope rz t ing  d t  4000 Kvi. 3 x id7 neut rons  %re  

- i a i  - 
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genera ted  p e r  second Giving a y i o l d  of 3 x 101l/sec. i n  t h e  b o i l e r .  
The growth o f  variou.s A c t i v i t i e s  and. f i n 2 1  c q u i l i b r i m  ,Ac t iv i ty  Are 
shown i n  Table X I I I ,  

TABLE X I 1 1  

ACTIVITIES INDUCED IT! EOILER 

I n i t i a l  r Q t e  o f  Equi 1 i b  r i urn 
A c t i v i t y ,  c u r i e s  --- Nucleus - growth, cur ics /d2y - I--" - 

S t ee  1 
Fe55 .0003 0.5 
FeS9 ,00005 0.004 

S t a i n l e s s  S t e e l  (18-8) ---.-- 

.01 

.0002 
~r 51 
Fe55 
Fe59 .00003 
Iii.59 . GOGO06 
~ i 6 3  000002 

0 e 3  
004 
0 * 002 
1 
0,005 

S ince  t h e  t c l e r a b l e  induced a c t i v i t y  i n  t h e  boi.1r.r wi thout  r u l i n g  out  
d i r e c t  i n s p e c t i o n  i s  i n  t h e  o r d e r  o f  1 t c  $0 c u r i c s  o f  t c t t t l  a c t i v i t y  
it i s  a p p r e n t  t h a t  t h e  vzlucs of  Ttible XI11 a r c  below t h i s  l i m i t ,  
For a t e n f o l d  e r r o r  i n  t h e  del.aye6 ncu t ron  y i e l d  t h c  s t s e l  b o i l e r  
would s t i l l  be a c c e s s i b l e ,  f o r  s t a i i i l e s s  s t e e l  t h e  rupid  growth of 
Cr51 does n o t  a l l o i v  a v s r y  wide x i r g i n  of srifety f c r  b o i l e r  i n spec t ion .  
The induced a c t i v i t y  x511 of caurse  r i l so  r i s e  d i r e c t l y  p ropor t i cna l  t o  
t h e  ope ra t ing  po:;rer l eve l .  I t  i s  concluded frcm the  foregotng  d i s c a s s i o n  
t h a t  t h e  p o s s i b i l i t y  c f  dir6;ct b c i l e r  inspection i s  dependent on 
f o l lcwing  nn ope ra t ing  procedurs  which w i  11 keep induced a c t i v i t i e s  to 
a minimum. 
a t  a r e l a t i v e l y  13w pcwer and noder . i te  ( < 1000°C) f u e l  rod tempcra ture ,  

This c&n b e  dch3 convenient ly  only  durifig i n i t i s 1  ope ra t ion  

;kiter and %iter I m p u r i t i e s .  i'ilthough t h e  t o b l  number of ( 2 )  1. - 
neutrGns gene,rsted and absc.r$ed i n  the  S o i l e r  per  .second. ws determined 
q u i t e  s i n p l y ,  t h e  f r a c t i o n  c.f .th.zse' vinich a r e  absorbed in t h e  wa te r  i s  
more d i f f i c u l t  t o  da.termina and would- r e q u i r e  t h e  s o l u t i o n  of  d i f f u s i o n  
equat ions  a p p l i c a b l e  t o  the  p a r t i c u l a r  g sone t ry  o f  s t e e l  and water found 
i n  the  b o i l e r .  ' Since  t h e .  o v e r a l l  sccu.rLcy o f  the'steam a c t i v i t y  
approximation i s  only  s u f f i c i e n t  t e  e s t 2 b l i s h  t h e  c o r r e c t  o rde r  .of 
magnitude w i t h i n  8 f a c t o r  r~f  10, e x a c t  me thcds . s r e  n o t  w a r r m t e d  and 
s i m p l e  approximations a r e  i n  o?dero. 

Due to  t h e  r e l a t i v e l y  h igh  s b s c r p t i o n  c r c s s - s e c t i o n  of s t e e l  
and t h e  l a r g e  + m s s  o f  s t e e l  i n  t h s  b o i l c r  t ubes  and w-l l ls ,  t h e n  bulk 
o f  t he  n e u t r o n s t w i l l  d i f f u s e  only  ~ C W  c w t i m e t e r s  from t h e i r  po in t  
of gene ra t ion  be fo re  being Absorbed, This d i s t a n c e  i s  s m - l l  compred  
t o  t h e  o v e r a l l  2imensions o f  t f e  tube 9sssrrhlies and t h e  b o i l e r ,  S ince  

- 182 - 
.. .. .. .' . .. 0 0  

... . .. . . 
0 0 0  

................. . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . .  
o o o o  o I) 00 0 0  5 o 0 0 0 0  o a  



# 

3) 

t h e  tube assemblies  oocupy approx i .mts ly  50% o f  t he  bo 
f r a c t i c n  of neutrons absorbed by t h e  assenblies w i l l  be 50% as  d f i f s t  
o r d e r  a p p r o x i k t i o n  ( leakage cf neutrons away frcm assemblies i s  
sssumt.d t c  be equa l  t o , n e u t r o n s  l eak ing  i n t o  them),, The nacrosccpic  
a b s o r p t i o n  c r o s s - s e c t i o n  f c r  s t e e l  and water  a r e  0,23/cm. and 0,02/om0 
r e s p e c t i v e l y ;  hcwever, s i n c e  t h e  vc,lurnt: of  w t e r  present  i n  t h e  tube  
assemblies  i s  roughly tw ice  t h a t  of t he  s t e e l  t h e  r a t i o :  o f  water  t o  
s t e e l  a b s c r p t i o n  i s  0.2 and 2ibGUt 10% (20% t o  50%) of  the neutrons i n  
the b c i l e r  w i l l  be taken up b y  t h e  water .  

The c h i e f  a c t i v i t i e s  induced i n  w l t e r  and i t s  cermncn i m p u r i t i e s  
a r e  shown i n  'PAble XIV,' 

Na24 1 , 4 c ;  2 , o  y 

Ca41 1 6 1  8 

0,6 '9 

cu4 5 0.9,8; 0,7.jC 

14.8 hr. 2.8 x 1.015 

a,5 ~ L Y S  3,9 x 10 

180 clays 8.3 

16 

71000 yrc  1,7 x 1O2l 

c 138 1.1,2,8,5.0,~?;1.6,2.2 i' 37 min 1 , ~  1014 

Q2 1 . 8 p ; O .  6 ,O e 1 1 @O' 1' 10,2 min, 3,5 1013 

53 5 0.1 /? a 7 , i  d ~ y s  LO 1017 

Fe5' 0 . 3 , 0 . 5 , ~ ~ ; 1 . 1 , 1 ~ 3  ,?- 47 days 2,7 1017 

cu64 0 , 6 / ;  nc J*  12.8 h r  2,5 10~5 

2.9 k' 5 a i n  1,6 1 0 1 ~  

Fe55 , &+  yr, 6.7 x lo1* 
I 

1.7," P ; no 4- 14 days 6.5 x 1016 P32 

5,6 1014 
<: si31 1.8 ,,2 170 min 

A * S t r e n g t h  o f  r a d i a t i o n s  given ir, Xev . .  
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Since cons ide rab le  v a r i a t i c n  may appe2r i n  t h e  ccncentrAtion 
of i m p u r i t i e s  i n  snm2les  of b c i l e r  m t e r ,  3. t u b u l a t i c n  cf t h e  expected 
f r a c t i o n  of n e u t r c c s  absorbed per 100 ppm G f  i m p u r i t i e s  w i l l  b e  t a b u h t s d .  
t o  g ive  the r e l a t i v e  e f f e c t s  from Iraricus scurces .  
TJble XV. 

Tnis i s  shcwn i n  

n 

FRACTION OF NEUTR3NS kBSORBED YER 100 PPIII IMPURITIES R E L T I V E  
TO T-Z TOTAL ABSORSED B Y  XiiLTEIi. ( ~ ~ A S E D  C !  CROSS-SECTION 

OF 0,02/cm. FOR 3ATER) 

I s o t o p e  --- 
23 NEl 

F r a c t i o n  of neutrons 
absorbed per 100 ppm C - n ( n -  3-1 Na t ura 1 

AbunZsnce ,% - irnpuri t y  - 
7 -- barns - 

loo 0.45 6 x 

* 
11.1 0.05 

si3' 4 e 2  orI1 3 10-7 

P31 100 0.3 3 13-5 

s34 4.2 0.26 1 x 

c 135 75.4 33. 2 10-3 

c i37  24,6 0.6 1 10-5 

CU40 96.96 ( 0.0003 2 x 10'8 

cu44 2.06 0.6 8 x lo-' 

Fe 54 6 ,O+ 2.5 8 x. 

.Fe 58 0.28 0.3 4 c 10'8 

3,l 1 x 70 . 13 63 cu 

cue5 29.87 2.0 3 

The f r a c t i o n  o f  neu t rons  2bsorbcd by O I 8  r e l a t i v e  to t k e  t o t a l  

f o r  w a t e r  i s  7 x Of sl l  t h e  i rnpur i t i e s  shcwn i n  Tcble XV, NJ, 

C1, and Cu a r e  m c j s t  p r c v a l e n t  i n  b c i l c r  %iter .  

decay r e t e  of C136 t he  a b s o r p t i o n  of the f r u c t i o n  o f  neutrons shown 

f o r  C 1 3 5  g ives  only a r e l a t i v e l y  sml l  degres  o f  a c t i v i t y .  

remaining z c t i v i t i e s ,  Na and Cu a r e  worst. 

Due t c  t h e  ve ry  s l o w  

O f  t h e  

Since tho  love1 of a c t i v i t y  - 
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w i l l  be o f  a r e l a t f v e l y  small o rde r  myhow, the  e f f e c t  f r o m  any given 
c c n c e n t r i t i c n  of minsrdls  i n  t h e  w t e r  w i l l  be l e s s  t han  the  e f f e c t  
found assuming t h a t  the a i n e w l s  a r c  c o n s t i t u t e d  100% of Na. 
f a c t c r s  g iv ing  thz  number o f  r ad iouc t ive  OI9 and Na24  n u c l e i  f'crmed 
r e l a t i v e  t o  t h e  r a t e  of neu t r cn  g e n e m t i c n  i n  t h e  p i l e  a r e  

The 

10-6 x 0,1 x 7 x 7 x 10-14 fcir 019 

and 

loe6 x 0.1 x 6 x = 6 x f o r  Na24 

A t  a p i l e  c p e r a t i n g  power o f  4000 Kw, t h i s  corresponds t c  an  OI9 
a c t i v i t y  o f  10-6 c u r i e s  and ~ s 2 4  a c t i v i t y  of 5 x 10-5 c u r i e s ,  Since 
a c t i v i t i e s  o f  0.002 c u r i e s  per fGot of steam pipe i r c  perinissable 
wi thou t  exceeding a t o l e r a n c e  dose o f  0.1 r per 8 hours,  3 f e e t  from 
a pipe,  it i s  e v i d e n t  th t  t h e  induced l e v e l s  o f  a c t i v i t y  es t imated 
a r e  s a f e  by a f a c t c r  lo3 t c  lo5, This  mzrgin o f  s a f e t y  i s  mcre than 
a d e q m  t e  t o  cover possiSle  e r r o r s  i n t r cduced  i n  t h e  v a r i c u s  approxima- 
t i o n s  used. 
delayed neu t  cn e m i t t e r s  y i e l d s  0.,2 c u r i c s  of 019 a c i t i v i t y  and 10 
c u r i e s  of Na'4 a c i t i v i t y .  ' S i n c e  it i s  d e s i r a b l e  tr. keep r ac i i s t i on  
dosages t o  a minimum, it i s  neverthelt:ss recc.mend.ec! t h a t  t h e  mineral  
concen t rd t ion  i n  the  b o i l e r  be k e p t  1 s  lcw CLS poss ib l e  c e n s i s t e n t  w i t h  
e x i s t i n g  power p l a n t  . p r a c t i c e s  and t h a t  apprcnch - ts  steam pipes and 
t u r b i n e s  o f  the power p l a n t  d u r i n g  cpt r s t i o n  be res t r i c k e d  t o  necessa ry  
maintenance cn in spec t ions  only. 

The same e s t i m t e  c y r r i a d  cut, assuming l G O $  d i f f u s i c n  o f '  

( e ) ,  Evaluat ion of RadiatiGn Problems RclJtir ig t o  S p e c i f i c  Fuel  I_-.--..------..----- 
Rod F'roposLls. The e f f g c t s  of f i s s i o n  pro2ucts on t h e  b o i l e r  and blower 
can be approximntad dirctct ly  f r o m  the lumped c h s r a c t e r i s t i c s  given i n  
Table VI11 and F igure  95, 
a v L i l a b l e  i s  1 2  &fev per f i s s i o n ,  The v a r i a t i o n  of t h e  r a t e  cf energy 
emission wi th  time i s  given by 

--.-- 
The t o t a l  be t a  and gnmw r z d i o a c t i v e  dec~.y energy 

M~v/ (  s e c . ) ( f i s s io .- ) . = -2.66 t-la2 

Since the n u c l e i  Boming from the f u e l  rod ( r e c o i l s  excepted)  s r e  omit ted i n  
vi l r icus  s a g e s  c f  dGcay, t he  a c t u a l  ave r sge  r a t e  of energy emission i n  t h e  
helium per f i s s i c n  i s  l e s s  thar. thlt f r o m  t h e  r e l s t i c , n  Lbove. The i n t e g r a t e d  

only 20% f o r  emissicn i n  t h e  helium i f  t h e  d i f f u s i o n  p rccess  de l ays  the  
en t r ance  o f  the f i s s i o n  products i n t c  t he  h e l i u n  by t h i s  amount, 
d a t a  r i v i n g  the d i s t r i b u t i o n  o f  f i s s i o n  product  age and1 type i n  the d i f fuse2  
f i s s i o n  products wculd be r equ i r ed  t o  determine the  aveknge percent of 
r e s i d u a l  decay energy e n t e r i n g  thc helium but t h i s  i s  ha rd ly  j u s t i f i e d  i n  
view o f  t h e  minor i n p c r t m c c  of t h i s  f a c t c r .  Neglect  of t h i s  f a c t o r  would 
in t ro2uce  a f a c t c r  o f  s a f e t y  of s b r u t  2-5 i n  f i n a l  ? s t i m t e s .  

'energy per  f i s s i o n  f o r  t he  f i r s t  hour arnouats t c  80% of t h e  tc.tal l e i v i n g  

Experimental 

c. 
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The basis used to es t ima te  t h e  a c t i v i t y  i s  t h a t  t h c  t c , a l  6ecay 
energy emit ted i n  the  helium i s  roughly p r c p c r t i o n a l  t c ,  . the f r a c t i o n  of f i S S i , m  
products d i f f u s i n g  and r ac r j i l i ng  i n t c  t h e  h e l i u n  and t h a t  t h e  decsy r a t e  i s  
i n  e q u i l i b r i u m  wi th  the  r a t e  o f  d i f f u s i o n .  

FrJr ;I. p i l e  pcwer o f  4000 K w ,  we have.1.2 x l O l 7  f i s s i o n s  per s ec .  
- making a v a i l a b l e  a p o t e n t i a l  deczy energy of 1.4 x loz4 ev. per  S C C .  If 

0.3% d i f f u s e s . i n t o  t h e  helium we have 4.5 x loz1 ev. per sac .  i n  t h e  helium 
o r  4.5 x 1013 ev. per  s ec .  per cc. of helium based on 4000 cub ic  f e e t  of 
helium. Under d i s c u s s i o n  o f  r a d i a t i o n  t e s t s  on l u b r i c a n t s ,  i t  was pcinted 
c u t  t h a t  s h i e l d i n g  e f f e c t s  o f  t h o  blcwer compo:ie t s  cculd be expected t o  
reduce t h i s  by ano the r  f a c t o r  o f  10 o r  4.5 x 10 eve per s ec .  per CC.  This 
i s  an  upper l i m i t  o f ' t h e  amc.unt of energy p e r . c c .  which t h e  blower ccmpnnents 
can absc. b,  Since a r a d i a t i o n  dose of  1 watt-hour per  C C .  ccrresponds t o  
2.2 x 10 ev. per cc. it i s  e v i d e n t  t h a t  m e r  10 sec .  would be re u i r e d  t o  
accumulate a maximum dose. Fc!r l u b r i c a n t s  a n  e x p s u r e  per iod o f  10' Sec. 
would s t i l l  be w i t h i n  r e a s o n  t h e r  by showing a f a c t o r  o f  s a f e t y  of 10 . For 
e l e c t r i c a l  i n s u l a t i c n  a t  l e a s t  10 sec .  (3  y r . )  exposure would be d e s i r a b l e  
b e f o r e  d e t e r i o r a t i o n  due t o  r s d i a ; i o n  might be exp;-ctod. n?li.s f i g u r e  i s  
s t i l l  s a f e  b y  a f a c t c r  c,f 10 over t h a t  c % l c u l a t e ?  for t h e  p i l e  o p e r a t i c n ,  
S a t i s f a c t o r y  s e r v i c e  may be expected f r o m  bc tn  l u b r i c j n t s  s.nd i n s u l a t i o n  
used i n  t h e  helium c i r c u l a t i n g  bloiver b u s c l - c n  Be0 f u e l  r cds  i n  the p i l e ,  

1f 

5 2  9 

4 
8 

The s u b s t i t u t i o n  o f  bare  g raph i t e  u n i t s  i n  placc ?f Be0 would probably 
decrcase the s a f e t y  f a c t c r s  given by 10 o r  so due tn t h e  grca*ter  p c r o s i t y  
o f  g r a p h i t e  r e s u l t i n g  i n  h ighe r  Z i f f u s i c n  r a t e s .  S a t i s f l c t c r y  c p e r a t i o n  
wi th  g r a p h i t e  f u e l  can be expected a t  l c s s  than  4000 Kw.  Radi-ition su rveys  
made below 4000 Kw. can be used t c  detc,rainc t h s  m x i m m  cpc ra t ing  l e v e l  
w i thcu t  causing d e t e r i c r a t i c n  o f  e l e c t r i c a l  i n s u l n t i n n .  

0 
The r a t e  c,f iGdine and xencn cl i f fusion nay be s u f f i c i e n t l y  r a p i d  

from g m p h i t e  t o  e l imina te  , tc .  a l a r g e  degree t h e  poisonicg e f f e c t  of xciic,n. 
A helium p u r i f i c a t i s n  cyc le  c,pert:ting a t  ci r a t e  t c .  p u r i f y  all t h e  helium 
once per hc,ur would reduce t h e  pciscning e f f e c t  t c  an a p p r e c i a b l e  degree 
s i n c e  the e f f e c t s  of xenon a r e  delayed s s v e r a l  hcurs because o f  t he  6 hr. 
half-life o f . . t h e  iod ine  p recu r sc r .  If t h i s  b e b v i c r  a c t u a l l y  t u r n s  out t o  
be an advantage .in p i l e  0perat ic .n  .then 2,t i s  i n  the i n t e r e s t  c f  eccnomy and 
e f f i c i e n c y  t o  ope ra t e  w i t h  t h e  hel iur i  a t '  the  h i g h e s t  t o l e r a b l e  level of 
r a d i o a c t i v i t y  which i s  f ounc e x p e r i m e n h ' l l y  f e s s i b l e i  

10, P u r i f i c a t i o n  Sys tea.  

a. General Requirements. Success fu l  p i l e  c p e r a t i c n  w i l l  be  highly 

These i m p u r i t i e s  a r e  n c t  r n l y  in t r cduced  by commercial helium used 

-- 
dependent on the amount of d e t r i m e n t a l  fmpur i t i e s  contAined i n  the  helium 
system. 
b u t  a r e  fcrmcd i n  the system by v r l l a t i l i z a t i o n  o f  and by chemical reacti.cn 
between p i l e  m3. t e r i a l s .  

The design of s u i t a b l e  p u r i f i c a t i o n  f a c i l i t i e s  i s  depen6ent on 
knowledge cf  amount dnd types of i m p u r i t i e s  cxpt.cted and t h e  amounts c f  
each which can be t17lerated. Ecth t h e s e  ques t ions  a r e  d i f f i c u l t  t o  a s c e r t a i n  
i n  themselves 2nd a l a r g e  p a r t  cf  t he  wnrk t o  ? a t c  on thc p u r i f i c a t i o n  system 
has been expended i n  an  a t t empt  t c  answer t h e s c  q u e s t i s n s .  
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Table XVI l i s t s  t h e  impuri ty  t c l c r s n c c s  t e n k i t i v e l y  e s t a b l i s h e d  f o r  
t h e  d e s i g n  G f  t h e  p u r i f i c a t i o n  system. 
d a t a  and a r e  being r e v i s e d ,  2.s mcrc d a t a  bocomes Avai lable .  

These t n l e r a n c e s  afie based on l i m i t e d  

Considerat ion was given t c  a nunber cf  f a c t c r s  i n  s e t t i n g  t h e s e  
t o l e r a n c e s ,  t he  abst7rpticn c r c s s  sect ic .n  o f  t h e  i inpurity and i t s  e f f e c t  cn 
neutron economy and p i l e  c c n t r o l ,  induced c c t i v i t y  as  a r e s u l t  c,f n u c l e a r  
r e a c t i c n s ,  t he  c a p a c i t y  of the p u r i f i e r ,  and  p a r t i c u l a r l y  t h e  a c t i c n  c f  t h e  
impur i ty  on p i l e  m t e r i a l s .  

On t h i s  basis a to )e r snce  c f  0.1% was e s t a b l i s h e d  fr;r nitrog6.n- 
Remeval o f  n i t r o g e n  f r o m  t h e  system i s  n c t  expected t c  be a s e r i c u s  problerne 
Helium introduced i n t o  t h e  p i l e  system w i l l  prcbably have less  thdn 0.05% 
n i t r egon .  There i s  l i t t l e  l i k e l i h o c d  t h a t  a d d i t i o n 2 1  n i t r o g e n  w i l l  be 
intrc,duced during p i l e  opora ti on. 

The r e a c t i c n  betweer. CO and Fe w i l l  be of  n c  consequence providing the 
c o n c e n t r a t i o n  of CO i s  l e s s  than 0.1%. A t  t h i s  c o n c e n t r n t i c n  p o s s i b l e  
carbon d u s t i n g  cLused by t h e  r e 3 c t i n n  2 C O  3 C 0 2  + C w i l l  be n e g l i g i b l e  
because o f  cheinical k i n e t i c  l i m i t 2 t i o n s .  

The oxygen concentrcltj.cn R u s t  be k e p t  lcw i n  r r d e r  t o  prevent t h e  
a ium frcm f u e l  elements because n f  t he  r e g c t l n n  U02 f 1/2 02- 

loss(y')~'gf. uo3 
da ta .  I t  i s  n c t  expected t h a t  t h i s  l o w  tcli.;rancc. f o r  nxygen w i l l  be d i f f i c u l t  
t o  maintain.  
e t c . )  exposed. t o  t h e  hc.t c c 5 l a n t  w i l l  tend t c  rerx.ve cxygan. 
t r g t i c x s  c.f hydrogen an2 hydrocarbons will probsbly be p r e s e n t  2nd a s s i s t  
i n  the r educ t ion  of cxygen con ten t  by c c c v e r t i n g  i t  tc. HzO which can be 
r e a d i l y  remcved. 

The t o l e r a n c e  o f  4 x given for O2 o s  based on experimental  

Oxidat ion cf  the l a r g e  a r e a s  n f  met-1 s u r f s c e s  ( d u c t s ,  b c i l e r s ,  
Small cnncen- 

The r e a c t i o n  between Be0 and HZO r e s u l t s  i n  t h e  v o h t i l i z a t i o n  cf 
B eo (20) a 

c e r t a i n l y  be n e g l i g i b l e  a t  H20(151. ?,kintenz\nce r f  t h i s  c o n c c n t r a t i c c  
o f  wa te r  vapor w i l l  n o t  be d i f f i c u l t .  I t  can bc donc by a n  e l e c t r o d r y e r  
employing A12o3 and c p e r a t i n g  a t  200 atmospheres. 
a d s o r p t i o n ,  t h e  methcd recomqended, mly reduce t h e  c c n c e n t r x t i c n  of m t e r  
much lower than 

I t  has been c s t i n a t e d  t h a t  t h e  q u a n t i t y  c f  BsO v r l A t i l i z e d  w i l l  

Lcw t enpe rL tu re  charcczl  

Unless a s p a c i a l  f 2 c i l i t y  i s  prcvidcd f c r  hydrngen remcval, i t s  
c o n c e n t r a t i o n  m y  approsch 0.1%. 
the  helium m y  be advantageous: t h e r e f c r e  i c  i s  f e l t  t h a t  no need e x i s t s  
f o r  s p e c i f y i n g  a t o l e r a n c e  l e s s  than 0~1%. 

Actua l ly  a s l i g h t l y  reducing ten2ency i n  

The t o l e r m c e  f o r  a r g m  i s  s e t  a t  0.01% because t h e  c o n c e n t r i t i m  
o f  argon can very r e a d i l y  be kf-pt below t h i s  vzlue.  The cnncen t r a t ibn  o f  
Argon shculd be k e p t  lcw i n  c r d e r  t o  keep t h e  induced a c t i - r i t y  LcwI 
o f  O , O l %  i s  t h e  tc, lerance f c r  a rgon  i n  helium use? I t  the  bnffcrd Engineer 
Jorks. 

A va lue  

Discus!:;? of  i m p u r i t i e s  which nay sppez r  during p i l e  riperation i s  
g iven  elsewhsrc . A t  a conference held wi th  D r .  P.H.Emmett of t h e  lllellon 
I n s t i t u t e  f o r  I n d u s t r i a l  Research, Chenicdl P u r i t y  requireme 
f r o m  3. thermcdynamic point  of  v i ew( l8 ) .  p 
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b ,  Development Problems. Befcre  a. f i n a l  d e s i g n  can be prep:3red --- ---- 
f o r  t he  p u r i f i c a t i o n  system a c e r t a i n  amount cf e x p e r i n e n t s l  2nd t h e c r e t i c 2 1  
wcrk remains t o  b e  done, This wrlrlc fills i n t c  s i x  gener2l  c a t e g r r i e s ,  work 
on impur i ty  t o l i r o n c e s ,  p u r i f i c a t i o n  of c h e n i c i l  impurities, p u r i f i c v t i o n  
cf  f i s s i o n  and decay products,  fo rnJ t i c .n  o f  i m p u r i t i e s  i n  the  p i l e  during 
ope ra t ion ,  a n a l y s i s  and in s t rumen ta t ion ,  and d c r d s s i f i c r t i c n .  

The fol lowing s e r i e s  o f  experiments a r e  propcse6 t c  f i l l  i n  t h e  gaps 
i n  t h e  p r s s e n t  i n fc rml t ion :  

(1) Impurity Tolerances 

(a) Deta i l ed  s p e c i f i c a t i o n s  f o r  actdi t innal  t e s t s  t o  
i n v e s t i g a t e  t h e  r e a c t i o n  U02 
of Uranium have been w r i t t e n  t i g n  ccncsrning t h e  

r e s u l t a n t  v o l a t i l i z a t i c n  

v c l a t i l i z a t i o n  of' U r a n i m  frcm f u e l  i s  gocd b u t  u n f o r t u n a t e l y  
i s  n o t  complete as rez;.;srds t h o  tempcrature e f f e c t  on t h e  r a t e  of 
r e l c t i o n .  
t h e  e f f e c t  o f  temperature,  2nd  also. t c  su.pply c t h e r  . i n f c r m t i o n  
such as  t h e  e f f e c t '  o f  BOO. 2e:isity ori v c l a t i l i z s t i c n  c f  ccntained 
Uranium, e f f e c t  cf uo2 ccncen-tr1tic.n :ind e f f e c t  r,f specimen geometry 
on l o s s ,  
s t u d i e s  should be m a d s ,  

?&re sxpcrimenkal,. work shculd bs  un6ertaken t o  determine 

S m e  i n f o r m t i c n  e s i s t s  r:z t h c  l a t t e r  b u t  n c r e  c c n p l e t e  

( b )  The r e s u l t s  of a n  i n v c s t i , >  ,Mti;,l)cf t h e  r e a c t i c n  
bebtcen steam and Be0 have bean summarized A L t  t h a t  t i n e  m r k  
was i n  progress  t c  c'etcrmine t h e  e f f e c t  ctf Y20 p a r t i a l  p re s su re  on 
t h i s  r e a c t i o n ,  Apparently nr  r e s u l t s  of  p e r t i n e n t  i n t e r e s t  have 
s i n c e  been rb t a ined (22) .  
hcur  for differen ' ;  t em2crs tu r i s  a t  2 g of F$O flcvr and u t  1 atn. 
p re s su re  a r e  Eivcn belcw: 

The l o s s  o f  Be0 exFressed i n  3 lr\ss p6r  

Teinpers t u r e  
P % Lo@lr -- 

10-5$/hr ( e x t r a  po 13 t e d  ) 700GC 

3.6 

' 2.6 

9 x  

A t o l e r a n c e  
co c l a n  t f o r  
i s  be l i eved  

x 10-3 (axtrapc1a t e d )  10000c 

i 10-1 ( e x p e r i n c n t a l )  1400cc .' 

10 -1 ( ex pcir ime 3t.a 1 ) 1540Oc 

o f  
Be0 f u e l  rods a t  a ,%ximum t m p r a t u r e  d f . l O O O ° C .  I t  
' tha t  t h i s  t o l e r a n c e  i s  tc-c ccnse rva t ive  an2 t h e r e f o r e  

has been b s t x b l i s h e d  f e r  H20 i n  the helium 

l i f e  t e s t s  a r c  prcpcscd t o  determine t h e  s f f c c t  o f  %O par t i21  
p res su re  on Be0 l c s s  .it 1000°C. 

( c )  The t c l a r a n c e s  f o r  22 and hyd-rccarbcns t o t a l  0.2%. 
Tnis t(:lerancc i s  so,mcvdiat a r b i t r a r y 0  On..; hss i -b t e s  t o  s e t  a higher  
t o l e r a n c e ,  i , e .  a t  1g9 without  g iv ing  t h e  problem more thorough 
s tudy .  This tolerrlnco i s  i n p o r t a n t  beciuse nt  t h c  p r e s e n t  time it 
appears  t h a t  hydrocarbons w i l l  be tho  ch ie f  impuri ty ,  3ydrccurbnn.s 
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w i l l  be formed from l u b r i c x t i n g  c i l s  l eak ing  i n t c  the  c o c l a n t  3t a 
poss ib l e  ra te  Study c f  t h e  c i l  
leakage shculd s l s o  be  made because t h e r e  i s  3 gqod p o s s i b i l i t y  t h a t  
a c t u a l  leakage may f a l l  fdr s h c r t  o f  tho t t- , lerance Of 2 cc per hcur. 

.. 
c f  2 cc per  hour f r r  cAch blower. 

( d )  If adop t ion  of less  s t r i n g e n t  t o l e r3nccs  i s  permiss ib le ,  
t h e n  it may be  poss ib l e  t o  a d v i s e  t h a t  cont inucus p u r i f i c < t i o n  i s  
no t  necesszry ,  exc luding  t h e  p r o p s i t i o n  c f  f i ss i . cn  prcduzt  removal4 
A s u b s t a n t i a l  sav ings  can be r e a l i z e d  i n  t he f i n a l  des ing ,  ccns t ruc -  
t i o n ,  and operat i f in  of t h e  p i l e  i f  the r e s u l t s  c f  s t u d i e s  and 
experiiments permit  t c l e r a n c e s  which can be  met w i  t h c u t  cont inucus  
pur i f  i c a t  i o n  . 

( 2 )  P u r i f i c a t i o n  - Chemical Impur i t ies .  .-- B e t t e r  c c s t  e s  t im tes 
f o r  helium p u r i f i c a t i o n  than  those  made t o  da t e  should  be obta ined .  Air 
Reduct ion Sa le s  Company has ..de a 
cha rcoa l  a d s o r p t i o n  
infcrrn;ltion bu t  i s  n o t  as  d e t a i l o d  3 s  i s  r lcs i rab le .  I t  merely 
supplements t he  prev icus  c o s t  es t imte .  

t u d y  o f  c c s t s  f o r  low tempcrs ture  
This estimate g ives  a d d i t i o n a l  

(17 ) (24 )  Two t r i p s  t o  t h e  X m r i l l o  3 e l i u m  Pl.:?.nt hnve becn made 
and informat ion  concerning f a c i l i t i e s  und p-c.rsr:nnsl r i v s i l ab le  a t  t he  
Amari l lo  Helium P l a n t  was o b e i n e d .  As a rc : su l t ,  a propos i t i on  r e q u e s t i n g  
development and. prel iminary.  des ign  w i l l  be  p rep r$c?  and i t  i s  expected 
t h a t  it w i l l  r e c e i v e  f s v e r a b l e  a c t i o n  b y  t h c  Buresu o'f Vines. 

By v i r t u e  of  t h i s  p ropos i t i cn ,  t h e  3urea.u o f  hfices wbuld be 
au thc r i , ed  t o  i n v e s t i g a t e  t h e  fc , l lowing prcblens. 
should t h e  cha rcos l  be  r e f r i g e r a t e d ?  
been e s t ima ted  b u t  i t  may n c t  be r x c e s s s r y  t o  gc; t h a t  l ow t o  o b t a i n  
s u f f i c i e n t  pu r i ty .  
t r e a t e d  w i t h  a c t i v a t e d  c h a r c m l  a t  d i f f e r e n t  temperatures  n u s t  be 
obta ined .  
h igh  o r  low pressur?  p u r i f i c a t i o n ,  
p l a n t  w i l l  be l ess  and therefore requi re  less costly s h i e l d i n g  b u t  
maintenance and s a f e t y  f a c i l i t i e s  w i l l  be mc.re c o s t l y .  
c o s t  d a t a  on helium p u r i f i c a t i o n  a s  a f u n c t i o n  .of p u r i f i c a t i o n  ra te  i s  
a l s o  needed. 

Tc: what tempera ture  
A tempera ture  c, f  - 190°c has 

Be.tter f i g u r e s  fc.r t h e  impur i ty  a n a l y s i s  o f  hel ium 

One cannc.t  s a y  a t  t h e  present  t ime which i s  more economical - 
The physkcal s i z e  o f  a h igh  p res su re  

&re  a c c u r a t e  

(3) ? u f i f i c a t i o n  - F i s s i o n  and Iecay  -- Products ,  The r a d i c -  -- 
s c t i v i t y  hazard a s s c c i a t e d  w i t h  t h g  use of c i r c u l a t i n g  helium c c o l a n t  - 

i n  c o n t a c t  w i t h  v a r i o u s  types  o f  h c t  f u e l  Glomcnts must be more ca re -  
f u l t y  a s c e r t a i n e d  t h a t  it has  beeii h i t h e r t c ,  

3 e s t ima ted  t c  range from a minimum of 3. few t e n t h s  o f  a c u r i e  per f t .  
t o  thousands of  c u r i e s  per c u b i c  f c c t .  I t  i s  g e n e r l l l y  be l ieved  t h a t  
such e s t ima tes  a r e  unduly p e s s i m i s t i c  and t h e r e f o r e  u n r e a l i s t i c .  
i n s t a n c e  i n  Gne d c s i c n  o f  a f u e l  l aad ing  mechcnisn, t h i s  problem was 
approached by s e t t i n g  3. t o l e rance  o f  0.1 c u r i e  f o r  cubic  f o o t  (S.T.P.) 
f o r  t h e  helium cco lan t .  I t  i s  Recesszry t r .  determine f i r s t  t h e  magnitude 
and c h a r a c t e r  of t h e  d c t i v i t y  and s e c m d  t h e  r educ t ion  i n  a c t i v i t y  th$,t 
can  be  obtained b y  crn t inuous  p u r i f i c n  t ion .  

The a c t i v i t y  hzs been 

I n  one 

h 
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A 

.- :ir!wever, , t h i s  po in t  shcu ld  be f u r t h e r  . i ~ v c s t i g ~ t e d .  Such a n  
inves  t i ga  t ic r ,  * ; v i l l ,  be nlore use fu l  inrhen t h e  r e s u l t s  c f  .the Experiment 
desc r ibed  i n  the preceding pnr;?graph a r e  s v a i l a b l c .  Although c;nly Te, 
I, an6 Xe wsro determined a s  vg. l - t i l e  c o n s t i t u c n t s  o f  hel ium :nrhi.ch h a d  
been passed  over hc:t i r r a d i a t e d  9e0 c c n t n i n i n e  uruni-urr? 2 3 5  a t  Chicagc(?.'), 
the p o s s i b i l i t y  r e m i n s  t h a t  o th .e r  v o l a t i l e  c m s t i t u e n t s  a r e  n c t  
exc ludtd  by t h e s e  experiments.  
p a r t i 3 1  pressures i n  t h e  pmwr p i l s  cc>c.lan.t, a nuhiker of  f i s s i o n  anc  
decay prochcts  m y .  e x i s t  p r i n a r i l y '  .in t h e  vapcr phzse. 
f i s s i c n  2rc.d f r p n  Ursniun n e t a l  as  3 f u n c t i c n  of tenporLtu.re has 
basn s tud ied  

. 
A t  the high  t a n p s r a t u r o  and at 1c 'w 

L'he less c f  

The r a d i o a c t i v i t y  hazard &-y beccme less  se r i c ,u s  a s  nnre  progress  
i s  mads i n  devo'lc?ing impernesSle fuel elements:  
and e x p e r i s e n t s  which i r e  rsccniicnded shc.uld s t i l i  be c a r r i e d  out.  
Design s t u d i e s  a?;d c c s t  c s t i z z t e s  from Air Reduct ion Sales  and t h e  
Burelu sf Kines w i l l  hava tr!  be n c d i f i e d  tc  inc luge  s h i e l d i n g  and 
f a c i l i t i e s  f o r  handl ing  and. d i s p a s i n g  ,:.f radicact io .e  m t s r i : z l s .  

Rc?:evc,r, t h e s e  ' s tud ios  
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0 

Consu l t a t ions  wi th  o t h e r  concerns wi th  exper ience  i n  t h e  f i e l d  of rdre 
gas p u r i f i c a t i o n  a re  a l s o  plarmed. 
Company and t h e  Rare G s s  D i v i s i o n  of t h e  General E l e c t r i c  Company m y  
be  a b l e  t o  g i v e  s u b s t a n t i a l  a s s i s t a c c e o  The Genersl  E l e c t r i c  Company 
i s  c u r r e n t l y  o p e r a t i n g  a sh i e lded  helium p u r i f i c a t i c n  p l e n t  a t  B n f o r d ,  
Vbshington, us ing  r e f r i g e r a t e d  s c t i n t e d  ch2rcoa l  under cond i t ions  
s imilar  t o  t h o s e  expected on t h i s  p r o j e c t .  

For sxample, t h e  Linde A i r  Products  

( 4 )  Formation of Impur i t i e s  i n  t h e  P i l e  du r ing  ___-_.- Operkition. -*.. More -- - 
experiments a re  r equ i r ed .  Q u a n t i t i e s  and i d e n t i e s  o f  t h e  viirious g s e s  
which may be desorbed from mcderator ,  breeding,  snd  f u e l  m a t e r i a l s  
must be exper imenta l ly  determined, PGssible format ion  o f  02 from t h e  
decomposition of  Be0 under radia ' t ion and f i s s i o n  product  damage cond i t ions  
should ,  a l s o  be  inves t iga t ed .  
concerning the  deccmpcsi t ion of  Be0 b y  r a d i a t i o n  a r e  n o t  conclusive.  
Other  p i l e  m a t e r i a l s  snd .propcsed  and poss ib l e  f u e l  m a t e r i a l s  need be  
i n v e s t i g a t e d  from the s t andpo in t  G f  gas evo lu t ion  caused b y  decomposi- 
t i o n  brought abou t  by r e d i a t i o n .  

Experimental  r e s u l t s  which a r e  a v s i l v b l e  

(5) Analys is  & Ins t rumentz t icn ,  Although d 2 t a  on t h e  performance 
-.---_I---.--. I .-.- - 

of  t h e  mass spec t rograph  'h.1~ besr. obtained from t h e  Consol idated 
Engineer ing Company, t h e r e  s t i lY  i s  uns-olvcd t h e  prcblcra o f  adap t ing  
t h e i r  ins t rument  f o r  Amlys is  of gases  -containin{; rndictlc t i v e  i m p u r i t i e s  . 
The manufac turers ,  ?Jestinghouse,. Geiierzl E l e c t r i c  Comp:iny and Consolida ted  
Engineer ing Compzny must be ccnsultec! as  t o  t h e  perform&nce t h a t  can be  
expected under i o n i z i n g  cond i t ions  (E'. P. decay)  and a l s o  under t h e  
handicap o f  poss ib l e  i n a c c e s s a b i l i t y  of p r t  cf' the  equipment because 
o f  r a d i c x c t i v i t y .  Exp.eriment3.1 t e s t s ,  i f  neses sa ry ,  shculd  b e  c a r r i e d  
o u t  . 

. Baird Assoc ia t e s  i n  Cambridge, E s s z c h u s e t t s  should be 
f u r t h e r  consul tcd  and reccmnendakions obta ined  concerning use o f  i n f r a -  
r ed  a p p a r l t u s  f o r  a n a l y s i s  of  i m p u r i t i e s  i n  the power p i l e  coo lan t .  X 
s p e c i a l l y  dehumidif ied i n f r a  r ed  z n a l y s e r  should be developed f o r  %O 
a n a l y s i s .  Instruments  t o  monitor t h e  a c t i v i t y  of t h e  c o o l a n t  have n o t  
been given s u f f i c i e n t  cons ide ra t ion  ye t .  

( 6 )  Degzss i f i c s t ion .  The method f o r  d e g a s s i f i c a t i o n  of t h e  
p i l e  recornended by A i r  Reduct ion Sa les  Company r ep resenQt ives  i s  
o u t l i n e d  i n  t h e  Descr ip t ion .  However, t he  problem o f  degassing t h e  
p i l e  a t  t h e  s b r t  up should be g iven  more c a r e f u l  cons ide ra t ion .  
Therefore ,  i t  i s  proposed t h z t  n e g o t i a t i o n s  be  s t a r t e d  w i t h  t h e  
l h t i o n a l  Research Corporat ion,  i n  Boston, jhss. t o  l e d r n  how much 
a s s i s t a n c e  t h e y ' a r e  w i l l i n g  t o  g ive .  
i s  pre-eminently q u a l i f i e d  by exper ience  w i t h  s i n i l a r  probl8ms t o  
make s p e c i f i c  recoinmendations as t o  procedures ,  pumps, d i f f u s i o n  
pu~iips ,  e t c .  

I k t i o n a l  Research Corporat ion 

, 

C. A l t e r n a t e  Designs.  Tkible X V I I  i s  a l i s t  of o the r  methods of - gas p u r i f i c a t i o n  which m i g h t S e  uscd t o  p u r i f y  hclium. The p o s s i b i l i t y  o f  
u s ing  CI drye r  and a c t i v a t e d  cha rcos l  wit t o  dehumidify and t o  dcoxygenste 
t h e  coo lan t  was r e j e c t e d  b y  r e p r e s e n b t i s e s  of  A i r  Reduct ion Sa le s  Company 
because of t h e  i n a b i l i t y  t o  remove CO. 

A 
Use of czlcium metal  i s  2 p o s s i b i l i t y ;  

- 191 - 
8 
t. 

\< 



however, a v a i l a b l e  experimental  d z t a  does no t  warran t  i t s  use ,  Uranium 
meta l  t u rn ings  have been einployed. s u c c e s s f u l l y  t o  c lean-up i n e r t  gases on a 
l a b o r a t o r y  s c a l e .  I t s  use on a l a r g e r  s c a l e  has n o t  been explored.  The 
f a c t  t h a t  i t  forms s t a b l e  s o l i d  products w i t h  n e a r l y  a l l  t h e  i m p u r i t i e s ,  
N2, %, 02, CO,  and €$O, t h a t  may be p r e s e n t  sugges ts  t h a t  an experimental  
program t o  develop i t s  use on a l & r g e r  s c a l e  would be worthwhile.  Uranium 
i s  not  t h e  on ly  metal which might be used. 110, Cb, L i ,  Mg, and o t h e r  meta ls  
also should be cons ide red .  i n  such a n  i n v e s t i g a t i o n .  

Some o f  t h e  products  of  r eac t ions  o f  metals w i t h  gases a r e  s t a b l e .  
Regenerat ion o f  u r a n i m  f o r  reuse  wi thou t  removing i t  from t h e  system ( i . e . ,  
similar t o  a c t i v a t i o n  of  charcoa l )  would seem imprac t i ca l  , 
of l a r g e  q u a n t i t i e s  o f  i m p u r i t i e s  m y  be p roh ib i t i ve . .  
of i m p u r i t i e s  expected i n  the  coo lan t  my we l l  be  b e s t  rcnoved by r m c t i o n  
w i t h  a meta l .  Th i s  problein should be i n v e s t i g a t e d .  ? r e sen t  d a t a  i s  l i m i t e d  
t o  l a b o r a t o r y  s c a l e  p u r i f i c a t i o n  and use o f  t hese  meta ls  as  g e t t e r s  i n  
vacuum tubes .  There i s  s u f f i c i e n t  need f o r  a n  inexpensive means of c leaning  
hel ium coolant  o f  i m p u r i t i e s  t o  mrrarit sone r e s e a r c h  and development work. 

Therefore ,  remcval 
The srli311 q u a n t i t i e s  

d,  S t a t u s  o f  Design. The problems cormected w i t h  hel ium p u r i f i -  
c a t i o n  and i m p u r i t i e s  d e t e c t i o n  have been Giccusscd with rc i?resentat ives  of  
t h e  Bureau o f  Izines, A i r  Reduction S a l e s  Ccnpny ,  I n g e r s o l l  Rand. Company, 
General  E l e c t r i c  Compilcy i n d  Bailey i k t i r  Coqnny. 

Pre l iminary  s t u d i e s  h ive  bcen nade of' p u r i f i c a t i o n  methods, p u r i f i -  
educ t ion  of cco lxn t  r a d i o a c t i v i t y ,  and 

Xlthough a s a t i s f a c t o r y  d e s i c n  f o r  helium p u r i f i c a t i o n  equipment 
based on a v a i l a b l e  data  could be  preparcd i n  s e v e r a l  months, it would be  
necessary  t o  conduct the  s t u d i e s  and experimcnts cut l i r -ed sbovc b e f o r e  a 
completely Idequa te  and econon ic i l  des ign  could be a s su rcd .  

-- 
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TABLE XVI 

CCECENTRX TIOXS OF IlPUIII TIES Ii; HELIUE C O C L d i T  

a n a l y s i s  c f  
L i q u i d  A L i r  

Othcr C O C \ l C d  

r in i lys i  s c f  f o l s x n c e s  lili3ss Spectrometer  Ins t ruments  CkLrcoa l  
Cc;. n-, r 75 ?1 I ' O T  Limi ts  o f  De tec t ion  L i m i t s  o f  r ' u r i f i ed  

He 1 i um 

. O 2  0.02 -0 14 ron  d e t .  

co2 0 .00-0.05 0,02 2 x 1 ~ - 2  M O - ~  non d c t ,  

CO o.C)o-0.03 0 08 4 ~ 1 0 ' ~  8x10e3 K I - ~ ( , )  0.1 

0.00-0 c 10 10.-5 2 . 5 ~ 1 . 0 - ~ ( d )  non d e t .  H2 0 

'TZ 0.03-0.1 0 , l  10~10-~ 2 0 ~ 1 0 - 3  1.0 ( e )  0.1 

CH4 + hydro- 
carbons 0.01 0 , l  3x10-' EO? d e t ,  

a. "Thermal Gas Arillyzer" Gener.11 E l e c t r i c  Corcpany 

b. "Type C 0xy;sn Ind ica to r "  
"Oxygen Indicn t o r "  
"Oxygen Ind ica to r "  
"Oxygen Indica tor"  

C .  " P h o t o e l e c t r i c  CO Detector ' '  
" G O  Ind ica to r "  

In f r z - r ed  a ,nalyzsr"  

bmarican Ins t rument  Compny 
?Erie Scifety Lipplimice Company 

. ~ ~ i r  Reduckion C o n p n y  
Eeckmn Laboratory 

Un ive r s i ty  o f  V i rg in i a  
Xa ti o nG 1 I3 u r  C& u S t 2nd A r d s 
Caird i i s soc ia teS ,  Canbridge, 

Ikss. 

d .  "Xater  Vapor Indicator ' '  
"Dew Poin t  Recorder" 
t i  1nf'r:i-red Spectrometer  

kmorican Instrument  Company 
General E l e c t r i c  Company 
E.I.duPont do !',:emours BC Co. 

Gencral E l e c t r i c  Company e.  "Thermal Gas .'inalyzer" 

f "X-Ray Photometer" 

n 
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TABLE XVII 

Ac t iva t ed  Charcoal 

. .  

Dryer P:: Act iva ted  
Copper 

Uranium I& t a  1 

Ca , Li , Na , Ng . Me t a  1 s 

Act iva ted  Charcoal 

D i  f f us i o n  Ca s cade 

Absorpt ion i n  F a t s  

E lec t rod rye r  

Ac t iva t ed  Alumina. 

F l o r i t e  Dess i can t  

S i l i c a  -gel  

S o l u t i o n  1 7 A  

Propionic  Anhydrite 
P205 Charcoal 
Res in  #1124 

9L~i'ibTi~C TURER REU'LRKS REFERENC h - 
G E N E R A L  P U R I F I C A T I O N  --- -.--- --- 
To be determined Method recomonded (29)  (30) (31)(32) 

Air Reduction Sales Does ho t  remove CO 
C ompa ny 

Used f o r  l a b o r a t o r y  Removes n e a r l y  a l l  (33 1 
clean-up o f  i n e r t  i n p u r i t i e s  

gases  

Used f o r  l abora to ry  Removss most ( 2 9 ) ( 3 1 )  ( 3 3 )  
clean-up o f  i n e r t  i rnpur i t ics  

gascs  

REDUCTICN GF F b D I O A C  I'IVI TY 

To be determined Recormended (25)  (34)  

Proposa l  of u s ing  (35) 
czscade s i n i i l a r  t o  

Suggested method f o r  (36) 
c leanup o f  f i s s i o n  

products  

K-25 type 

D E H U 3 I D . 1  F I C i~ T I 0 N 
-_L- 

F i t  tsSurgh Eec t rod rye r  -1050 dew po in t  B tnufac tu re r s  
P i t t s b u r g h ,  Pa L i t e r a t u r e  , 

Aluminum Ore Company -105@ dew po in t  Tknufa c t u r e r s  
E;St.Louis, Mo. L i  teru t u r e  

F l o r i d i n  Cbmpany, Inc -10.5' dew p o i n t  I& nuf a c t u  r e r s 
Xarren,  Ps.. Li tera  t u r e  

Davison Chemical Corp. 
Bal t imore 3 ,  M. 

1dbnufactu.rers 
L i t e r a t u r e  

Dow Chemical Cc.npny S o h .  of L i B r  ,CaBr k n u f ' a c t u r e r s  
CnC12 d r i e s  t o  -40°F L i t e r a t u r e  

D d o n t  d e h n o u r s  & Co. Msce l l aneous '  d ry ing  Ivhxuf'acturers 
ugolits sugges tec' by L i t e r a t u r e  
t h e  DuPont Co. 
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11, Power Generating System 

a. e In t roduc t ion .  I n  s e l e c t i n g  t h e  type  of power gene ra t ing  system 
t o  be used, t h e  p o s s i b i l i t i e s  o f  using a gas- turbine-cycle  system i n s t e a d  of 
a s t anda rd  s team-cycle system were considered.  

The main c o n s i d e r a t i o n  which l e d  t o  t h e  choice o f  t he  steam power 

I t  vas f e l t  t h a t  s i n c e  
system f o r  t h i s  p l a n t  i s  the  r e l i a b i l i t y  o f  t h e  steam p l a n t  over  t h e  gas 
t u r b i n e  p l a n t  i n  t h e  p r e s e n t  s t a t e  o f  development. 
i t  i s  t h e  power p i l e  t h a t  i s  t o  be t e s t e d  eve ry  e f f o r t  shduld be made t o  
use f o r  t h e  power gene ra t ing  system, equipment whose r e l i a b i l i t y  can be 
a s su red  a t  t h e  p r e s e n t  time. 

A 

During t h e  sunmer o f  1946, t h e  U.S.Navy o f fe red  t h e  propuls ion 
machinery from one o f  t h e i r  DE-51 Class Destroyed-Escort  Type of Naval v e s s e l s  
t o  t h e  Power P i l e  P r o j e c t  fc r  use as  power generc:.ting equipment con t ingen t  
on i t s  a d a p t a b i l i t y  t o  land i n s t a l l a t i o n .  l i f t e r  i n s p e c t i o n  of  t h e  equipment 
on board of one o f  the s h i p s ,  i t  was decided t h a t  t h e  m c h i n e r y  xas s u i t a b l e  . '  
f o r  conversion t o  l and  i n s t a l l a t i o n  wi th  coxpa ra t ive ly  'minor mod i f i ca t ions  t o  
such th ings  cis t h e  t u r b i n e  governing mechansin and the  condensing equipment. 
I t  was r e a l i z e d  a l s o  t h a t  t h i s  equipment would have t o  b e  supplemented w i t h  
a d d i t i o n a l  i tems f o r  e f f i c i e n t  conversion. The necessary i n s t a l l a t i o n  
drawings and s p e c i f i c a t i o n s  f o r  t h i s  mcchincry, t ogo the r  w i t h  p re l imina ry  
i n q u i r i e s  and s G e c i f i c a t i o n s  on o t h e r  i t e m  o f  p m e r  p l a n t  equipment 
necessa ry  f o r  conversion a r e  now on f 5 l e  -t C l i i t o n  i h t i o n a l  L a b o r a t o r i e s .  

b, P i l e  Load and Energy D i s s i p a t i o n :  The h e a t  energy o f  t h e  p i l e  
i s  converted t o  u s e f u l  e l e c t r i c a l  energy b y  a s t anda rd  power g e n e r a t i n g  
equipment and hence conducted i n t o  t h e  Tennessee Valley i l u t h o r i t y  power 
t r ansmiss ion  system through a p p r o p r i a t e  substxi t i o n s .  It should be pointed 
out  a t  t h i s  time t h a t  i n s o f a r  as s tudying t h e  a c t i o n  of the  p i l e  under 
varying load cond i t ions  i s  concerned. t h e r e  i s  a n  a l t e r n s t e  of s i a p l y  
gene ra t ing  steam and condensing i n  s u i t a b l e  condensers,  r e j e c t i n g  t h e  h e a t  
of condensation t o  t h e  coo l ing  wa te r ,  and r e t u r n i n g  t h e  condensate t o  the 
b o i l e r  f o r  r e p e t i t i o n  of t h e  cycle .  Boiever, while  t h i s  method would 
d i s s i p a t e ,  s a t i s f a c t o r i l y ,  t he  haat, from the p i l e ,  i t  would n o t  s a t i s f a c t o r i l y  
prove t h e  f e a s i b i l i t y  o f  gene ra t ing  e l e c t r i c a l  power f r o m  n u c l e a r  r e a c t o r s  
t o  t h e  p u b l i c ,  nor would it show p rac t i c - i l l y  how a power p i l e  would r e a c t  ko 
changes and su rges  of e l e c t r i c a l  energy i n  a n  a c t u a l  system. 

The f i n a l  des ign  o f  t he  power gene ra t ing  system i s  a combination o f  
both of t h e  above methods o f  energy d i s s i p a t i o n .  Under i n i t i a l  o p e r a t i n g  
cond i t ions ,  the p i l e  would o p s r c t e  a t  long per iods under l o w  loads and t h e  
energy produced would be d i s s i p a t e d  t o  the coo l in& water .  L a t e r ,  as  ope ra t ing  
experience i s  accumulAted and h ighe r  powers a re  gene ra t ed ,  t h e  energy produced 
would go t o  t h e  e l e c t r i c a l  power system. I n  a d d i t i o n  t o  t h c  above f e a t u r e ,  
t h e  presence of extrc. condensing equipment i n  t h e  p l a n t  f u r n i s h e s  a n  added 
s a f e t y  f a c t o r  s i n c e  t h e r e  i s  always equipment t o  absorb surges of power over 
the d e s i g n  c a p a c i t y  o f  t h e  i n s t a l l a t i o n  and should t h e  steam prove dangerously 
r a d i o a c t i v e ,  t o  prevent  r o d i o a c t i v e  con tan in - t i cn  of t h e  surfounding 
t e r r i t o r y  by keepine, t h e  steam i n  a closed system, 
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E. Space Requirements f o r  Power Gener l t i ng  Equipment. Aside from 
b u i l d i c g  f a c i l i t i e s  f o r  t h e  p i l e  a n a  c o n t r o l  equipnent ,  t h e  b o i l e r ,  chemical 1 

I 
s e p a r a t i o n ,  shops , miscel laneous l a b o r a t o r i e s ,  c:zdnge houses ,  s t c .  t he  space 
requirements  f o r  t h e  power genera t ing  equipment a l o n e  J r e  a s  follows. Thc 
main turb ine-genera  t o r  u n i t s ,  a u x i l i a r y  tu rb ine  generz t o r  u n i t s  i nc lud ing  
t h e  helium blower e x c i t l t i o n  s e t s ,  motor-generator s e t s  , main swi tchbol rd ,  
condensing equipment and pumps, c i r c u l a t i n g  wdter  pumps and aux i l i l l ry  
a c c e s s o r i e s  a r e  t o  be loca ted  i n  a. permanent type  o f  b u i l d i n g  seprrratcd f r o a  

!. 
i 

t h e  p i l e  b u i l d i n g  i n  clrdcr t o  reduce t h e  n m b o r  o f  personnel  who might be 
exposed t o  helium leakage i n  t h e  gas  stream t o  a minimum i n  case  o f  a c c i d e n t .  

This b u i l d i n g  should o c n s i s t  of two.-stories wiYn t h e  upper s t o r y  
con ta in ing  t h e  gene ra t ing  equipnent ,  switchboards,  e t c  . The minimum f l o o r -  
space f o r  t h i s  equipment has been e s t ima ted  t o  be 3 5 ' - 0 "  by 70'-0". D i r e c t l y  
below, t h e r e  i s  a s in i l s r  , s ize  room f o r  condensing equipmcnt and a u x i l i a r i e s .  
To one s i d e  of t h e  condenser room, a punp-room of  a3out  t h e  same dimensions 
i s  l o c a t e d  and con ta ins  the  c i r c u l a t i n g  w t e r  pm1ps. Toe roo$ o f  t h i s  room 
would be a s u i t a b l e  l o c a t i o n  f o r  t h e  emergency condenssrs  and/pr  o t h e r  
equipment which i s  . t o  be loca ted  ou t s ide  t h e  buildin.&. Adjacent  t o  t h e  pwnp- 
room, a space of about  1201-0" by 6 0 ' 4 "  should be allowed f o r  t h e  e r e c t i o n  
of c c o l i n g  towers. 
and should  r e q u i r e  a space of ?.bout 60'-0" by 100'-0". 
50'-0" square  should be r e se rved  f o r  e r e c t i o n  o f  a s t ~ z c k  which should  extend 
upward t o  t h e  inve r s ion  l a y e r  of t h e  atmcsphere t o  d i s s i p a t e  any m d i o n c t i v e  
products  which are  d ischarged  f r o n  the  p l a n t .  

An outdoor switchyard i s  loca t ed  a d j a c e n t  t o  t h e  p l a n t  
A space o f  .,.about 

! d .  Radioac t ive  Contamination of Steam. --- It has been e s t ima ted  t h a t  
t h e  a c t i v i t y  o f  t h e  steam i n  t h e  system w i l l  n o t  be i n  excess  of' 1 o r  2 d u r i e s .  
(See P a r t  9 of t h i s  Sec t ion ) .  This a c t i v i t y  c8n be t o l e r a t e d  i n  t h e  b o i l e r -  
t u r b i n e  system wi thou t  exceeding the  prescribed. .toler.;nce ( l / l O  Roengtcn 
per  8 hour day) a t  a d is ta l ice  c!f 3 f e e t  from a stedxi nctin o r  t u r b i n e  
provided t h e  b o i l e r  h'elium shel.1 i s  e n t i r e l y  StZieldGd. 
i n  excess  of t h e  a n t i c i p a t e d  leve l  o f  a c t i v i t y  t h a t  no s p e c i a l  p rov i s ions  
need be made f o r  s h i e l d i n g  t h e  steam mains and t u r b i n s s .  After t h e  p l an t  
i s  i n  operation, an  s c t w l  survey  of  a c t i v i t y  c:Ln be made t o  determine 
r a d i a t i o n  levels  a t  p o i n t s  c l o s e r  than khree f e e t  ahd t o  p r s s c r i b e  tirile 
l i m i t  Gf exposure i f  such  p recau t ions  a r e  found t o  be  necesszry.  

This i s  s u f f i c i e n t l y  

Steam pip incs  ~ o u l d ,  t h e r e f o r e ,  i n  gene ra l  be  placed such  tLt t h e  
p re sc r ibed  d i s t a n c e  from ncrmnal c o n t a c t  i s  a t  l e a s t  t h ree  f c e t .  Those p ipes ,  
va lves ,  t u r b i n e s  and o the r  equipment which cannot be s o  placed -uoulr! be buarded 
by  n r a i l i n g  around t h e  t u r b i n e s  o r  e x t e n s i c n  stems on t h e  vcilves. %?king 
glands o r  s t e n n  j G i n t s  which cannot  be prevented from leakage by mormal main- 
tendnce shculd  be hcoded t o  conduct t h e  vapors o u t s i d e  of t h o  b u i l d i n g .  S ince  
t h e  a c t i v i t y  of power cquipmcnt through which t h e  cool ing  w c t e r  f rom t l c  Clinch  
R ive r  must f l o w  i s  n o t  excess ive ,  r i w  water as  t a k e n  d i r e c t l y  from t h e  r i v e r  
w o u l d  be s u f f i c i e n t l y  pure f o r  cool in?  purposes.  Howcver, t h e r e  m y  be  
l o c a t i o n s ( s n c h  as 1.vater b i o l o g i c a l  shis1ding)around t h e  p l a n t  i n  which 3 r e l a -  
t i v o l y  h igh  a c t i v i t y  m2y e x i s t ,  and f o r  t hese  loaf i t ions a c losed  cyc le  type  of 

wa te r ,  t o  keep  induced a c t i v i t y  t o  a minimum, c i r c u l a t i n g  i n  a c losed  c y c l e  
vrith t h e  h e a t  t o  be d i s s i p a t e d  r e j e c t e d  by means o f  h e a t  exchangt rs  t o  t h e  
raw w t e r  from t h e  r i v e r .  Thus, t h e  tendency t o  s c a t t e r  r z d i o a c t i v e  m a t e r i a l  

1 c o o l i n g  system i s  reccmnended, This type of  system ivculd usc deminera l ized  

around t h e  surrounding t e r r i  t c r y  would be e l imina ted .  
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dr FUEL ELENENTS 

Heat i s  genera ted  i n  t h e  p i l e  as t h e  r e s u l t  of f i s s i o n  o f  t h c  f u e l ,  i . e . ,  
uranium, enr ichod t o  30 pe rcen t  U235. A s  shown i n  S e c t i o n  111, t h e  renoval  of 
t h i s  h e z t  from t h e  p i l o  r e q u i r e s  CL r e l a t i v e l y  l a r g e  hea t  t r a n s f e r  su r f zco .  
volume of U 2 3 5  i n  t h i s ,  as w e l l  as i n  o t h e r  therm11 p i l e s  u s ing  enr iched  u r x t -  
ium as f u e l ,  c o n s t i t u t e s  less  t h a n  .02 percent  o f  t h e  volume o f  t h e  e n t i r e  p i l e .  
For t h i s  reason,  it i s  necessa ry  t o  d i s t r i b u t e  t h c  uranium thraughout  t h 3  p i l e  
i n  such  a way 3.s t o  provide zn cxtended hcz t  t r a n s f e r  surfLce,  n a i n t a i n  s u f f i -  
c i e n t  mechanic21 s t r e n g t h ,  and provide hoa t  s t o r a g e  c z p a c i t y  t o  absorb  2cc i -  
d e n t a l  swings of hcz t  ou tput  wi thout  excess ive  t e n p e r z t u r c  f l u c t u a t i o n s  This  
can be accomplished b y  d i s p o r s i r g  t h e  f u e l  uniformly i n  a r e l a t i v e l y  bulky 
ma t r ix  i m t c r i a l  t o  form :I f u e l  element.  

The 

I n  a d d i t i o n  t o  i t s  f u r x t i o n  w i t h  r e l z t i o n  t o  t h e  h e a t  t r r rns fe r  problem as 
descr ibed  above, t hc  f u e l  c l s n e n t s  f o r  t h e  p i l e  dos ign  desc r ibed  h e r e i n  a l s o  
sorve  a s  a iwsns of  i n t roduc ing  f i s s i l e  m t e r i z l  i n t o  t h e  p i l o  and ~ l l o w  rc- 
moval (as 'a u n i t )  of t h e  deple tod  f i s s i l e  m t e r i a l ,  and t h e  f i s s i o n  products  
when chemical procoss ing  becomos nocosszry.  

I n  t h e  development of T u c l  e l o n e n t s  f o r  t h e  h i s h  t smpera ture  gxs-c9olcd 
p i l c  desc r ibed  i n  t h i s  r e p o r t ,  mzt r ixes  of be ry l l i um oxide ,  be ry l l i um rnetcLl , 
and g r a p h i t e  have becbn Considered. These m t e r i : i l s  have been chosen bec?use 
t h e y  possess  t h e  f c l lowing d e s i r i b l e  c h n r a c t e r i s t i c s  : 

(1) Phys ica l  p r o p e r t i e s  s u i t a b l e  t o  tho  cond i t ions  o f  
opora t ion ,  i n c l u d i n g  r e f r z c t o r i n e s s  2nd r e s i s t m c e  
t o  therm11 rup tu re .  

( 2 )  LOW cztpture c r o s s - s e c t i o n  f c r  neut rons .  

(3)  Capac i ty  f o r  slowing down f a s t  neutrons.  

(4 )  S a t i s f a c t o r y  f a b r i c a t i n g  p r o p e r t i e s .  

Other  p r o p e r t i c s  des i rab le  for x t r i . x  mi.,teri?ls znd possossed  i n  vary ing  
degree b y  t h e  m t o r i a l s  chcsen a r c :  

High r e s i s t m c e  t o  d a t e r i o r z t i o n  of physic21 
p r o p e r t i e s  under  t h e  i n f l u e n c e  of  neut rgn  boabard- 
mcnt and f i s s i o n  product  r e c o i l .  

S u s c e p t i b i l i t y  t o  s e p a r a t i o n  from uranium i n  repro-  
ce  ss i ng. 

Impc rYne a b i 1 it y t o f i s s i on p rodu c t s o r su s c e p t  i b i li t y 
t o  canqing. 

Eigh nc.chanicc1 s t r e n g t h  cnd r e s i s t a n c e  t o  ribrasion. 

Chemical s t a b i l i t y .  
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The development o f  f u e l  e lements  hns proceeded a long  gene ra l  l i n e s  cis much 
as poss ib l e  c o n s i s t e n t  w i t h  t h e  f l e x i b i l i t y  zdoptcd i n  t h e  p i l e  des ign  invos- 
t i g a t i o n s .  E a r l y  i n  t h e  progrcm, emphzsis wa5 plc:ccd an t h s  r i p i d  devclap.ncrit 
of Q u n i t  s u i t a b l e  f o r  i n i t i a l  ope rz t i3n  of t h e  p i l e  a t  low p3wer l u v c l s  2 s  z 
rnininum o b j e c t i v e .  Thus, t h e  e - r l y  progrnm w a s  of a s h 3 r t  range na tu re  2nd 
t h e  f u e l  e lement  des igns  clescribzd i n  S e c t i m  IV rcprcisent t h e  r e s u l t s  of t h i s  
work. L a t e r  i n  th2  p r o j e c t  a more ex tens ive  2nd l o n g  range program WQS con- 
ce ived ,  2nd it i s  t h a t  program on which m j o r  emphzsis i s  p laced  i n  the follow- 
i n g  d i scuss ion .  

1. Design R e s t r i c t i o n s .  

The gene ra l  i n t e r r e l a t i o n  betwc.cn f u e l  eleinent des ign  and h e a t  trxis- 
f e r  (power removal) and phys ics  cons ide ra t ions  h s .  a l r e a d y  Seen d iscussed  
b r i e f l y  i n  foregoing  s e c t i o n s ,  p a r t i c u l z r l y  S e c t i o n  111. B r i e f l y ,  t h a t  d i s -  
cuss ion  showed t h e  fo l lowing:  'The hea t  genera ted  i n  t h e  f u e l  u n i t  n u s t  be 
t r a n s f e r r e d  t o  tho  gas or  c o c l m t  and,  hence,  ou t  of t h e  p i l e .  
t r ansmi t  t h i s  hca t ,  t h e r e  must be  3 d i f f e r e n c e  i n  temperature  b e t m e n  tho  i n -  
t e r i o r  and s u r f a c e  .af tho  f u e l  u n i t .  The g r a d i e n t s  i n  the  t empemture  f i o l d  
t h u s  estab1i .shed will cziuse d i f f e r e n t i a l  therm.21 expcnsion of t h e  m i t e r i a l s  e 

This  d i f f e r e n t i a l  oxpar,sion i lztroducos t h e r m i l  s t r e s s e s  which m y  c i u s e  Crzc- 
t u r e  i f  no t  a l l e v i a t e d  b y  pl:;stic f low.  Trans fe r  of  t h e  hcnt  from t h c  f u e l  
u n i t  wall  t u  t h e  gas ro ,quires  a c e r t z i n  anount  of su r f ace  i n  x d e r  t o  koep t h e  
maximum t c a p e r a t u r e  i.f f u e l  u n i t  below Q rmximum permiss ib le  v,o,luc f o r  3- given  
gas te:nporature. The p o s s i b i l i t y  of going t o  1-rgcr  and l z r g e r  2.nd i l r g e r  
surface-to-volume r a t i o s  t o  dcc:rcase t h e  tezipercLture d i f f e r e n c e  and inc rease  
power output  i s  l i n i t e d  b y  a l l o x a b l e  p re s su re  drop. Increas i? ig  t h e  su r face - to -  
volume r a t i o  r e s u l t s , i n  g e n e r a l ,  i n  decreasing t h e  hydrau l i c  r -d ius  of t h e  gas 
passago snd,  t h o r e f o r e ,  i n c r e a s e s  t h e  pressure  drop. Thl2 l i m i t i n g  or  a l l o w -  
able pres su re  drop  i s  detormine2 b y  t h e  percent  of a t o t a l  power output  which 
can  be a l l o c a t e d  e c o n m i c a l l y  t o  t h e  blowers. 

In o rde r  t o  So 

Add i t iona l  f a c t o r s  inpo:;in g r e s t r i c t i o n s  on tho  dec ign  arc t h e  chomi- 
c a l  p rocess ing  and f u e l  hand l ing  r cqu i r enen t s .  
Sec t ion  of  t h i s  r e p o r t ,  neut ron  and gaxm r a y  bombnrdmnt and f i s s i o n  product  
r e c o i l s  m y  a d v e r s e l y  a f f e c t  t ho  mtr ix  . m t e r i a l .  
o f  b o t h  r a d i a t i o n  i n t e n s i t y  and time. 
"poisons" t h e  p i l e  3s t h e  f u e l  is dep le t ed .  This  poisoning,  a l o n g  w i t h  deple- 
t i o n  of  t h e  f iss i lc :  mzterial and bonbard:nsnt daxage, determines t h e  opera t ion-  
a l  l i f e  o f  t h e  f u e l  element and t h e  t i n o  a t  :vhich chemic11 p rocess ing  becomos 
necessary.  Both chemical pr ,ocessing snd t h e  a s s o c i a t o d  problem of i n t r o d u c i n g  
and rqaoving  t h c  f u e l  i n f luence  t h e  s e l e c t i o n  o f  t h e  shape and mat r ix  i m t e r i a l  
of t h e  f u e l  3leinent. ' 

A s  noted i n  t h e  Mate r i a l s  

This  damage i s  a f u n c t i o n  
Accumulation of  t h e  f i s s i o n  products  

The p e r t i n e n t  r e s t r i c t i o n s  imposed by  tho  react2r d e s i g n  znd t h e  cool-  
and cond i t ions  desc r ibed  i n  S e c t i o n  I V  a r e  as  fol loivs:  

(1) 

( 2 )  

Channels z r o  t o  be 2" d i a n e t e r  round hole .  

Ths minimum ci iametrs l  c l ea rance  betweon conccn- 
t r i c a l l y  1ocziti.d f u o l  u n i t s  and ch3 nnc l  ~ ~ 1 1 s  i s  
t o  be 1/16''. 
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( 3 )  The channel i s  t o  be a s&bth hola qnd a n y  guides 
o r  f i n s  o r  s p a c e r s  must be a n  i n t e g r a l  p a r t  o f  t he  
fue  1 u n i t  a 

( 4 )  The peak noh ina l  p re s su re  a f  t h e  c o o l a n t  i s  t o  be 
10 atmospheres and m y  be as l o w  as 1 atmosphera. 

(5 )  The p i l e  i n l e t  gas t e n p e r a t u r e  i s  t o  be 500°F. 

(6) The p i l e  out le t ;  gas t e a p e r a t u r e  i s  t o  be 140O0F. 

(7) The p res su re  drop through t h e  p i l e  i s  t o  be 2.5 p s i .  

I n  the  fo l lowing  d i s c u s s i o n  of t h e  problems a s s o c i a t e d  w i t h  t h e  develop- 
ment and design of f u e l  elements conforming t o  t h e  requirelnents enumerated and 
desc r ibed  above, each of the ma t r ix  m a t e r i a l s ,  be ry l l i um metal ,  be ry l l i um oxide, 
and g r a p h i t e  a r e  considered. . 

2. Beryll ium Oxide 

a.  Fabr i ca t ion .  Methods o f  f a b r i c 9 t i o n  which h v e  been considered and 
explored f o r  Bo0 a r e  a s  follows::  

(1) Hot .P re s s ing  

mixture y i e l d i n g  BeO-UOZ u n i t  by r educ t ion ,  
a Be0-U30! one s ep p ~ o c e s s .  

(b )  P re -p res s ing  o f  mixture followed by ho t -p ras s ing ,  
devised t o  reduce space and r a m  t r e v e l  and insuro 
more uniform d e n s i t y .  

( c )  . Hot-pressing of prc-formed i n e r t  segments t o g e t h e r  
w i t h  t h e  powder n i x  t o  o b t a i n  c o n t r o l l e d  f u e l  
depos i t i on .  

(a) ' B?O-U308 nixtu're w i t h  organic  p l a s t i c i z e r  and water  
added i s  vacuum extruded under h igh  p res su re ,  t hen  
f i r e d  , f o r  t h e  l eng th  of time and a t  t h e  temperature  
requirod t o  y i e l d  t h e  d e s i r e d  d e n s i t y  and composi- 
ti on, BeO-U02. 

Be0 powder w i t h  organic  p l a s t i c i z e r  and w a t e r  added 

f u e l  i s  in t roduced  by impregnation w i t h  u r a n y l  
n i t r a t e  and fired t o  U02. 

(b) 
.( i s  extruded and f i r e d  i n  r educ ing  atmosphere, t hen  
' 

(3)  Dust  Pressi-ne 

(a> BeO-U?On :is d r y  pressed i n  molds, t h e n  f i r s d  t o  . .  
r e q u i k 2  tfensiiy; r e s u l t i n g  i n  a BeO-UOZ bod 
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\ (b )  BeO-U308 i s  s l i p  cas t  i n  p l a s t e r  p a r i s ,  d r i e d ,  
removed from nold,  t hen  c e r a m i c a l l y  f i r e d ,  * 

The p r i n c i p l e  e f f o r t  has been concen t r a t ed  on ho t -p res s ing  2nd ex t ru -  
sion methods. * $ cons idc r sb le  amount of experimbntal  work t o  expand t h e  l i m i -  
t a t i o n s  and p e r f e c t  techniques has been c a r r i e d  out  b y  B a t t e l l c  Nenorial  In-  
s t i t u t e  on the  c x t r u s i o n  process’and b y  t h e  Norton Company on hot-pressing.  
Because o f  l i a i s o n  d i f f i c u l t i e s ’ ,  arrangements a r e  be ing  inade t o  have f u t u r e  
ho t -p res s ing  experimcntnl  work done a t  Y112 Zre5t. 

Manuf ac t u r  i n g  1 inii t 3 ti on I; a re  c omp lex it y o f c r o s s - s e c t i on 2nd t h i  nne s s 
of walls. 
t h i c k n e s s  of t h j  o rde r  o f  0.10 inches  a r e  the  most complcx c r o s s - s e c t i o n  uni t s  
o f  Be0 y e t  produced by hot-pressing.  Tolerances o f  k.01 inches can be held.  
F e a s i b i l i t y  of hot-press  f a b r i c a t i o n  o f  u n i t s  w i t h  i n e r t  r i b s  i s  being d e t e r -  
mined by a t t empt s  t o  j s i n  i n e r t  r i b s  and a tube i n  t h e  hot-press  opernt ion.  
Hot-pressed u n i t s  of d e c s i t i e s  varying from 67% t o  98% of t h e o r e t i c a l  can be 
f a b r i c a t e d .  Mult iple  c e l l  s t r u c t u r e s  having scven hexcgonal c e l l s  w i t h  w a l l  
t h i c k n e s s e s  of t h e  o rde r  of 0.10 inchcs r ep rosen t  t hc  most complex cross-sec-  
t i o n  u n i t s  manufactured by e x t r u s i o n .  Shrinkago 3n f i r i n g  can be held t o  3 
Predetermined value wi,thin 1% s o  t h a t  c t o l e r a n c e  o f t  + 0 1  inches on c r o s s -  
s e c t i o n n l  dimensions c m  be held. Ribs czn be s e p a r a t e l y  a t t a c h e d ,  fo l lowing  
e x t r u s i o n ,  b y  a “welding“ opora t ion  u s i n g  Be0 o r  Beryl powder and a p l a s t i c i z e r .  

Mul t ip l e  c e l l  s t r u c t u r e s  having seven c i r c u l a r  c e l l s  w i t h  w a l l  

Experiments a r e  now i n  progress  pointed a t  f a b r i c n t i o n  of u n i t s  o f  a 
highor  o r d e r  o f  complexity. 
c e l l s  1/8 i n c h  square 2nd v a l l s  1/32 inch  t h i c k  a r e  being a t t empted .  
u n i t s  art? be ing  at tempted a t  B U I ,  whi le  ho t -p rcs s ing  J f  such u n i t s  i s  be ing  
c a r r i e d  ou t  st Y-12. 
p a r t i c l e  s i z e s  approach t h c  s m ~ e  order  of magnitude. 

Un i t s  having c g r i d  c r o s s - s e c t i o n  composed of u n i t  
Extruded 

Chicf problam appoars t o  50 t h s t  2 s  wzlls become t h i n n e r ,  

Residual  s t r a s s c s  a r c  inht3rent i n  hot-prcsscd u n i t s ,  w i t h  some c l i n i n a -  
t i o n  be l i eved  obtained by anneal ing.  
u n i t s  f a b r i c n t c d  by t h e  e x t r u s i o n  Froccss.  E f f c c t s  o f  a m c a l i n g  on r e s i d u a l  
s t r e s s o s  i n  Be0 bodies a r e  not 1mm-n. 

No r e s i d u a l  s t r e s s e s  a r e  encountered i n  

Microscopic examination i m l i c n t e s  p r e f e r r e d  c r y s t a l  o r i en tz i t i on  i n  both 
hot-pressed and extruded samples, t ho  l a t t e r  more pronounced. P r e f e r r c d  or  
o r i e n t a t i o n  i n  hot-pressed sample i s  radi2.1, while i n  t h e  extruded sample it 
i s  a x i a l .  Add i t iona l  i n f o r m t i o n  on p r o p e r t i e s  of f a b r i c a t e d  u n i t s  i s  given 
i n  t h e  M a t e r i c l s  Sec t ipn  of t h i s  I-eport. 

b o  Inco rpora t ion  of  Uranium i n  me1 Elencnts .  Tgo general  methods o f  
i n t r o d u c i n g  %he f u e l  ha v6 b e e n  cons ide red :  
and homogeneous mixinglof t h e  ‘ fuel  i n  pswdercd f o r m  w i t h  the  Be0 powder, f o l -  
lowed b y  f a b r i c a t i o n  o f  t h e  u n i t .  
ago a t  ANL. 
h igh  temperature  therm51 c o n d u c t i v i t y  measu reamts  during; i r r s d i a t i o n  i n  t h a  
X p i l e  (See M a t e r i a l s ) :  ~ Impregnation i s  p o s s i b l e ,  b u t  un f o r m  d i s p a s i t i  on and 
f i r i n g  t o  a s t a b l e  f o r i  i s  uncor t z in .  U n i t s  have been p r  pared f r o n  mixture 
of Be0 and U3O8 powders, by hot-pressing.  
uniform d i s p o s i t i o n  of 3;gloneratod U 0 2  p a r t i c l e s .  
t h e  problem i s  necessary.  

Irnprsgnation ;3f ‘ t h e  ceramic body 

Impregnation was attenipted s c v e r n l  years  
A more e l a b o r a t e  :program i s  bein,; conducted here  i n c i d e n t a l  t o  

I Microscopic i n s p e c t i o n  i n d i c a t e s  non- 
A thorcugh e x p l o r a t i o n  o f  

*- 202 - 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  
0 0  D O 0  0 0 0 0  0 0 0 0  0 0  0 0 0 D O 0  0 0  I 



r.==-=-pyG 
c .  Opera t iona l  C r i t e r i a .  The t h r e e  c r i t e r i a  i n  tho  d i s c u s s i o n  t o  

fo l low (phys ica l  s t a b i l i t y ,  s t r e n g t h ,  and optimum power ou tpu t )  have been 
grouped t o g e t h e r  as ope ra t ions1  c r i t e r i a  because of' t h e  interdepcndence of 
f a c t o r s  involved.  Opera t iona l  f a i lu re  of Be0 bodies  as f u e l  e lements  occur 
by  t h a r m l  s t ress  rup tu re .  The maximum p Q s s i b l e  y o w e r  ou tpu t  3f u n i t s  of 
t h i s  m a t e r i a l  i s  determined by  t h e  r e l z . t i on  of thermal  s t r e s s e s  dcvelopcd t o  
u l t i m t e  s t r e n g t h .  The s t r e s s e s  developed and t h e  a l lowable  s t r c s s e s  are o, 

f u n c t i o n  sf t h e  shape of  t h e  e l e a e n t  ruzd t h e  p r o p o r t i e s  of t h e  x t o r i a l .  

(1) S t r e s s  Analys is .  Development of shape and material f o r  Be0 
f u e l  e lements  has proceeded i l o n g  t h e  l i n e s  o f  minimizing t h e  a p p l i e d  
s t r e s s  and naximizing the  a l lowable  s t r e s s .  The s t r e s s e s  dcve lopd .  i n  t h e  
f u e l  u n i t  m y  be c l a s s i f i e d  as: 

( a )  S t r e s s e s  A t t r i b u t e d  t o  E x t e r n a l l y  b p p l i e d  Loads ( such  as 

S t r c s s e s  i n  t h i n  c l a s s  are  unimportant  when cons ide r ing  Be0 

- 
weight  o f  o t h e r  e lements ,  r s s t r i c t i o n  ;f expansion,  o r  suppor t ing  
c a t c h e s ) .  
e l e n e n t s  because of t h e i r  very h igh  c rush ing  s t r c n g t h  (80,000 p s i ) .  

(b )  Rclsidual S t r e s s e s  Inposed b y  ManufactQring Tecliniqucs 
These s t r e s s e s  arc? ictenTified w i t h  t h e  hJ t -p re s s ing  nethod,  b u t  not 
w i t h  t h e  e x t r u s i o n  method. The imgnitudes a f  r a s i d u a l  s t r e s s c s  can 
conce i r ab ly  be 100% of t h e  u l t i m t e  s t r e s s .  Attcrnpts have been  mcle 
t o  e l i m i n a t e  r e s i d u a l  s t r e s s e s  b y  annea l ing ,  and s o m  success  has been 
a t t a i n e d .  CornFlote e l i n i n a t i o n  i s  improbable.  

Q 
( c )  Thermal S t r e s s e s  Resu l t ing  f roin D i f f e r e n t i a l  Thcrmil Ex- 

pansion. The p r i n c i p a l  work on Be0 fuel u n i t s  du r ing  tl-i? yczr  has 
centored  around t h i s  t h i r d  c l a s s .  The t h e r m 1  s t r e s s e s  are  a f u n c t i o n  
of t h e  phys ica l  p r o p e r t i e s  of  t h e  material ,  t h e  shape of t h o  element ,  
and t h e  h e a t  generz t ion .  
t o  enable  comparison of such  s t r e s s e s  w i t h  ultimate s t r e n g t h s  involves  
determining:  F i r s t ,  t he  s p a t i a l  d i s t r i b u t i o n  o f  h e a t  genera t ion :  
Second, t h e  a s s o c i a t e d  t e m p r a t u r e  f i e l d :  Third,  t h o  a t t e n d a n t  deform.. 
a t i o n s  : F i n a l l y ,  t h e  s t ress  d i s t r i b u t i o n ,  

Analys is  of  t h o r m l  s t r e s s e s  i n  f u e l  e lements  

D i s t r i b u t i o n  of  Heat Generat ion 

The h e a t  gene ra t ion  i s  a r e s u l t  of f i s s i o n  and, henco, a func-  
t i o n  of noutron f l u x .  Although homogenity h-s been g c n c r a l l y  assumcd 
t o  dTte i n  f l u x  2 i s t r i b u t i o n  s t u d i e s  f o r  t he  devclopmcnt of t h e  power 
p i l e ,  h e t e r o g e n e i t y  e x i s t s  i f  e lementa l  po r t ions  a r o  s tud ied .  The fas t  
f l u x  varies f'rom minimum a t  l i t t i c e  c e n t e r  t o  a,mxirzum zt  t h e  f u e l  
cloment where generated,  wh i l e  t h e  s l o w  f l u x  d i s t r i b u t i o n  i s  reversed ,  
be ing  a minimu'n ct t h e  f u e l  clement xhere  imximum nbsorp t ion  occurs .  
A s t u d y  g i v i n g  t'ncse d i s t r i b u t i o n s  i s  not necessa ry  i n  the  s a r l y  dos ign  
s t a g e s .  Without apprec iab le  e r r o r ,  f l u x  d e n s i t y  and, hence, t h e  r sd ia l  
h e a t  gone ra t ion  rate has  been assumed uniform a c r o s s  t h e  f u o l  element 
f o r  proliminn'ry work. 

Ass CI c i a t  e G. T m p  &.:.tu r o Fit: 1 d 

The to:iipcrc.turc f i c l d  i s  dGfini;d by t r a t u  equc t ion  hcving 
two compc'nmt t G r r n s  i c h  i n d i c c t c  t x p c r c t u r ;  chzngcs brought  cbout  
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by h e e t  t r ansmiss ion  and temperature  changes a r i s i n g  from hea? 
generat ion.  
s p a t i a l  v a r i a t i o n  o f  t h e  temperature.  Analysis  of t h e  tempera- 
$ure d i s t r i b u t i o n  i n  t h e  f u e l  u n i t s  of simple c o r s s - s e c t i o n  can 
be obcained i f  t h e  2roblem i s  somewhat i d e a l i z e d .  Iil t h e  case  
of more complex c r o s s - s e c t i o n s ,  a unique s o l u t i o n  f o r  s t e a d y  
s t a t e  is  i n ? o s s i b l e ,  and approximate ana lyses  o f  any va lue  a r e  
e x t r e n e l y  t ime consumingo Within l i m i t a t i o n s  , s p e c i a l  conput- 
ing machines w i l l  f a c i l i t a t e  simple t r a n s i e n t  s tud ie s .  
v a r i a t i o n s  i n  p h y s i c a l  p r o p e r t i e s  w i t h  t i m e  and temperature  
( c h a r a c t e r i s t i c  o f  p i l e  m a t e r i a l s )  a long with asymmetry i n t r o -  
duced by e c c e n t r i c  l o c a t i o n  of  f u e l  elements i n  t h e  channel occur  
t o  complicate  t h e  problem, $or use i n  p re l imina ry  design work, 
simple loga r i thmic  and pa rabo l i c  t e n p e r a t u r e  d i s t r i b u t i o n s  have 
been assumed, 

So lu t ion  of t h i s  ra te  equat ion w i l l  y i e l d  t h e  

Large 

Deformation and S t r e s s  D i s t r i b u t i o n s  

Defornat ions in $he f u e l  elements which g ive  r i s e  t o  
s t r e s s e s  e x i s t  when t h e  t empera tu re  f i e l d  is not  uniform and 
can be determined i f  the boundary cond i t ions  a r e  s imple.  In  
t h e  case of com2bex c ross - sec t ions '  aL2sroximate s o l u t i o n s  o f  
t h e  deformation equa t ions  can be ob ta ined  w i t h  l a r g e  expendi- 
t u r e s  o f  tine. Knowledge of t h e  r e l a t i o n s h i p  between s t r e s s  
and s t r a i n ,  even when Hookeas laws are i n a p p l i c a b l e  w i l l  a l l ow 
conversion of deformation t o  s t r e s s @  

It i s  ev iden t  t h a t  t h e  pu re ly  a n a l y t i c a l  ahisroach t o  
t h e  problem o f  e v a l u a t i n g  r e s i s t a n c e  o f  
m a l  r u p t u r e  i s  inadv i sab le  because o f  t h e  t ime,  c o s t ,  and man- 
power t i e -up  and t h e  u n r e l i a b i l i t y  of resul ts , ,  
a n a l y t i c a l  coppa ra t ive  work such as s t u d i e s  o f  f G l l o t  types 
might be p r o f i t a b l y  c a r r i e d  o u t  t o  o b t a i n  q u a l i t a t i v a  r e s u l t s o  
Simple a n a l y s i s  f o r  p re l imina ry  design has bden based on t h e  
r e l a t i o n  E.y,nff where E i s  Young's 2Iodulus, o( t h e  c o e f f i c i e n t  
o f  expansion, dt a temperature  d i f f e r e n c a ,  and f a form f a c t o r .  

f u e l  elements t o  t h e r -  

Some d e t a i l e d  

( 2 )  Eva lua t ion  o f  hgerit o f  Fuel ~ l e r n e k t .  TWO examinations of  
The f i r s t  f u e l  elements must be made t o  a r r i v e  a t  a m e r i t  evafuat ion.  

examinat i on  determines t h e  maximum al lowable power o u t p u t  o f  t h e  rod; 
w h i l e  t h e  second exaninat  i o n  d i s c l o s e s  t h e  al lowable power a b s o r p t i o n  
o f  t h e  coolant .  The power a t  which ou tpu t  equa l s  abso rp t ion  i s  t h e  
r a t e d  power o f  t h e  u n i t ,  and hence o f  t h e  p i l e .  

( a )  Maximum Power Output o f  Element. [The limi.cing power 
output of a BbO f u e l  element i s  t h a t ' a t  which ty element rup tu res  
under thermal '  s t r e s s  ( o r  combingtion o f  t h e  t h r e e  c l a s s e s  o f  
s t r e s s  i n d i c a t e d  a a r l i e r )  
power output  i s  a f u n c t i o n  o f  t h e  physical  p r o p e r t i e s  o f  t h e  
material and The geometry o f  t h e  c r o s s - s e c t i o n  ( n o t  c o n s i d e r i n g  
a x i a l  v a r i a t i o n ) .  
product o f  a m a t e r i a l  f a c t o r  (Fm) and a shape (Ff)o 
t e s t  f a c i l i t i a s  a r e  no t  a v k i l a b l e  f o r  i t s  d i r e c t  a e t s r n i n a t i o n ,  
t h e  m a t a r i a l  f a c t o r  i s  sapa ra t ed  i n t o  ~;iiro components; one be ing  

This l i m i t i n g ,  o r  myximum al lowable,  

I n  e f f e c t , t h e n ,  it nay be expressed by t h e  
Secause 
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a f a c t o r  i n d i c a t i n g  r s s i s t a n c e  o f  u n i r r a d i a t o d  m a t e r i a l  t o  
thermal  r u p t u r e  ( F i ) ,  t h e  o t h a r  be ing  a f a c t o r  i n d i c a t i n g  
r educ t ion  i n  r e s i s t a n c e  t o  t h e r m a l  r u p t u r e  brocght  about  by 
i r r d i a t  ion damage ( F i )  . 

Thzrlnal lSupture Ees i s t ance  Factor  (F,) 
I 

To determine Fr f o r ,  u n i r r a d i z t  e?  m a t e r i d ,  a s t anda rd  
specimen which i s  a r a d i a l l y  s p m a t r i c a l  t ube  having t h i c k  walls 
(1 l / 7 , i t  C.,D. x 1" I .D. )  i s  used. 
i h l  i n s t e a d  o f  being genera ted  i n  the m a t e r i a l .  
a b s o l u t e  va lues  of  a l lowab le  hea t  out;?ut o f  t h e  element f o r  t h e  
case  wllsre h o a t  i s  genera ted  i n  t h e  m a t e r i a l  can be  made by 
c a l c u l a t i n g  t h e  form f a c t o r  f o r  t h e -  two ca.ses and mul t ip ly ing  
t s s t  r e s u l t s  by t h c  r a t i o ,  'A f i g u r e  of  merit i s  ob ta ined  by  
c a l c u l z t i n g  the r a t i o  o f  Fr f o r  t h e  mater ia l  chosen as s t a n d a r d  
( e % g . ,  hoi;-,prassed Be0 of a g iven  d e n s i t y ) ,  bo th  a t  a chosen 

t o  be i n v e s t i g a t e d  are s t r u n g -  on a carbon t u b e  h e a t i n g  ele- 
ment. Fsvrer i s  s u 2 p l i e d  e l e c t r i c a l l y  and converted t o  h e a t  by 
e l e c t r i c a l  r e s i s t a c c e .  The vol tage ,  drop i n  t h e  hea t ing  e l e -  
ment botrreen the  ends o f  t h e  c z n t s r  t u b e  i s  m.:?asured and tlz 
s u r f a c s  t e m p r a t u r e  i s  ob ta ined  
rone te r .  It i s  assumed t h z t  a l l  hea t  developed a long  t h e  
h e a t i n g  elemzflt S e t m e n  onds o f  t h e  cen ta r  speciinsn must pass 
through t h e  specimen r a d i a l l y  because,  o f  t h e  masking e f f e c t  o f  
t he  end specimens. The vo l t age  drop ac ross  t h g  cyl i i id<?r ,  f o r  
a knoirVx c u r r e n t  w i l l  t h e n  q u i t e  a c c u r a t s l y  i n d i c a t e  t h e  h e a t  
f l o w  t h r u  t h e  s p e c i m n .  Because some materials t o  b e  t o s t e d  
may r e a c t  w i t h  a i r ,  a c o n t r o l l e d  i n e r t  aimosphere has  been 
adopted. To c o n t r o l  s u r f a c e  t e a p e r a t u r a s  w i t h i n  lirnits, t he  
i n e r t  gas has  a metwed  flow. 
on t h e  vaga r i a s  of n n t u r s l  convec t ion  cooling. 
metry of t e s t  c o n d i t i o n s  i s  e s t a b l i s h e d  s o  t h s t  consis teni ;  
r e s u l t s  can  b e  obta ined .  
t o  f a c i l i t a t e  t e s t s  e t  very h igh  tenlpers tures  i f  desired. 
" P i l o t  p1an-b" appa ra tus .has  bean  a r r anged  t o  demonstrate  t h e  
general  f e a s i b i l i t y  of t h i s  t l 9 e ' t e s t  r n d  sever61 r u n s  have 
been made. 
worksd out. 

I h e  h s a t  i s  pu-t t h r u  t h e  mater-  
Conversion t o  

tenparekure .  .? i h r e e  o f  t h e  s t anda rd  specimons o f  t h e  niaterial 

by'mezns of Ein o p t i c a l  py- 

'Thus t h e  t o s t  i s  n o t  depanderit 
Xlidial s p -  

Addi t iona l  s h i e l d i n g  i s  a v a i l a b l e  

An .integrated des ign  o f .  the? appara tus '  i s  being 

I r r a d i a t i o n  Daxage F s c t o r  (F . )  
-1 

Lhck o f  t a s t  f a c i l i t i e s  p r o h i b i t s  t e s t i n g  which w i l l  
g iva  t h e  o v a r a l l  maT;erihl f a c t o r  d i r e c t l y  and ndkes nacessa ry  
s a p a r n t i o n  i n t o  two f s c t o r s .  
s i n b l e  t o  hatie t e s t s  i n  which s u f f i c i e n t  d a t a  its obta inod  
t o  develop & f w i l y  of  t h r z e  a i m n s i o n a l  sur facos .  
dimansions c o r x t i t u t a  one c l a s s  o f  v a r i n b l e s  (ma ' tc r ia l  f a c t o r ,  
i - r r ad iu t ion  t in6 End f l u x ,  t c n p e r a t u r e )  . The f a p i l y  parameter 
is  a m a t e r i a l  func t ion  of znothdr  c l a s s  o f  vLria512s ( s t r u c t u r e ,  
method o f  f & r i c b t l o n ,  d m s i t y ,  composi t ion) .  I t  i s  necessa ry  

For cornGlstc r o s u l t s  it i s  de- 

The t h r e e  
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d i a t i o n  a t  t h e  d a s i r e d  t empera tu re  i f  q u z n t i t a t i v e  d a t a  i s  
des i red .  I n  p r a c t i c e  t h i s  i s  n o t  poss ib l e  E.t  p r e sen t ,  f o r  it 
would r e q u i r e  a h i g h  tempera ture ,  h igh  f l u x  p i l a  as a n  expzr i -  
mental  f a c i l i t y  o r  ho t  f a c i l i t i e s  i n  o t h e r  p i l c s .  The next  
b e s t  a l t e r n a t i v e  t o  a c t u a l l y  conduct ing t h e  m a t e r i a l  f a c t o r  
t a s t  under s imultaneous i r r u d i a t i o n  and t e n p e r a t u r s  c o n d i t i o n s  
i s  t o  i r r a d i , , t e  t h e  sample, a t  t h e  d z s i r e d  tempera ture ,  con- 
duc t ing  t h e  t h j r m a l  r u p t u r e  r - j s i s tanca  f a c t o r  t e s t  af tsr  r o -  
moval from t h e  p i l e  ( tcm?erature  i s  ob ta ined  i n  t h e  p i l e  by 
s e l f - h e a t i n g  due t o  pr2sence of f i s s i ionab l s  mater ia l ) .  This  
t y p e  o f  t e s t  i s  d i scussed  i n  t h c  fo l lowing  sLcct ion o n  Matcr'ii. 
ds. h e n  an o v 6 r a l l  t e s t  o f  t h i s  k ind  i s  l ikaivise  imposs ib le  
wi th  e x i s t i n g  f d c i l i t i e s .  The b e s t  that can be done i s  t o  
examine changes due t o  i r r ad ia t i i on  o f  t h e  fundamental  p h y s i c a l  
p r o p o r t i e  s pertinent t o  thermal  ru2tur-e r e s i s t a n c e .  

A s  s t a t e d  above, i n v a s t i g a t i o n  o f  a a t e r i a l s  f o r  use  i n  
p i l e s  d i f f e r s  from o the r  mzterial  a p p l i c a t i o n s  i n  t h a t  an  acd i -  
t i o n a l  pr imary v a r i a b l e  must bz in t rcduczd ,  n m e l y  i r r a d i a t i o n .  
So t o  completely i n v e s t i g a t e  f u n d m e n t a l  phys i ca l  p r o p e r t i a s ,  
t h e  nuxber of t e s t s  r e q u i r e d  i s  trernerAdously incraased .  Howv2r, 
bofore  i r r a a i a t  ion  t s s  ts are mado evc ry  at t3 ,npt  should  ba made 
t o  c u t  down on t h e  numbor of  such t3st .s  which are r q u i r e d  by 
t r y i n g  t o  o b t a i n  m a t e r i a l  which i s  s a t i s f a c t o r y  from all s t and-  
p o i q t s  bofore chacking i r r a d i & e d  g r o p r t i e s .  
d a t a  from t e s t s  o f  Be0 i s  recorded i n  t h c  f o l l o 6 n g  s_cct ion on 
Materials. 
s t r o n g l y  emphasizes the  f a c t  t h a t  a d d i t i o n a l  in format ion  i s  
requi red .  
eng ince r ing  o f  f u e l  u n i t s  l o r  a poww p i l e ,  a long  rangc,  long 
t i m e  prograq i s  i n  order .  
is  t o  o b t a i n  d a t a  completely d e f i n i n g  each o f  tho  u n i r r a d i a t e d  
p r o p e r t i e s  which mala up the f a c t o r  Fro Xexz,  i r r a d i a t e d  
samples arc t e s t e d .  i 'hc . tLst  t zmperutures  o f  t h a  u n i r r a d i a t s d  
szmples i s  kept th-c: sane as  t ! m l t m $ e r a t u r e s  reached by  t h 3  
i r r a d i a t e d  sample. Values o f  a t h e o r e t i c a l  form of  Fr are c a l -  
c u l h t c d  from both  se t s  of da ta ,  and t h e  va lue  of F i  i s  ob ta ined  
by r a t i o .  

iill t h o  h o r n  

'Ehc d e a r t h  of i n fo rma t ion  'eviderit on insp 'oct ion ' 

To o b t a i n  t h s  r e q u i r e d  f u n d a m n t a l  date. f o r  propdr  

,- 
Ihe i n v e s t i g c t i o n  procedure f o l l o v c d  

I 

The ques t ion  of va lue  and  accuracy  o f  F i  s o  obta ined  
can  be d i scussed  q u a l i t a t i v e l y : ~  
i r r s d i a t i o n  dm'agc by temporntura  i s  no t  included,  S O  t h a t  
r e s u l t s  'msy b e  p e s s i n e s t i c .  
age  f a c t o r  should  b ?  obtained.  
i s  some chance o f  a t t a i n i n g  t h i s  by i n c o r p o r a t i n g  s e l f - h e a t i n g  
and t e r r p e r a t u p  s measurement s v t h i n  t h e  p i l2 .  
experiments a l l o w  d i s t i n c t i o n  twaen th:: damagv s u f f e r e d  undsr  . 
f a s t  neu t ron  bombardmnt and tht i n c u r r e d  by f i s s i o n  product  
r e c o i l .  Such s d p a r a t i o n  i s  e s s e n t i a l  i f  it i s  d c s i r s d  t o  e x t r a -  
p o l a t c  r e s u l t s  f o r  u se  on a p i16  dzs ign  d i f f c r m t  f r o m  t h L t  i n  
which t h e  t e s t s  are be ing  run. Tho thzrmel  f l u x  i s  n o t  propor-  
t i o n a l  t o  tht! f a s t  f l u x  i n  a g iven  p i l e ,  nor  e r e  t h ?  neuzrion energy  

The e f f e c t  of h a a l i n g  of 

For accuracy,  t he  e q u i l i b r i u m  dem- 
For c z r t a i n  p r o p a r t i c s ,  t b r e  

None o f  t h e  k 
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n 

1. 

spectrums the  same fo r  d i f f e r e n t  p i l e s .  
a c c u r a t e  simple r a l e t i o n s h i p  o f  exposure  t i m e  of  samples and 
thermal  f l u x  d e n s i t i e s  f o r  the  t 2 s t  p i l e  and t h e  p i l e  ba ing  
des irs d . 

This  then  

Shzpe Ftictor ( F f )  

Using t h e  s t anda rd  specimen da7ised  f o r  mCt3rial  f a c t o r  
t e s t s ,  t h e  materi.21 f a c t o r  i s  obta ined  f o r  a s t anda rd  m a t o r i a l  
(which i s  a semi-conductor, h v i n g  a l o w  o r  zero temperatura 
c o e f f i c i e n t  of  r e s i s t a n c e ,  a low r e s i s t a n c e  t o  t h s r n z l  rup tu re ,  
and good mach ineab i l i t y  cr f o r n z a b i l i t y )  . 
prc2ared  from such a i n a t s r i a l  i n t h c  image of any c r o s s - s e c t i o n a l  
shape t o  bo evaluated.  jin e l e c t r i c  -cur reh t  i s  passed  through the 
specimen which h & t s  up, s imul t ing  uniform h e a t  gene ra t ion  o f  t h e  
t y p e  expected i n  a n  a c t u a l  e lenent .  
measured. The t g s t  i s  r u n  t o  o b t a i n  t h e  power output  a t  the i n s t m t  
o f  th.urrnal r u p t u r e  .. By a2ropcr s h i e l d i n g ,  use of  a .meter ing  o r i -  
f i c e  i n  tha  chomical ly  i n e r t  coolant  stream, a n d  p r o v i s i o n  f o r  
e c c e n t r i c  l o c a t i o n  o f  the.  specimen i n  t h s  channel ,  o p e r z t i n g  con- 
d i t i o n s  may be c l o s e l y  s imulatad.  

Specimens are ther,  

The h e z t  i n p u t  can b3 a c c u r a t e l y  

Because of the n a t u r e  of t h e  s t anda rd  m a t o r i a l ,  r a s u l t s  
a r e  obta ined  on 2 s t a t i s t i c a l  b a s i s , . u s i n g  15 s a n p l a s  p3r  t e s t .  
P re l imina ry  t 2 s t s  are run  on t h z  s t anda rd  s h a p  cr iosm f o r  t h e  
m k t e r i a l  f a c t o r  t e s t s  i n  o rde r  t o  h2vs a stniidard f o r  comprrison. 
Ra t ios  between t h e  s t a n d a r d  t e s t  ro ' su l t s '  and t h o s e  of t h e  s p c i -  
mens being s t u d i e d  w i l l  p rov ide  2 shape f i g u r e  of mer i t .  Ab- 
s o l u t e  va lues  of Ff are ob ta inad  by mul t ip ly ing  t h e  shage f i g u r e  
o f  mer i t  by the I'f f o r  the  s t anda rd  shape. 

Stuclias 02 a number of  m a t a r i a l s  3re made t o  de ts rmin3  t h e  
one most s u i t a b l e  f o r  such  t c s t s .  The v a l u e  of  Fr i s  used  us a 
c r i t e r i a  f o r  coz;7aring t h e  r e s i s t z n c a s  o f  t h e  proposed s t a n d a r d  
m t c r i a l s . t o  t h 3 m a l  rup tu re .  Cons iderable  d a t a  on Be0-graphite 
mixturcs  as semi-conductors i n d i c a t e s  a v d u z  of  Fr o f  The o rdz r  
of 5GG Btu/i?r.ft. The s p e c i f i c  r e s i s t a n c e  i n d i c z t e s  t h a t  i f  t h i s  
mztcrial  i s  U S C ? ~ ,  t h e  power and v o l t a g e  requirhmsnts  are, unde- 
s i r a b l y  h i g h  for  l a b o r a t o r y  work and would r z q u i r z  expensive appara-  
t u s  t a k i n g  a c o c s i d s r z b l a  t i m e  t o  d e s i @  end cons t ruc t .  
o f  m g n i t u d e  o f  F, sought  i s  10 Btu/hr.ft.. 
p a r a t i o n  of. ,szmple m d  h i g h  n e k a t i v e  tempera ture  c o e f f i c i e n t s  o f  
e l e c t r i c a l  r e s i s t a p c e  make choice  of t he  s t a n d a r d  m a t o r i a l  d i f f i o u l t .  

The o rda r  
Iychniques o f  p rc -  

/ 

To cnhznce ti= ve lue  of such shapg f a c t o r s  t e s t s  and a i d  
i n  p o i n t i n g  t h e  way t o  design o f  mor2 p r o 2 i t i o u s  shapes by c o w  
pa r i son ,  an  a u p b n t i n g  p r o p a n  pf analytical + d  3xpsr imenta l  
s t r e s s  m a l y s ' i s  has been glanned. Con t rac t  p roposa ls  hcve been 
submit ted by Gest inghouse,  b u t  
c k s s  i f i c z t i o n  o f  t h e  Powcr P i l e  Div is ion  program. 

hava been h c l d  up pending 

1 .  
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(b) Maximum Power Absorption of Coolant If the shape of 
the element and temperature-pressure-velocity conditions of the coolant are 
unfavorable, the maximum permissable output of the element cannot be u'-ilized. 
After determining the material and shape-factors, the relation of maximum 
permissable power output of the element to the temperature of the element is 
known. 
transfer ability of the coolant. 
given by the intersection of the curves. 
fuel element power output versus temperature. 
coolant power absorption versus temperature. 
absorption vs. maximum fuel element temperature are given in Report Mon 299. 
Essentially, the maximum temperature of the fuel element for a given power 
absorption is obtained by: 

Some value of this relation corresponds to the maximum allowable heat 
The power rating of the element is thus 

One curve is a plot of maximum 
The other is a curve of maximum 
Relations for obtaining power 

1.. Calculating'pile output for various value of heat 
transfer from element at pile center. 

2. Calculating the temperature difference between pile 
material and gas at the center of the pile. 

. I  

d. Impermeability Because of the nature of the piles considered 
during the year, no "canning" requirement was imposed on fuel unit develop- 
ment. 
products is considered desirable but not essential. 
have been given consideration-thus far. 
conjunction with the ceramists at Battelle Memorial Institute but has not yet 
materialized. 

"Canning" of the units to render the surface impervious to fission 
Only ceramic coatings 

A program is being planned in 
A 

e. Neutron economy In considering materials and processing of fuel 
elements, neutron economy is a predominant factor. Beryllium, oxygen, and 
carbon (when pure), have exceedingly low cross-sections for capture of thermal 
neutrons. This makes them valuable as materials for fuel element matrices. 
The inclusion of any adulterant or admixture markedly raises this capture 
cross-section. Thus any intended or natural inclusions must be carefully 
considered. The improvement in adherance to other criterion realized must 
be balanced against the penalty paid in non-productive capture of thermal 
neutrons. 
volume absorption by 28%. Such increase may seriously curtail conversion 
characteristics. 

As an example,'3%. addition of A1203 to Be0 will increase the 

f. Development of materials A s  noted briefly ]before, work on 
developing materials has been pointed specifically at increasing resistance 
to thermal rupture. The means by which this increase is to be realized are 
considered to be the following: 

1. Increase the thermal conductivity so tdat heat flow may be 
realized with smaller temperature gradients. 

2. Increase the plastic flow characteristiks to give maximum 
reduction in dC/dE with an attendant minimum reduction 
or possible increase in ultimate strength. 
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3. Reduce the coefficient of thermal expansion, i.e., d,? / d 4 T  

so that deformations and hence thermal stresses will be less 
for given temperature gradients. 

4. Evolve structures which will suffer minimum irradiation 
damage. At present, indications are th8t for Be0 bodies, 
investigation of porous bodies rather than high densiiy 
bodies, aggregates of large and small particle sizes rather 
than uniformly small particle sizes, impregnated bodies 
rather than homogeneous mixtures, and admixtures rather than 
the pure phase material will prove most fruitful. The trend 
toward lower density bodies conflicts with the desirability 
of high density from the standpoint of desirable nuclear 
physics characteristics of a moderator material, and it . 
remains to be seen which will be the dominating factor for 
a given application. 
porous bodies is of a statistical nature, and the guides 
provided by theories of solids cannot be used. 
porous bodies seems unpredictable when one t r ies  to correlate 
existing postulation with experimental results. 

Background for investigation of 

Behavior of 

Recent work in the field of cerametallics indicates promising aspects 
of' investigation of mixed BeO-Be bodies. 
diffusivity as well as increased possibility of plastic flow can be expected 
from such oxide-metal mixes. 

Higher thermal conductivity and 

The facilities of Battelle Memorial Institute and of the Bureau of Mines 
Station at Norris are being utilized in carrying opt the material investi- 
gations on the Be0 phase. Work at the Bureau of Mines Station has just 
recently been started, while Battelle hgs had a large program going for over 
a year. 
aspects of extruded beryllium bodies. 
carried out on such bodies to determine physical properties in the 
temperature range 0-1000°C. 
of attempts to improve properties of Be0 by varying particle sizes, types 
of powder, and porosity along with use of admixtures such as beryl, MgO, etc. 
Details of work at Battelle and at the Bureau are contained in formal 
progress reports and memoranda. 

Briefly, work at Battelle is devoted primarily to studies of all 
Extensive experiments are being 

The t-y-pe of work being done at Norris consists 
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3, Graph i t e  -- 
ab General .  Problems encountered i n  development o f  g r a p h i t e  f u e l  

elements do n o t  lend t h e m e l v e s  t o  t h e  same type  o f  d i s c u s s i o n  employed i n  
examinat ion of BeO, I n s t e a d ,  discussior l  w i l l  be based on i n c o r p o r a t i o n  of 
f u e l ,  ope ra t ion ,  process ing ,  and miscel laneous problems. 

Graph i t e  e lements  a r e  cons idere?  t o  have one of t h e  fo l lowing  
s t r u c t u r e s  : 

Type 1. - homogeneous, hzving ii s o l i d  mixture  of f u e l  and ma t r ix  
ma t e  r i a  1 s . 

Type 2, - impregnated, having 2orous m t r i x  w i t h  i n t e r s p e r s e d  fue l4  

Typo 3.. - heterogeneous,  having a solid.  n a t r i x  w i t h  s o l i d  o r  powdel'ed 
f u e l  r e g u l a r l y  a r ranged  i n  c r ' l l s ,  

Experimental  manufacture of  t h e  g r a p h i t e  bodies  of s t r u c t u r a l  type  one 
i n d i c a t e s  t h a t  any  c ross - sec t ions1  shape n o t  t c o  f r a g i l e  f o r  handl ing  can 
be produced. Rknufacture o f  t h e  mAtrices f o r  s t r u c t u r a l  types t ivo and 
t h r e e  o f f e r s  no d i f f i c u l t y .  P a s t  oxper i snces  on manufncture o f  a r t i c l e s  
having complax shape c ros s - sec t ions  f o r  o t h c r  f i e l d s  i n d i c a t e  t h a t  l i m i t s t i o n s  
a r e  o u t s i d e  o f  t h e  requirements  o f  f u e l  clement d e s i g n .  

b .  Incorpora t icn .  o f  UraniuR. Some t r o u b l e  has been encuuntered i n  
p rep i r ing  spegimens o f  typo one i n  t h a t  convers ion  of  t h e  UgOg t o  TJC o r  uC2 
has  n o t  been r e g u l a r l y  a t t a i n e d .  The work on t h i s  i s  be in& done a t  C l in ton  
Labora to r i e s .  B g r a p h i t c  u n i t  i n  which t h e  f u e l  i s  p a r t i z l l y  a ca rb ide  and 
p a r t i a l l y  a n  oxide i s  chemica l ly  uns t ab le .  
ope ra t ion  w i t h  a t t e n d a n t  gas e v o l u t i o n  and p o s s i b l e  d e s t r u c t i o n  of  i n t e g r i t y  
evidenced. by crumbling. Such a cond i t ion  cculd n o t  be  t o l e r a t e d  i n  a p i l e ,  
and complete conversion t o  a chemica l ly  s t a b l e  fc rm i s  r equ i r ed  be fo re  
opera t ion .  The problem o f  developing t ech - iques  f o r  impregnat ion o f  porous 
g r a p h i t e  t o  produce elements  of  t y p e  tnvo nas been  solved. 
C l in ton  Labora to r i e s  have succeeded i n  c o n s i s t e n t l y  ob ta in ing  uniform 
d i s t r i b u t i o n  o f  f u e l  i n  2 em. diameter samples islith a c o n c e n t r a t i o n  of 20% b y  
weight. rrork on t h e  p r e p a r t i o n  of an heterogeneous type  three  element has 
been c a r r i e d  ou t ,  b u t  has  been confined t o  a s,urvey o f ,  d a t a  on p r o p e r t i e s  
o f  uranium ca rb ide .  ' The p r i n c i p l  problem involved i n  p repa ra t ion  c f  t h i s  
type  t h r e e  element  i s  t h a t  o f  de te r r r in ing  phys ica l  and c h e n i c a l  i n t e r r e l a t i o n s  
between t h e  mat r ix  2nd f u l l  i n s e r t s .  . , 

Re.action n i g h t  cont inue  du r ing  

Ex2eriments a t  

- . r  

c. Operation. F a i l u r e s  o f  g r a p h i t e  elernents i n  ope ra t ion  have 
been s t u d i e d  p r i n c i p 2 l l y  from t h e  s h n d p o i n t  o f  t h e r m 1  stress r u p t u r e ,  which 
would l ead  t o  t h e  conclusior ,  that t h e  o p e r a t i o n a l  problems a r e  t h e  same as  
those f o r  BeO. There 3re two f a c t o r s  which mciy a l l e v i a t e  t h e  s t r e s s  r u p t u r e  
problem, forcine; cons ide ra t ion  o f  t h e  p o s s i b i l i t y  of f j i l u r e  by chlnge of  
s t a t e  ( v a p o r i a  t i o n )  becoming dominttnt, 

(1) I n  t h e  E o r m l  s t a t e , ,  g r a p h i t e  hzs a n  ex t remely  h i &  
r e s i s t a n c e  t o  t h e r m 1  r u p t u r e ,  o f  t h e  o r d e r  of 100 t imes  t h a t  of BeO. 
Then i r r a d i a t e d  a t  l o w  temperatures, however, the  grdp 

- 210 - 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  
01 O O n  9 00.3 0 0 0 0  0 9  > c 0 0 0 0  a c  



A 

- 211 - 

s u f f e r  g r e a t  damage, The phys ica l  p r o p e r t i e s  a r e  a d v e r s e l y  a f f e c t e d  
s o  t h a t  p e s s i m i s t i c  i n t e r p r e t a t i o n  of  meagre d a t a  i n d i c a t e s  lowering 
of t h e  r e s i s t a n c e  t o  t h e r m 1  r u p t u r e  t o  t h s t  o f  Be0 a f t e r  i r r a d i a t i o n ,  
Even l e s s  conclus ive  d a t a  i n d i c a t e  t h t  t h i s  i r r a d i i t i o n  damage m y  be  
"annekled out" under h igh  t enpe r2 tu re .  
h igh  tempera ture  ope ra t ion  t h e  e q u i l i b r i m  va lue  r a t e  of dosage t o  r a t e  
of  "heal ing" w i l l  be no t  g r e d t l y  d i f f e r e n t  from u n i r r a d i a t e d  va lues .  

In  f a c t ,  it i s  hoped t h a t  f o r  

( 2 )  The o the r  a l l e v i a t i n g  f z c t o r  i s  ar, i n d i c a t i o n  t h a t  t h e  
s t r e s s  s t r a i n  curve  f o r  g r a p h i t e  does n o t  have a cons t an t  va lue  of 
s lope  from ze ro  s t r a i n s  t o  f a i l u r e ,  but thAt t h e  s lope  i s  m t e r i L 1 1 y  
decreased a t  h igher  s t r a i n s .  This phenomenon, i f  i n d i c a t i v e  of p l d s t i c  
f l o w  c h a r a c t e r i s t i c s ,  should be p rogres s ive ly  nore  pronnunccd 8 s  
temperature  i s  increased .  If t h i s  i s  t h e  c a s e ,  and a cons ide rab le  
amount o f  p l a s t i c  f low i s  p o s s i b l e ,  s t r d i n s  z r i s i n g  from teniperature  
d i f f e r e n c e s  would n o t  be accompanied b y  h i g h  s t r e s s  and f a i l u r e  by 
thcr-mal s t r e s s  r u p t u r e  *:iould n o t  occur. In more d e t a i l ,  t h e  fo l lowing  
i s  o f  i n t e r a t :  

P-1st d e s i g n  a p p l i c a t i o n s  of  g r a p h i t e  have a l l  been o f  such  
na tu re  t h a t  s t r e s s - s t r a i n  r e l - I t i o n s  d i d  n o t  have t o  be considered.  
11s a r e s u l t ,  engineer ing  des ign  d a b  of' t h i s  type h'xs n o t  been 
ScUght by t h e  c o x p n i e s  working w i t h  Eraphi te. The u l t im- i te  s t r e n g t h  
i n  t e n s i o n  quoted i n  p r o j e c t  d a t a  w i s  cbtu incd  from a t e n s i l e  t e s t  
i n  which in t e rmed ia t e  s t r e s s  and s t r a i n  mezsurcnents were not  t l ken .  
S i m i l a r l y ,  t h e  modulus o f  e l a s t i c i t y  (5) va lve  used,  i . c ,  t he  s l o p e  
vas obta ined  as  a cons tan t  f o r  ICW values  o f  E .  If one were t o  use 
t h i s  d a t a  i n d i s c r i m i n a t e l y ,  a s t r a i g h t  l i n e  s t r e s s - s t r a i n  diagram 
would be drawn having  t h e  eclfi'ition ~2- E E , and ending a t  
i n t e r s e c t i o n  w i t h  the l i n e  0 = c o n s t a n t  u l t i m l t k  s t r e n g t h .  The 
s t r a i n  correspondin; t o  f a i l u r e  would be calculL'ced by  d i v i d i n g  t h e  
ult im-ite s t r e s s  by E,  and the  temperature  d i f f e r e n c e  which proauces 
such  a s t r a i n  would. be s imply obtQin2d by d i v i d i n g  t h i s  s t r a i n  by 
t h e  thermdl  expzzsion c o e f f i c i e n t .  

One inconp le t e  s t r e s s - s t r s i n  clidgran f o r  g r a p h i t e  a t  room 
t empera ture  has  r c c e n t l y  been prep3rcd. 
through the. 'complete racge t o  f a i l u r e ,  t he  t e s t  re  r e sen ted  b y  i t  
was c a r r i e d  far enough t o  ShOlN reduc t ion  i n  &-&& w i t h  
i n c r e l s i n g  e . If (o-/f[Gis n o t  a c t u a l l y  c o n s t a n t  b u t  decreases  
w i t h  inc reas ing  s trail:, t h e  tempera ture  d i f f e r e n c e  r equ i r ed  t o  
produce t h e  s t r a i n  corresponding t o  f a i l u r c  i s  g r e a t e r .  
temperature  d i f f e r e n c e s  &re  small conpared t o  t h e  mean temperature  
of  t h e  Sody, t h e  3- - C- r e l a t i o n  need only  be obta ined  f o r  8 s i n & l e  
temperature  va lue .  If n o t ,  CI cozpos i t e  curve must be obtained b y  a 
s e r i e s  o f  t e s t s  cover ing  t h e  terdpsr3ture  range. 

Although i t  does n o t  ex tend  

If t h e s e  

Raduction o r  l o c a l i z a t i o n  o f  f i s s i o n  product  r e c o i l  damage 
t o  i s o l s t e d  reg ions  can b e  accomplished by use o f  t h e  type t h r e e  
s t r u c t u r e  p rev ious ly  desc r ibed .  
loc i i l i zed  b u t  it wc.uld occur i n  a n  extremely h i g h  tempera ture  r eg ion  
where the  g r e a t e s t  s m e a l i n g  and l i e i l i ng  can b e  expected. 

Not on ly  would t h e  damage be  
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A s  no ted  under t h e  s e c t i o n  on 9e0, d e t a i l e d  d i s c u s s i o n  of  
p r o p e r t i e s  of g r s p h i t e  and g r a p h i t e  mixes can be  found uxder t h e  
s e c t i o n  on m a t e r i a l  p r o p e r t i e s .  Sone a 2 d i t i o n L l  work i s  i n  progress .  
P re l imina ry  arrangement-s have been m d e  f o r  s ecu r ing  p i eces  o f  g r a p h i t e  
which kave experienced v s r i o u s  i r r a d i a t i o n  times a t  Eanford.  
p i eces  a r e  r equ i r ed  f o r  eskablishrnent o f  s t r e s s - s t r a i n  r e l a t i o n s h i p  ' .. 
f o r  s t u d y  of p l a s t i c  flow be fo re  and a f t e r  i r r s d i A t i o n  and a f t e r  
annea l ing .  
cannot  be run  on u n i r r a d i b t e d  g r a p h i t e .  
and cannot  i nc lude  r e s u l t s  of'  f i s s i o n  p roduc t  daziage. 

Such 

Sone spec inens  can be prepared f o r  h a l t  t h ru -pu t  t e s t s ,  which 
Such d a t a  czn be only  qunl i . tAtivo,  

iVork i s  be ing  done i n  deve loping  a new f i e l d  of  tes t ing :  by 
a t t empt ing  nedsurements of t h e r m 1  c o n d u c t i v i t y  v a r i -  t i o n  w i  t h  
i r r a d i a t i o n  a t  h igh  t e n p e r s t u r e s  or1 si-rmples i n  a p i l e .  .;ill o f  t h e  
d i f f i c u l t i . e s  o f  t h e  techniques  lnvclved have no t  been resolved a s  y e t .  
I n i t i a l  work i s  on impregnated g r a p h i t e  ss;nplss and hot-pressed Be0 
s:lmples. Other t y ses  of  s u z p l s s  i cc lude  impregnated Be0 And Be-U a l l o y s .  
As mentioned previous ly ,  impregnat ion s t u d i e s  on g r a p h i t e  were success-  
f u l l y  c a r r i e d  o u t  i n c i d e n t 1 1  t o  t h i s  program. D e t a i l s  eI" t h i s  work a r c  
t o  be found i n  h h t e r i a l s  s ec t io r ,  of t h i s  r e p o r t .  

Attempts t o  o h t z i n  material  f i g u r e s  o f  m e r i t  f o r  & r a p h i t e  f o r c e  
c o n s i d e r a t i o n  of t h e  f a c t  h t  h e a t  th ru-put  a p p r a t u s  i s  incapaSle ef' 
causing r u p t u r e  02 u n i r r s d i s t e d  g r a p h i t e  spec inens .  , The highmsl.st2:ice 
t o  thermal  r u p t u r e  r e q u i r e s  power uSove the c a p c i t y  of tho h5at;ing 
element.  To e v a l u a t e  resista:l.ce t o  tl/ler.mil r u p t u r e  t h e c ,  fundamental 
phys ica l  p rope r ty  t e s t s  must be r e s o r t e d  t o .  D n e  from t i l e s2  t e s t s  
be fo re  and u f t e r  i r r a d i a t i o n  w i l l  a l l o w  c a l c u a l a t i o n  of  r educ t ion  i n  
power r a t i n g .  This m2ybe c o r r e l a t e d  w i t h  h e a t  t h ru -pu t  t e s t s  on 
i r r a d i a t e 6  bodies i f  g r e a t  danage i.s r e a l i z e d .  e 

d. Processing.  Cheziical p rocess ing  or" gra$i i ts  f u e l  elements i s  
d i scussed  i n  d c t a i l  i n  S c c t i o n  I V .  It  might be pointed o u t  he re ,  however, 

powder 
o r  s o l i d  mix i n s e r t s  w i l l  g r e a t l y  a l l e v i u - t e  t h e  chcnicn l  process ing  problem. 
Nct only  w i l l  s m i l l a r  arzounts of. mate r i a l  and s h o r t e r  coo l ing  o f f  per iods 
be involved,  b u t  t he  ma t r ix  can be reused  a f t e r  a s h o r t  ,<mitirig p e r i d .  

--- 
t h a t  c o n s i d e r a t i o n  of  t h e  usq o f  a g r s p h i t e  mdtr ix  w i t h  UC-graphite 

e. Miscel laneous Froblems 

(1) Canning. The problem of  r e t a i n i n g  f i s s i o n  products  and 
f u e l  i n  g r a p h i t e  has been  explored. i n  view of  t he  d e s i r a b i l i t y  of 
cu t t ing .down a c t i v i t y  on t h e  system o u t s i d e  t h e  r e a c t i o n  and l o s s  of 
f u e l ,  I n  a d d i t i o p i  c o n t r o l  problems i n d i c a t e  u n d e s i r a b i l i t y  o f  r e l e a s e  
o f  f i s s i o n  fragments which a r e  de layed  neu t ron  emit ters .  

Systems f o r  ob ta in ing  t h e  dos i r cd  degree  o f  impErmeabili ty can 
be c l a s s i f i e d .  2 s  f ' o l l o ~ s :  

(a )  metal coa t ing  

(b)  ceramic coa t ing  
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( c )  r epea ted  impregnat ion and g r a p h i t i z a t i o n  with p I t c h  

( d )  metal  j a c k e t i n g  

( e )  d i sc r ' e t e  d i s p o s i t i o n  of f u e l  

The gene ra l i zed  note's on taming i n v e s t i g a t i o n s  ;liven i n  
d i s c u s s i o n s  o f  Be0 bodies  a p p l y  i n  t h i s  case also. Yiork on imprcgnat ion 
and g r a p h i t i z a t i o n  has  been c a r r i e d  o u t  a t  Cl in ton  Lzbora to r i c s .  Rosul t s  
show th?Li-t any  d e s i r e d  degree of impermeable s u r f a c e  can be obta ined .  The 
type of  pe rmeab i l i t y  t e s t s  used he re  do Got prove r e s i s t a n c e  t o  d i f f u s i o n  
and p e n e t r a t i o n  o f  s o l i d  and v o l a t i l e  f i s s i o n  products .  &tal j a c k e t i n g  
involves  t h e  p o s s i b i l i t y  o f  p l ac ing  t h e  graphite-UC mix i n  a t i g h t  
f i t t i n g  s t e e l  j a c k e t .  This scheme r e q u i r e s  c o n s i d e r a t i o n  o f  re lL- t ive  
t h c r m l  exparisions, p r e s s u r e  bui ld-up,  and s t resses .  ri t i g h t  €it i s  
r equ i r ed  t o  a l l o w  h e a t  t r a n s f e r  a t  re2sonzble  te inperutures .  Qhe use 
of a g r a p h i t e  ma'trix wi th  s c l i d  o r  powdered f u e l  i n s e r t s  i s  a v e r y  
promising p o s s i b i l i t y  f o r  canning.  
impermeable by impregxi t i o n  and g raph i  t iza-bloii ,  
f i s s i o n  fragments which a r e  delayed. neu t ron  e m i t t e r s  can bc r e t a i n e d  
u n t i l  t h e  n e u t r m s  are r e l e a s e d  becnuse of the  r e l a t i v e l y  grei t t  d i s t a n c o  
from p o i n t  of . f i s s i o n  t o  tlie Surface  of t h e  rod. 

Thegraphi te  m t r i x  can be rondered 
Even iYithout t h i s ,  

4. Bery l l ium.  

Fuel  e lements  u s i ag  be ry l l i um metal  a s  t h e  m t r i x  m t c r i d l  f a i l  
a t  h igh  t c x p e r a t u r c  by  ch->nge of  s t a t e ,  i . e . ,  meltirig o r  v o l - t i l i z J t i o n  wi th  
t h e  a d d i t i o n a l  p o s s i b i l i t y  of f ; l i l u r e  under thermit l ly  induced S t rL ins ,  i .e . ,  
c r eep  f a i l u r e .  
f l o w  of  m d t e r i i l  and t h e  s h o r t  opa ra t iond l  l i f e  of thc f u e l  e lcments .  The 
p r i 2 c i p l e  problems involved. i n  a p g l i c a t i o a  of  .Sc meta l  derivc,  T'ron t h c  l o w  
s t a t e  of devolopment of t h e  technology o f  Be and  i t s  a l l o y s .  

The l a t t e r  type  or" f a i l u r c  i s  innprcbble  bcczuse of  p l a s t i c  

Because o f  t h c  tomper i ture  l i m i t a t i o n s ,  shape i s  the  mcrc i m p a r r t a ~ t  
d e s i g n  c o n s i d e m t i o n .  Pzper work i x d i c s t c s  t h a t  t he  r a t e  o f  t r a n s f e r  o f  
Be t o  o t h e r  pf i r t s  o€ t h e  system i s  n o t  s eve re  a t  Benporatures below 1'700°F. 
This t e n y e r a t w e  has  bcen s e l e c t e d  as tho f e u s i b l e  upper cpcra t ior ,  limit o f  
Be f u e l  e lements .  
u n i t s  i s  t o  u t i l i z e  g r a t e r  surf ice- to-volume r a t i o s .  L imi ta t ions ;  02 t h i s  
approach de r ive  from pressure  drop  r e s t r i c t i o n s ,  dimensional  s t a b i l i t y  
requirements  ( e x h i b i t i o n  o f  wLrping o f  t h i s  s e c t i o n )  and manufacturing 
techc iques .  
poss ib l e ,  which t h e  l a s t  two ( p r i m a r i l y  t h e  l a s t  one) determine hhc lower 
l i m i t s .  

The only  appa ren t  may of  improving t h e  power ou tpu t  of t h e s e  

The f i r s t  l i m i t a t i o n  r e q u i r e s  u t i l i z a t i o n  of' a s  t h i n  a wall a s  

I 

nlmoct  none of t h e  work dcne on b e r y l l i u n  and i t s  a l l o y s  h A s  been o r  
i s  poin ted  spec i f ic i l1 :y  u t  f u e l  elemept d e s i g n  appl icat i lon.  It  m s  r e a l i z e d  
q u i t e  m r l y  t h d t  a m u n t G i n  of work on techfiology c f  Be (must be acconpl i shed  
p r i o r  t o  des ign  a p p l i c a t i o n  o f  any  type .  !fork on m e ~ 1 1 , U r g y  and manufacture 
of basic  f o r m  has been i n  progress  f o r  some t ine.  P r a c ' t i c a l l y  noth ing  has 
bcen done on h igh  t e n p e r l t u r e  p r o p e r t i e s .  
f i e l d  a t  p re sen t  a r e  MIT, B a t t e l l e  Memorial I n s t i t u t e  and Los  alanos.  Some 
work on c r e e p  has bcen r e c e n t l y  completed a t  Xes t ingho 

P r i n c i p a l  c o n t r i b u t o r s  t o  t h e  
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Severn l  miscel laneous problerns hive been  cons idered .  Chief o f  t hese  
the  problem of r e t a i n i n g  f i s s i o n  products ,  i . e .  "canning". Outside of 
e l  j a c k c t i n d ,  t h e  o n l y  promising p o s s i b i l i t y  l i e s  i n  c l add ing  the  Be-U 
oy w i t h  3e .  F r e l i n i n J r y  work on such Be--Be-U--Be ssndwiches h l s  been 

Cladding 
c a r r i e d  o u t ,  
e x t r u s i o n s  and f l a t  p l l t e s ,  and gccd bonding has been obta ined .  
of  j o i n t s ,  welds,  and  loose  ends poses Ln a d d i t i o n a l  problsm. 

Claclding hcrs Seen accoapl i shcd  ir, t h e  c a s e  c f  round b a r  

ri second problen  i s  t h a t  o f  t h e  p o s s i b i l i t y  o f  solf-welZing of  &?its 
s tacked  i n  a channel.  
Undoubtedly, i f  t he  d a q e r  o f  welding proves eminent,  t h e  ends can b e  prcpdred 
i n  such  a m y  as t c  e l i rninate  t h e  t r o u b l e .  

0 r . l ~  experimental  ?-fork c m  reso lve  t h e  ques t ion .  
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lIa ITATERIALS 

In  t h e  development of t h e  power p i l e  design,  cons ide rab le  work has 
been done i n  t h e  determinat ion o f  t h e  p r o p e r t i e s  of s e v e r n l  m x t e r i a l s  hzv- 
ing p o t e n t i e l  signific,ance i n  t h e  development o f  ctomic power. In p a r t i c u -  
l a r ,  a c r i t i c n l  evpLluztion hzs been nzde of t h e  a v a i l a b l e  d a t a  on t h e  prop- 
e r t i e s  o f  be ry l l i um oxide,  beryl l ium metal ,  c r a p h i t e ,  t h o r i a ,  and thorium. 
The r e s u l t s  a r e  t a b u l a t e d  cnd d i scussed  i n  t h e  following paragraphs.  

1, Beryllium Oxide. 

Beryll ium oxide possesses  a number of t h e  p h y s i c a l  p r o p e r t i e s  which 
a r e  r e q u i r e d  of a moderating m a t e r i a l  i n  high temnerature  gzs-cooled p i l e s .  . 
The d e s i r e d  p r o p e r t i e s  are:  

(1) LOW atomic weight.  

( 2 )  X combination of  h i g h  s c a t t e r i n g  c r o s s  s e c t i o n  and extremely 
low o v e r a l l  abso rp t ion  c r o s s  s e c t i o n .  

small.. 

( 3 )  High d e n s i t y .  

( 4 )  Freedom from impur i t i e s  such t h &  t h e  t o t 2 1  abso rp t ion  i s  

(5) Adequate supply a t  2. r c a o n a b l c .  c o s t .  

(6) Relzt ivel j r  high chenicc.1 znd phys icz l  s t a b i l i t y  under ope ra t -  
ing c o n d i t i o n s .  

( 7 )  Low vapor p re s su re .  

( 8 )  Feasible  chen icn l  p rocess ins ,  f a b r i c z t i o n  and r ep rocess -  
ing ope rn t  ions.  

a. Sources o f  B e r y l l i a .  A t  p r e s e n t ,  t h e  c h i e f  commercial 
source o f  b e r y l l i u n  i s  t h e  o r e  Beryl (3Be0-A1203 .&io2) (145Be0, 5.4$Be) . 
Other o r e s  such as Chrysoberyl (BeO.fd 0 ), znd He lv i t e  (complex s i l i c a t e )  
have a l so  been considered.  
t h e y  have proved t o  be economically more f e e s i b l e .  

Beryl i s  found i n  Colorado, i n  t h e  Black H i l l s  of South Dakota, 

2 3  Only Beryl sources  have been e x p l o i t e d ,  s i n c e  

i n  I!laine and New Hampshire, and i n  many o f  t h e  A t l a n t i c  s t a t e s .  
m o s t  o f  t h e  b e r y l  consmed has been imported. 

Eowever, 

(1) (1) Resources i n  Reservc (Xeasured ?ad E s t i n c t o d )  . 
. _  # 

In  t h p  Un i t ed '  S t a t e s ,  morktcblc r c s c r v e s  o f  Beryl ark est i -  
hatted t o  be 8000 t o n s ,  a i t h  an a d d i t i o n a l  2000 tons  7:hich n i g h t  con- 
ce ivab ly  be worked i n  t h e  f u t u r e .  The r e s e r v e s  o f  l o w g r a d e  E e l v i t e  
o r e s  ?.re b e l i c v c d ' t o  be 4500 t o n s  3f 2. Srndc ContainiRg 2 pe rcen t  Be0 
and 184,000 t o n s  o f  a grade con ta in ing  1/2 percent  BcO, Thus, about 
2400 t o n s  o f  Be0 i s  maximum t h z t  t h e  United S t a t e s  r e s e r v e s  c m  y i e l d  
i n  t h e  f u t u r e .  
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Most f o r e i g n  r e sources ,  excep t ing  t h o s e  of B r a z i l  amd Indin,  
Ere be l i eved  t o  have been exhausted during t h e  w c r .  
Hovever, some German no te s  i n d i c a t e  r e s e r v e s  i n  NorvtEy, Finland, France 
and Rumania. 
ces  w i l l  %e st t h e  r a t e  o f  about 2000 tons  per f o r  t h e  next  5 t o  10 years .  

Data a r e  mecgcr. 

Expected product ion from United S t a t e s  and Braz i l  sour-  

( 2 )  U. S .  S tockp i l e s .  

In  the  f a l l  of 1946, t h e  Unitcd S t a t e s  had on h'uld, i n  ~ O V -  
The graded crniient c o n t r o l l e d  s t o c k p i l e s ,  abo.ut 4100 t o n s  o f  Beryl o re .  

overages i n d i c a t e  a p o t m t i a l  y i e l d  of 10% Be0 o r  410 t o n s  f r o m  t h i s  
s t o c k p i l e .  
country . No l a r g e  p r i v a t e  s t o c k p i l e s  a r c  bc l i eved  t o  e x i s t  i n  t h i s  

(3) P r i c e s  o f  Beryl Orc. 

kI.lorl;ets w e  u n c e r t a i n  and depend on l a r g e  o r d e r s  t o  s t i m u l a t e  
The purchase u n i t  used is defincd 

A t  p r e s c n t ,  f o r  small o r d e r s ,  t h e  market 

p roduc t iop  and b r i n g  unit c o s t s  dolvn. 
as 20 pounds o f  fie0 pcr  t o n .  
can be rensoncbly expected,  
p r i c e s  run c losc  t o  twice t h a t  f i g u r e .  

For l a r g e  o r d e r s ,  a p r i c e  of $13 pe r  u n i t  

b. Chemical Processing o f  Ores ('j3). Ecryl  orc:  i s  very r c s i s t n n t  
t o  ac id  a t t a c k  - except  f o r  hydro f luo r i c  p.cid. Kcvertheless ,  acid mcthods 
a r c  used f o r  decomposing t h e  o r e  and recoverir ,g k t s  be ry l l i um oxide content, 
These p rocesses  are based on t h e  f a c t  t h c t ,  a f t e r  sui t? .ble  h e a t - t r e a t x c n t ,  
b c r y l  r e a c t s  w i t h  s u l f u r i c  acid.  The speed of r e a c t i o n ,  moreover, i n c r e a s e s  
w i t h  incrcrtsing temperature  of h e a t  t rea . tncnt  s o  t h a t  t h e  o r e  bccomes ve ry  
r e a c t i v e  i f  it i s  mclted and quenched by pour ins  i n t o  vrater. The quenched 
b c r y l  has had i t s  o r i g i n a l  l z t t i c e  s t r u c t u r e  destroyed.  
t h e  b e r y l l i a  can  t h e n  be rcmovcd by trecitment w i th  5@ s u l f u r i c  ac id .  
one process  t h e  s u l f a t e  l i q u o r  i s  concen t r a t ed  and b e r y l l i u x  s u l f a t e  rccov- 
c rcd  by f r a c t i o n a l  c r y s t a l l i z a t i o n .  
t o  oxide,  VJ i t h  s u l f a t e s  of a lminwz ,  l i t h ium,  caesium, and rubidium ob tz incd  
as by-products. I n  t h e  d t e r n a t e  process ,  t h e  be ry l l i um i s  p r e c i p i t a t e d  
from t h c  s o l u t i o n  as t h e  hydroxide,  which i s  then  hez ted  t o  1000° C .  t o  y i c l d  
t h e  oxide.  

IIore t h a n  9% of 
In 

The purif ' icd s u l f a t e  i s  t h e n  r o a s t e d  

c.  Froducers of Be0 Fowder and Their  P roduc t s ,  (1). P r i n c i p a l  pro- 
ducers i n  t h i s  country nre Brush Beryll ium Compsny, C l i f t o n  Products Com- 
pany and Beryll ium Corporzt ion of America. 
ing on Be0 f o r  some t ime,  wh i l e  BCA has j u s t  r e c e n t l y  e n t e r e d  t h e  f i e l d .  

Brush wid Clif ' ton hstve been work- 

Three b a s i c  types  of po;i\rder a r e  produced by Brush and C l i f t o n  
Thc va r ious  grades which have been used in ,  f a b r i c a t i n g  shapes companies. 

a r c  des igna ted  as fol lows:  
C l i f t o n  Brush 

Low f i r c d  a t  about 1200°C - h igh  p u r i t y  GC grade F luo rescen t  grade 

Low f i r e d  a t  about 12COOC - low p u r i t y  SP grade Metal C;rade 

High f i r e d  ( fused  and grouqd) Bigh f i r c d  R e f r a c t o q  grade 
gr nde 
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Analogous gredcs Ere no t  i d e n t i c a l  b u t  w e  q u i t e  s i m i l a r .  The 
low f i r c d  grades s e l l  e t  about $4.00 per  pound, vM.lc the h i g h - f i r e d  grades 
s c l l  .t abgut $8.00 per pound. 

Erush and. C l i f t o n  can produce Be0 a t  a r a t e  o f  about 15 t ons  
p e r  month each, s o  t h a t  m adequate source of supply i s  a v a i l z b l e .  

C h a r a c t e r i s t i c s  of t h e  t h r e e  commrc in l  powders have b c m  s tud -  
i e d  Rf t e r  f a b r i c c t i o n  with t h e  r e s u l t s  2.s sliown: 

Surface Area D i m e t e r  D i m e t e r  fron e l e c t r o n  
Micrograph Shape - Xater  ial $/gm ( c a l c d )  

Brush G.C. 2 e 9  0.68 /c' ca.  0.5 p i r r e g u l a r  

. 

C l i f t o n  
F 1 uo r e  s c e n t  
grade 17 0.12 p 0.05 t o  0.10,~ p l a t e  l i k e  

C l i f t o n  
Metal grade 20 0.1.Op 0 . 0 5 p  

d. Phys ica l  P r o p e r t i e s .  

. .  (1) P r o p e r t i e s  of a S ing le  Cryo tz l ,  - .  
The physicc,l p r o p e r t i e s  o f  a s i n g l e  c r y s t a l  o f  Be0 w e  as 

B e r y l l i m  Oxide, BeQ 

Xe l t ing  P o i n t ,  2620' I{ = 4616' F 

f 0 1 lows : 

Boil ing Po in t ,  4170' I< c 7046' F 

Zero lr!;lgnetic S u s c e p t i b i l i t y  

Hexzgonal w i t h  C : 1.63; c r y s t a l s  p r i s m a t i c  w i th  d i s t i n c t  
Lorn cleavage;  

.H = 9 ,  g 3; insoluble1 i n  ac id ;  uniaxial p o s i t i v e  w i t h  
NO = 1.719, 

Ne = 1.7333, Ne - No t 0.014, co lo r ,  white;  hardness o f  9.  

( 2 )  bIelting Point  . . .  

The m e l t i n g  p o i n t  i s  r a p i d l y  lovmrcd by t h e  prosence o f  im- 
p u r i t i e s  such RS c l k a l i  and a l k a l i  e n r t h  meta ls  as me11 a6 a c i d i c -  
r a d i c a l s  such as s i l i c a .  To avoid excess ive  s i n t e r i n g  and f l u x i n g ,  
it i s  necessary to  produce an oxide of high p u r i t y .  
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( 3 )  Thermal Capaci ty  (1) 
. . . . . .  

Values o f  t h e  in s t an taneous  thermal c a p a c i t y  given i n  I .C.T.  
a r e  as f o l l o w s :  

Thermal Capaci ty  0 Temperature F 
c p  i3tu 

l b  O F  

2 12 0.299 

392 

752 

1112 

1472 

1052 

0.351 

0.421 

0.461 

0,487 

0.497 

(4) Densi ty  (L3) . 
*- 

The t h e o r e t i c a l  d e n s i t y  of b c r y l l i m  oxide i s  3.025 g/cc, 

(Srinll  s m p l e s  have been prepared wi th  

However, t h e  f i r s t  bodies  

Hot Pressed conne rc in l  s i z e  srecimens have been produced wi th  bulk den- 
s i t y ,  {', treater t h m  2.80. 
p = CR.  2,96) .  Ceramically f i r e d  commercial s j z e  specimens hzve 
been produced w i t h  a bulk d e n s i t y  o f  2.6. 
produced by s l i p  c a s t i n g  and cerani.c f i r i n g  had c bulk d e n s i t y  o f  about 
2 . 2 .  

Dens i ty  o f  I3e0 Powder 

Low f i r e d  0.1 t o  0.2 . 
Eigh f-ired ca .  t o  095 

A 

( 5 )  Ezzrdness (4) 

The hot-pressed, h igh  d e n s i t y  product w i l l  e a s i l y  s c r a t c h  
g lass ;  t h e  low d e n s i t y ,  c e r a m i c a l l y - f i r e d  bodies nay be made as s o f t  
as chclk,  The hardness  of pure Be0 has been r e p o r t e d  ax 3.  

Norton Compe.ny r e p o r t e d  t h e  f o l l o ~ r i n g  hardness vc lues  : 

lifIat e r i 3.1 liverage ~ A o o p  NO ( ~ 1 0 0 )  

Beryllium c a r b i d e  2 410 

Beryllium n i t r i d c  2 040 

Beryllium oxide ( f u s e d )  

Chrornim p l a t e  

1250 

G 80 

AF, a t  e 640 
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(6) Vapor Pressure .  (1,W 

Experimental  Values of The Vapor Pressure .  

Temperature OC 

1999. 

2 140 

( 7 )  E m i s s i v i t y  

Vapor P r e s s u r e  i n  mm. Hg. 

3.57 

The e m i s s i v i t y  h r s  been mcnsured as a f u n c t i o n  o f  tempera- 
t u r e .  
i n d i c n t c s  t h a t  t h e  "black" u n i t  hns been annealed i n  a g a s - f i r e d  k i l n .  

The term ttbla&'t des igna te s  hot pressed  u n i t s ,  whi le  "white" 

Temperature O F  

1000 

h i s s i v i t y  ( t o t c l )  
" ~ h  it e " I' b 12 ak" 

0 e 5 0  0*20 

2 000 0.70 0 =.35 

3000 oeso 0.50 

( 8 )  E l e c t r i c a l  R e s i s t i v i t y  w e  
Beryllium oxide i s  an e x c e l l e n t  e l e c t r i c a l  i n s u l a t o r  even 

a t  temperatures  above 2000' C .  
passes  a l l  o t h e r  m e t a l l i c  oxides  having r e f r a c t o r y  va lue .  
d a t a  a r e  shown i n  t h e  fo l lowing  t a b l e :  

As an e l e c t r i c c l  i n s u l a t o r  it s u r -  
Experimental  

E l e c t r i c a l  R e s i s t i v i t y  as a Funct ion of Temperzture 

0 
Tempe r a t  ure  C R e s i s t i v i t y  M C E ; O ~ S / C U .  cm. 

800 125 

i s  

~ ........... _- 

1100 15 

(1) ( 9 )  Thermal Conduct iv i ty  . 
The thermal  conduc t iv i ty  o f  high d e n s i t y  beryllium oxide 

approximately t h e  s a r e  as t h a t  o f  pure i r o n D  

Thermal Conduct iv i ty  (I;stiTi.f~tc!r! ) 
Temperature O F  Densi ty  (Btu/hr . f t  . O F )  

500 2 .o 29.5 

1000 2 .o 17 -0 

1500 2 D O  
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Thermal Conduct ivi ty  . .  

. :. 
, .  . . .  

$.,-.$;;., >. :::: . .  : . ,  i j :  
,:. 

Tempe . . . . . .  r +ure - i d  .\ .. ,. Q . . .  s:i ti? (Btu/hr,ft ,  OF) 
. . .  

, I  

2000 2 ;0 9 * 8  
i 

500 3‘; 025 43 .O 

1000 j H 025 29.0 
< 

1500 3.025 19 -6 

2 000 3,025 14.5’ 

(10)Thernal  Expansipn (1). 

The c o e f f i c i e n t  o f  t h e r n a l  expansion has been measured f o r  
ho t  p re s sed ,  k i l n  f i r e d  and e l e c t r i c a l l y  fused  m a t e r i a l  The elec- 
t r i c a l l y  f e e d  ,and hot  p re s sed  Be0 appa ren t ly  s h o w d  sone p r e f e r r e d  
o r  i c n t  a t  i on  i 

Linear  Thermal Expansion o f  Beryllium Oxide 

Temperature OF h l a t e r i d  KxlQ-6 OF-’ 

500 d e n s i t y  = 2.8 4.5 
1000 (ho t - p r e s  sed)  5 44 

500 d e n s i t y  = 2.015 3.6 

1000 ( f i r e d )  4.2 

2000 , ‘ 5.1 

500 density = lb753 3 e 5 5  

1000 ( e l c c t r i c o l l y  fused)  4 ,15 

2 000 ’ 5-05 
(11)Elast i c  Modulus (1). 

The e l a s t i e  modulus o f  hot-pressed 6epyllium oxide samples 
has ‘been measured b , r  t h e  q u a r t z  c r y s t d  v i b r a t i o n  method and found t o  
be o f  t h e  o r d e r  of 315 x 
d e c s i t y  of 2.85 g/cce 

djmes/cm2 (ca. 45.8 x 10 6 p s i )  f o r  a 

The s tudy  of e l a s t i c  nodulus vs.  d e n s i t y  f o r  pure Be0 has 
given a d e f i n i t e  l i n e a r  rel?. t ionship: 

E I (320i3 - 595)  x lo3.* dynes/cm 2 

(7 = d e n s i t y  d c c  . 
I 

\ 
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Experiments i n d i c a t e  t h a t  t h e  value of t 5 e  e l a s t i c  modul1.1.s 
decreases  by only about 10% i n  going from room temperature t o  1000" c 
( a c o u s t i c  experimental  t echn ique ) .  

(I2 )Fens i l e  S t r eng th  (1). 

The t e n s i l e  s , t r eng th  of hot-pressed 90% ReO-lC% U 0 2  c y l i n d e r s  
= 3.1 h:is been found t o  be approximately 16,000 p s l  (1.1 of d n s i t y  

X 10 dynes/cm2) by t h e  b u r s t i n g  s t r e n g t h  nethod.. 
w i th  t h e  t e n s i l e  s t r e n g t h  p r e d i c t e d  from t h e  compressive s t r e n g t h  nea- 
surements on t h e  b a s i s  of m a l o g y  w i t h  o t h e r  i n , t e r i a l s .  Morton Cornpan. 
r epor t ed  E s t r c n g t h  of pure Be0 hot p re s sed  ( f = 2.8) o f  lo9 d:mes/cm . 
t e m p e r a t w e  r m g c  from 20°C t o  1.460'~ (according t o  a German repor t ] . .  
Tes t s  a t  B a t t e l l e  a t  2500' F. on pure Be0 g2.w 2. modulus of r u p t u r e  
s t r e n g t h  of 15,DOO p s i .  
t e n s i l e  s t r e n g t h  wi th  temperature.. 
t ho  t r m s v e r s e  n a t u r e  of t h e  f r a c t u r e  j u s t i f i e s  ,md suppor t s  t h e  v d i d -  
i t y  of t e n s i l e  s t r c s s  c n l c u l z t e d  f rom r u p t u r e  s t r e n g t h ,  

9 This cgrees   ell 

6 
The t e n s i l e  s t r e n g t h  decrep-sed oxly  cl. s m a l l  anount over :he 

This iEd icn te s  t h e r e  v ~ a s  l i t t l e  change of 
The p e r f e c t  e l a s t i c i t y  of'  Be0 and 

The conpressive s t r e n g t h  c f  s i q t e red  beryl l ium oxide bodies  
is a s e n s i t i v e  f u r c t i o n  o f  t h e  d c n s i t y  ,and t . 2  2 s l i g h t l y  lesser exkcnt 
of t h e  nethod o f  f a b r i c a t i o n  o f  t h e  beryl l ium oxide.  

Cold Compressive S t r e n g t h  o f  B e r y l l i a  Shapes 

2 Coxpressive S t r e n g t h  
Densi ty  Em/cc Psi Dynes/cm 

Ceramical ly  f i r e d  from Brush h igh  9 f i r e d  Re0 2.22 14,560 1.00 x 10 

Ceramically f i r e d  f r o m  Brush S.P. 
powder - 2.0 17,000 1.18 x lo9 

Hot p re s sed  from high f i r e d  powdcr 9 ( f u s e d )  2.89 117,000 8.07 x 10 

9 Eat p re s sed  from Brush S.P. powder 
2.95 193,000 13.3 x 10 

C e r n m i c a l l y  f i r e d  from l o w  f i r e d  
powder 2.6 99,300 6.85 x lo9 

B & t e l l e  r e p o r t e d  the fo l lowing  d x t c  f o r  compressive s t r c n g t h :  

0 Temperdxre  F' 

2500 

2 700 

Conpressivc S t r e n g t h  P s i  

63,000 

66,000 

2 800 53,000 - 2 2 1  - ..................... . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  
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9 A specimen hea ted  t o  above 2960' F. i n  s i x  hours and h e l d  
above 3960' F. f o r  over an hour gave no measurable deformation under 
'a i0P.d of 170 p s i .  

t i c  modulus has been evnlus ted  as fol lovm : (4) 
The r e l a t i o n s h i p  between t h e  crushing s t r e n g t h  nnd t h e  e l a s -  

Crushing S t r e n g t h  E l n s t  i c  -Nodulus 

p s i  ( lo1' dyne s/cm 2 ) 

20 x lo3 120 

40 160 

80 220 

100 2 45 

140 2 90 

180 335 

2 00 355 
(14)Poisson ' s  Rat io .  

Po i s son ' s  r a t i o  TW.S nensurcc! on a hot  pressed  specimen and 
it was found t o  be ca.  0.19. 

e o  Thermal S t a b i l i t y  o f  Be0 (l,,s). Be0 s i n t e r s  z s  low as 1200' C ,  
and when Be0 p ieces  o f  h i g h . p o r o s i t y  ( p42 .3 )  ?.re hea ted  f o r  pcr iods  of 
s e v e r a l  hours  a t  1500° C o r  above, it i s  known t h z t  t hey  s lowly  decrease  
i n  s i z e  and inc rease  i n  d e n s i t y .  
bodies  du r ing  s i m i l a r  h e a t h e  pe r iods  i s  very s n d l ;  they  u s u a l l y  expmd 
very  s l i g h t l y : .  
t h e y  have been f i r e d  o r  annealed ( f o r  hot-pressed shapes)  above 1700' C 

, and t h e n  used a t  somewhat lower tempertiture. Such chcngcs as do occur do 
not appear t o  be an apprec inble  stru.ctur,o.l . l i m i t c t i o n .  

Thc change i n  s i z e  of ho t -pressed ,  dense 

The b c r y l l i a  bodies appear t o  be dimensional ly  stable when 

B e r y l l i a  shows good r e s i s t z k c e  t o  t h e r n a l  s p a l l i n g ,  p a r t i c u l a r l y  
0 a f t e r  annea l ing  a t  a t e n p e r a t v e  e r e z t e r  t h a n  1750 C. A mixture of g r a i n  

s i z e s  i n  the Be0 powder improves r e s i s t m c e  t o ' t h e r m a l  s p a l l i n g  over the2  
of un i fo rm,  f i n e  g r a i n  powder. Experimentel  i n v e s t i g a t i o n s  have been made 
o f  t h e  r e s i s t a n c e  t o  thermal  s t r e s s e s  due t o  temperature  d i f f e r e n c e s  i n  t h e  
b e r y l l i a ,  and a l s o  o f  t h e  e f f e c t  of c y c l i c  tempera ture  v a r i n t i o n s .  

I 

f. P l a s t i c i t y  ( ' D 9 ) .  B e r y l l i u h  oxide is  a per ' f ec t ly  e l a s t i c  mater- 
i n 1  over most o f  t h e  tempera ture  rcnge of i r _ t e r e s t .  
t a k e s  p l ace  c.t temperatures  g r e a t e r  t h a n  1750° C some p l a s t i c  f l o w  might 
occur  i n  t h a t  r eg ion ,  
has never been d e f i n i t e l y  observed. Mixtures of oxides  and o t h e r  r e f r a c t o r i e s  

Silnce r a p i d  anneal ing 

Hovtever, t he  occurrence o f  p l a s t i c  f l D w  i n  pure Be0 

(h igh  Be0 c o n t e n t )  undergo creep  a t  h igh  tempera tures .  
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g. E f fec t  o f  Method o f  F a b r i c r t i o n .  P r c f s r r e d  o r i e n t a t i o n  i s  shown 
i n  units made by ho t -p res s i rg  anti ex t rus ior ,  methods. Consequently, t h e  
products  show a n i s o t r o p i c  p r o p e r t i e s  . 

The hot -press  iog technique  produces h igh  d e n s i t y  products .  Cold- 
p r e s s i n g  fol lowed by c e r m i c  f i r i n g  produces u n i t s  of medim dens i ty .  ZX- 
t r u d e d  products  w e  low or  medium d e n s i t y .  Slip-c,,,st b e q r l l i a  ware i s  us- 
u a l l y  a l d v  d e n s i t y  n a t e r i a l .  

Thc g r a i n  s i z e  i n  t h e  hot-preszed m 2 t e r i a l  i s  o f  t h e  o rde r  of 
5 microns while  i n  t h e  m n e c l e d  samples it i c .  o f  t h e  order  of 20 t o  50 m i -  
c rons .  l h e r e f o r e ,  t h e r e  i s  some c r y s t a l  growth i n  both  t h e  ho t -p res s in2  
and znnea l ing  ope ra t ions ,  
F luorescent  powder showed a l a r g e r  g r a i r  t k a n  t h o  G.C. powder. 
i t y  o f  t h e  material  i s  small  ,and i r r c g u l z r .  

(1 

The g r a i n s  are a p p r o x i x i t e l y  isodimcnsionzl .  
Permer.bi1- 

The c r y s t a l  s i z e  ir, t h e  ceramic f i r e d  mater ia l  i s  s i m i l a r  t o  
t h z t  o f  ho t -pressed  b r i s k s .  For t h c  most p c r t  t h e  c r y s t a l s  are isodimon- 
s i o n n l  but  sone arects sh3w colunizar c r y s t a l s ,  The pormeab i l i t y  o f  t h e  ma- 
t c r i z l  is  small but  soxexhat e r r a t i c  s i n c e  t h e  ho le s  a r e  no t  wel l  connected. 

The p s r t i c l e  s i z e  o f  t h e  o r i g i n a l  powder 'and t h e  c h e m i c d  i m -  
p u r i t i e s  i n  it rnal-k~dly e f f e c t  t he  p r o p e r t i e s  o f  ex t ruded  uni ts .  Uni t s  i??.de 
from f l u o r e s c e n t  grade u f  De8 show or.ly s l i g h t  c r y s t a l  growth up t o  ? looo F. 
Uni ts  made frol-. hcgh-fj  re grade o f  powder showed ?n?.rEred orLcnt3 t ion  a f t e r  
e x t r u s i o n  due t o  the p a r t i c l e  shape. 
t rmpcra tu res  above 31GOo F, The m i t s  nnde from S.F. powder begcan t o  show 
c r y s t a l  growth a t  t c n p c r s t w e s  cbove 2 8 0 0 ~  F.; a t  3 1 0 0 O  F.  l c r g e  colwnnar 
c r y s t a l s  were formed. ?he pe rmeab i l i t y  o f  t h e  ex t rudcd  units t e d  t o  be 
r a t h e r  g r e a t  -- p a r t l y  due t o  flaws i n  t h e  f i n i s h e d  product .  

Uciform cr;rstrL1 growth occurred  a t  

h ,  i2ffect  of Annealing. R c s i d u ~ l  s t r e c s e s  m q y  be removed by an- 
nea l ing  ,n,t t empera tures  around 1750' C . 
t o  occur  i n  t h e  r eg ion  from 1150 t o  120G0 C bvt  t h e  rz.te o f  growth i s  v s r y  
s low* 

Noticeable  g r a i n  growth begins  

i, Nuclerr  Physics  Data (1,6,798). Exper ixenta l  mcesurements o f  
c r o s s  section:: o f  Be0 a r e  n o t  P.t p r e s e n t  very  c o n s i s t e n t .  
f o r  va lues  used i n  t h e  a n a l y s i s ) .  

(See S e c t i o n  X I  

6 ( t r a q s p o r t )  = 10.3 barns 

6 ( scpk te r ing )  = 10.1 barns  

j ,  R c s i s t m c c  t o  Chemiccrl L t t a c k .  At 1400' C. ,  bery l l ium oxide 
i s  una f fec t ed  by exposure f o r  long per iods  o f  t i n e  t o  oxygen, hydrogen, a i r ,  
n i t rogen ,  o r  hcliwn, l;;'dxr vapor,  hovrev6r a t t a c k s  bcry l l ium oxide m d c r  
t h e s e  cond i t ions ,  causing it t o  ro lc i t ize ,  t h e  r e a c t i o n  between t h e  Be0 and 

- . 2 2 3  I .  
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-- 
water vapor r e s u l t i n g  i n  a t r a n s p o r t  o f  . the Be0 t o  coo le r  zones o f  t h e  gas 
o r  vapor volume. 
flow and of t h e  p r e s s u r e  of t h e  wzter vapor, with r e s u l t s  as fo l lows :  

The r e a c t i o n  hcs been s t u d i e d  as n f u n c t i o n  o f  r a t e  of 

Be0 Loss f o r  2 1/2 Hour Test R u n  (1400' C.) 

Rate of Ste,am Condensation Natcr  Vapor P res su re  Weight of Be0 Lost  
(ml/m i n ) IIun % 

z 99 0.55 

3 90 0 .TO 

2 760 0.70 

5 760 0.91 

The fol lowing thermodynmic p r o p e r t i e s  a re  of i n t e r e s t  i n  a s t u d y  
of t h e  chemical r e a c t i o n s  of b e r y l l i a :  

Therm o clynzmi c 

Melting Point  
Boi l ing Po in t  

\ 

DF2000 -. - -101,o 

2 BeO- Be 3- 0 

P r o p e r t i e s  o f  Be0 

282O0y, 

k cal/mof. 1 
) 

1 

4170°R 

k cd /mol .  de€ ) 

k cal/mol, 

k cal/mol. 

k, cal/mol. 

dl F1500 
k c a l / ~ o l .  

111.5 

The equ i l ib r ium gas r e s s u r e  
i n .  atm. a t  1500 K g 

The i n e r t n s s s  of EeO t o  carbon a t  e l e v c t e d  temperatures  ,and i t s  
a b i l i t y  t o  wi ths t and  a t t a c k  fused  a l k z l i  c r e  rernerkable p r o p e r t i e s  

k. P o r o s i t y  m d  P e r k a b i l i t y  ( 1 ) -  Xs p r e v i o u s l y  mentior.ed, varia- ' 

t i o n s  i n  d e n s i t y  and p o r o s i t y  are produced by t h e  var ious nethods of manu- 
fr.cture o f  be ry l l i um oxide bod ies ,  
s i t y  bodies a r e  n o t  gas permeable. The Germaris, Degussz, had developed a 
s i n t e r e d  b e r y l l i m  oxide xh ich  u a s  gas t i g h t ;  also 2, s l i p - c a s t  b e r y l l i a  
which was g a s - t i g h t  a t  2200' C. 

Experiments i n d i c a t e  t h a t  t h e  h igh  den- 
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Densi ty  - 

e;/c c 

Experimental  Data on P o r o s i t y  and Permeabi l i ty  

Pore VolUme Vacuum Tight  
In.  % 1/2" Thickness 

Po r e  
Rq.dius 

2,918 3 03 Apparent ly  

27.2 r )  
L .2  

(AGOT Graphi te )  26 

Not (18.6% o,f pore volume 4 .x loo4 cm 

Not (20$ of  pore volume 2 x cm 
was r e a d i l y  a v x i l a b l e )  

r e a d i l y  a v a i l a b l e )  

1. Func t iona l  Uses. The i n d u s t r i a l  uses  of b e r y l l i a  may be sunmar- 
i zed  as fo l lows :  

1, The "h igh- f i red"  oxide i s  used f o r  c r u c i b l e s  and molds i n  
processes  vJhere cornon m a t e r i a l s  could r e a c t  chemical ly  o r  p h y s i c a l l y  
wi th  t h e  m a t e r i a l  be ing  hea ted  o r  c a s t o  

2 ,  The low-fired high p u r i t y  oxide has been u t i l i z e d  f o r  some 
t ime i n  t h e  manufacture of f luo rescen t  Imps, 

3 .  The low-fired,  low p u r i t y  oxide i s  used p r i n c i p z l l y  as t h e  
b a s i c  m a t e r i a l  t o  be processed i n  product ion  of  bery l l ium metal .  

4. In  r a r e  i n s t a n c e s ,  Be0 i s  used as a re f r ackory  b r i ck .  Here 
t h e  h i g h  c o s t  has r e s t r i c t e d  i t s  zdoption, 

B e r y l l i a  is  more r e f r n c t i v e  and l e s s  r e a c t i v e  than  calcium oxide 
o r  magnesium oxide.  Thus, thorium o m  be n e l t e d  a t  1900° C ,  and bery l l ium 
a t  1290' C.  i n  b e r y l l i a  ware without  a t t a c k .  
been used not o n l y  i n  c r u c i b l e s  but a l s o  i n  thermocouple s h i e l d s ,  c a s t i n g  
mold spill-wc.ys ,u?d funne l s .  B e r y l l i a ,  i n  gene ra l ,  has been more s a t i s f a c -  
t o r y  t h a n  t h o r i a  and z i r c o n i a  dur ing  d i e  p re s s ing  ,and f i r i n g  opera t ions .  
This might no t  cont inuo t o  be t r u e  f o r  s l i p - c a s t i n g  ope ra t ions .  

Consequently, b e r y l l i a  has 

m. Beryll ium Oxide Mixtures  (l)e Elixtures o f  Be0 and uranium oxide 
up t o  10% by weight  of  UO2 have been mnde both by ceramic f i r i n g  and by t h e  
hot -press ing  method. 
s l i g h t .  
t h e  UO2' i s  p re sen t  2s a mechanical mixture  of two phases (not  even a eu tec-  
t i c ) .  
D i r e c t  comparison has been made o f  t h e  h e a t  c o n d u c t i v i t y  o f  pure bery l l ium.  
oxide with h o t  pressed  bodies  con ta in ing  10% U02p and t h e y  have been found, 
w i t h i n  t h e  l i m i t s  of e r r o r ,  t o  be t h e  sane. In  g e n e r a l ,  t h e  d e n s i t y  of 
mixed oxide p i eces  i s  g r e a t e r  t h a n t h a t  o f  pure bery l l ium oxide p ieces  made 
under t h e  sane cond i t ions  b y ' a n  m o u n t  approximately equal  t o  t h e  added 
weight of t h e  uranium oxides  Although a l l  t h e  o t h e r  p h y s i c a l  p r o p e r t i e s  
o f  pure oxide and the  mixed oxide have. no t  been d i r e c t l y  compCared, it is  
be l i eved  t h a t  t h e  a d d i t i o n  of 10% U02 does n o t  s i g n i f i c a n t l y  a l t e r  t h e s e  
phys ica l  p r o p e r t i e s .  
an a c c e l e r z t i o n  i n  t h e  r a t e  of c r y s t a l  growth, 

There i s  much evidence t h a t  t h e  e f f e c t  of  UO2 is  
The 10% U02 (by weight )  i s  npproximntely one atomic percent ,and  

The mel t ing  p o i n t  i s  t h e  s m e  as pure Be0 rind no compound i s  known. 

HovJever, t h e  presence o f  t h e  U02 appa ren t ly  produces 
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The f s b r i c a t i o n  of  BeO-wznium oxide mixtures  has ,  i n  gene ra l ,  
been c a r r i e d  o u t  s t a r t i n g  wi th  t h e  ur<mium as U308. During t h e  process  
of h o t  p r e s s i q  i n  g r a p h i t e  molds t h i s  i s  e s s e n t i a l l y  2.11 converted t o  U02. 
In t h e  t e n p e r a t w e  rnngn between ::bout 500’ C .  and 1000° C . ,  znd i n  t h e  
p r e s e m e  of a i r ,  t h 3  U 0 2  i s  rezdi l j r  csnver ted  t o  U308 cnd in te rmedia te  com- 
pounds. T h i s  convers !.on involves  zn ’ expansion and, consequent ly ,  when 
it occurs  i n  R s i r - te red  EeO-UO body, crumbling i s  ap t  t o  occur .  This  
crumbling i s  observod evec i n  $he case  o f  high d e n s i t y ,  lot’, p o r o s i t y ,  hot-  
p ressed  shapes i:Jhcn t h e y  a r e  hczted i n  air a t  about TOO0 C .  

I t  ha:: been found t h c t  a t  1500’ C., IJ 0 i s  q u i t 5  v o l a t i l e  i n  
t h e  presencc of oxy:;ci?. 
more v o l n t i l e  hig6.c:- o x i d c j  UO 3’ i n  a gas s t r e m  contr..ini:ig oxygen, v o l a t i l i z a  io? also occurs .  

This i s  probably due t 3  2. i i s s o c i a t i o n  t o  form t h e  
If a BeO-UOZ body i s  herl.ted above 1000° C 

UO2 (powder) 20-225  
270-610 

O.GO034 2 500 OK 
0.00019 

U3O8 (powder) 25-150 0.00067 

3 10-600 0 .OOOGl 

Lmpblack  15- 120 . .  0.00003 

n. E f f e c t  of I r r e d i n t i o n  (1910a11). The two inpor t an t  t ypes  o f  
r a d i a t i o n  i n  t h i s  r ega rd  are neut rons  and f i s s i o n  fragments.  

(1) Keutron Bombardment. 

An “average” f i s s i o n  neutron having 2.n energy o f  2 ?$lev, 
on making an e l a s t i c  c o l l i s i o n  with another  atom, w i l l  produce a p r i -  
mary knocked-o? i o n  o r  a ton .  
is  d i s s i p a t e d  i n  p a r t  by e l e c t r o n i c  e x c i t a t i o n ,  i n  p a r t  by e l a s t i c  
c o l l i s i o n s .  
b e r  o f  d i sp l cccd  atoms by  e l a s t i c  c o l l i s i o n s .  These d i sp laced  ntoms, 
which d i s r u p t  t k e  l a t t i c e ,  hRve R pronounced e f f e c t  on physic?.l prop- 
e r t i e s .  IJeutrons w i t h  thermal  enc rg ie s  a l s o  nake e l a s t i c  c o l l i s 3 o n s  
w i t h  t h e  -toms of tlre m a t e r i a l  but  t h e s e  c o l l i s i o n s  have no e f f e c t  
on t h e  

The energy o f  t h e s e  pr imary r e c o i l  ntoms 

Thus, each primcry r e c o i l  atori may produce a l a r g e  nwn- 

p r o p e r t i e s  ( i d e n t i c a l  wi th  e i a s t i c  vibrcl t ions o f  t h e  lzttice),. 
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The u n i t  of exposure -- one niegaWatt dcy per  c e n t r a l  t o n  
(mwd/ct) i s  approximately equ ivn lcn t  t o  a thermal  flux of 1013. 
su renen t s  were made on t h e  i r r a d i a t e d  sFccinens t o  determine changes 
i n  : 

&a- 

1 Linear  dimens ions .  

2 .  Crushing s t r e n g t h .  

3 .  E l a s t i c  nodulus .  

4 Thermal conduc t iv i ty .  

5 .  L a t t i c e  cons t an t s .  

A p a r t i a l  s tudy  of  t h e  e f f e c t s  of annea l ing  was also made. 

The e f f e c t  of -neutron bombardment (exposed a t  a l i g h t l y  
above room t empera ture)  hns been examined i n  sone d e t a i l  f o r  pure hot -  
p ressed  bcry l l ium oxide.  The mnxinm exposure was a b u t  200 mwd/ct. 

(a)  Linczr  Dimcnsioris. The expansion o f  pure Be9 due t o  
neut ron  i r r a d i a t i o n  was very s l i c h t .  It appeared r a p i d l y  t o  ap- 
proach a s z t u r a t i o n  v d u c  which d id  not exceed 0.1% a f t e r  200 mwd/ 
c t  exposw e. 

(b )  Crushicg S t r e n g t h .  The crushing s t r e n g t h  o f  pure Be0 
inc reased  from 5 t o  10% i n  200 mvrrd/ct. 
a s a t u r a t i o n  value e 

It d i d  n o t  tend  t o  approach 

( c )  E l a s t i c  IQodulus. The e l a s t i c  modulus d i d  no t  change 
by as much as t h e  p r e c i s i o n  o f  t h e  expc - rhen t  ( o f  t h e  o rde r  o f  0.3$)0 

( d )  Thermal Conduct ivi ty .  Thc thermcl  r e s i s t i v i t y  of 
Be0 r i s e s  t o  1.5 x i t s  o r i g i n a l  value.  
a s a t u r a t i o n  value .. 

Apparently it approaches 

( e )  L a t t i c e  Cons tan t s ,  X-r2.y p i c t u r e s  i n d i c a t e d  t h a t  
t h e r e  was no chmge  i n  l ' e t t i c e  dimensiors ( w i t h i n  an accuracy of 
1 p a r t  i n  6000) nor >vas t h e r e  2.n;~ d i f f e r e n c e  i n  t h e  i n t e n s i t y  of 
the ,  l i n e s o  

( f )  E f f e c t  of  Annealing. knnee?ling o f  pure Be0 a t  900' C 
f o r  1 1/2 hours gave i n d i c a t i o n s  o f  complete r e t u r n  noma1 of t h e  
l i nea r  oxpms ion  m d  the  t h c r m d  conquc t iv i tye  

- 

( 2 )  F i s s i o n  Recoi l  (ll). 

The heavy 'pm- t i c l e s  produced by f i s s i o n  have such high en- 
e r g i e s  t h a t  t h e  r e s u l t  i s  8 l a r g e  number of d i sp l aced  atoms, In  addi-  
t i o n  t o  t h e  d i ep laccnen t ,  . the 
t r o n i c  e x c i t a t i o n ,  caus iqg  l o c a l  mel t ing  i n  t h e  inmediate v i c i n i t y  
o f  t h e  f i s s i o n  t r a c k .  l i f t e r  equi l ibr ium has been n t t a i n e d  the f i s s i o n  

f i s s i o n  fragment l o s e s  energy by e l ec -  
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f r a p e n t  s 
number o f  
ment s has 

a c t  as f o r e i g n  ntorns i n  the l a t t i c e .  As an example, 
d i sp lnccd  uranium a tof i s  p-oduced by a p a i r  of f i s s i o n  f r a g -  
been est imated as l30,OOO. Obviously, t h e  e f f e c t s  of f i s -  

s i o n  r e c o i l  cannot be s e p a r a t e d -  fron t h e  e f f e c t s  o f  neu t ron  bornbarbent.  

To determine t h e  e f f e c t s  o f  i r r a d i z t i o n ,  I l a r g e  number 
of samples of Be0 plus  U02 were prepared by the hot-pressing t echn ique  
and sub jec t ed  t o  bombardment i n  t h e  ti.E.Ii. p i l e  a t  a f l u x  ca .  1013 
neutronns/cm2/sec. f o r  pe r iods  o f  24 days,  63 days, and 133 days. 
samples o f  mixed oxide ( b o t h  2 and 10% U 0 2 )  contained 30% enrichment 
of u235. 
gone f i s s i o n  during 200 mwd/ct o f  bombardment. 
t o  about 2% of t h e  t o t a l  number o f  uranium atoms. 

All 

kbout 6% of t h e  U235 atoms p resen t  i n  t h e  samples had under- 
m a t  was equ iva len t  

The maximum temperz- 
t u r e  o f  t h e  samples du r ing  i r r a d i a t i o n  was est imated t o  be approximately 
700' C .  

(a)  Linear  Dimensions. For b o t h  low m d  h igh  d e n s i t y  
mixed oxides of 2 and 1073 U02, t h e  averztge expansion was less  t h a n  
1% f o r  200 mwd/ct. I t  appears t h a t  t h e  r a t e  o f  expansion decreases  
as i r r a d i a t i o n  t i n e  con-binues. 
sonewhat h ighe r  d e n s i t i e s ,  expanded very slightly more  on t h e  aver- 
age t h a n  did t h e  2$ samples (on  t h e  average o f  lower d e n s i t y ) .  

The 10% U 0 2  s m p l e s ,  which show 

( b )  Crushing S t r e n g t h .  Data on bot!? t h e  2 2nd lC$ mixed 
oxides  i n d i c a t e d  t h a t  t h e  crushinp, s t r e n g t h  v e r y  qu ick ly  decreased - - - -  
as much as 25% and t h e r e a f t e r  remained approximately cons t an t .  

( c )  E l a s t i c  Modulus. The nixcd oxide bodies  showed a 
r e d u c t i o n  i n  t h e  value of t h e  e l a s t i c  nodulus of ca .  305 i n  200 
mwd/ct i r r a d i a t i o n  . 

(d)  Thermal Conduct ivi ty .  The thermal  r e s i s t i v i t y  of 
t h e  n ixcd  oxides  was inc rezscd  (6.5 t imes  f o r  2%. 6.0 t i n e s  f o r  
1%) by 200 mwd/ct o f  i r r a d i a t i o n .  
l y  r e a l i z e d  2 f t e r  n very s h o r t  exposurc; however, t h e  r e s i s t a c e  
cont inued t o  i c c r c a s e  slowly. The damage s u f f e r e d  w a s  g r e a t e r  
f o r  t h e  2% mixture ,  e v i d c n t l y ,  because t h e  temperature  w a s  con- 
s i d e r a b l y  lower during t h e  i r r a d i a t i o n .  

The major e f f e c t  wzs apparent-  

( e )  E f f e c t  ' o f  f lnnealing. Annealing t h e  mixed oxides  f o r  
64 hours a t  200" C and UU hours 2.t 400' C f a i l ed  t o  i n d i c a t e  any 
s i g n i f i c a n t  anneal ing .of t h e  l i n e a r  dimension changes. 
f o r  1 ,1 /2  hours a t  900' C sJ 1652' F.  produced a decrease i n  l e n g t h  
o f  t h e  o r d e r  o f  O o l $ .  

Annealing 
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E f f e c t  o f  Annealing i n  Vacum a t  9OO0C f o r  3 hours  
For S m p l e s  I r r a d i a t e d  23 Days a t  H.E.dp 

% Linear  Dimension 
Chenge h n e a l e d  Out S m p  l e  $ Change Due t o  I r r a d i a t i o n  

$26, p e l l e t  h igh  d e n s i t y  0,66 
2% UO2 

2% uo* 
{#27, p e l l e t  h igh  d e n s i t y  0.64 

94 

76 

C-25 p r i s m  h igh  d e n s i t y  0.46 56 
2% u02 

(Standard  u n i r r a d i a t e d  s m p l e s  showed no changes f o r  t h i s  an- 
ncali-ng cyc lel) 

0 1innedinS a t  200°C = 392'F and 400°C = 752 F d id  r,ot 
chmgo t h c  c o n d u c t i v i t y  o r  l i n c z r  d incns ions  of t h e  i r r a d i a t e d  
samples. Annealing a t  9 O O O C  = 1652OF f o r  1 1/2 hours d id  change 
t h e  conduc t iv i ty  8s shown. 

E f f e c t  o f  Annealing on Thernal Conduct ivi ty  
(1 1/2 Hours a t  ?OO°C = 1652OF) 

A 

Sample 
24 Day Bombardment 

Est imated $ Change 
Annealed Out 

10% UO2 42.5 

2$ UO2 60.5 

Be0 pure  (ILpprox.) 100 

Thc measurements of the1 changes i n  thermal  c o n d u c t i v i t y  
were made a t  an average spcc inen  temperz ture  o f  73 C.  The use 
o f  t h e  r c t i o  o f  t h e  tdecrease i d  thermal  conduc t iv i ty  a t  7 3 O C  may 
be very mis lezding  as an iridex of t h e  dmage  c m s e d  by i r r a d i a -  
t i o n  t o  a m a t e r i a l  which i s  t o  be used a t  ope ra t ing  tempera tures  
above 500 C , ,  s ir ,cc t h e  r a t i o  changes w i t h  t e a p e r a t u r e .  

I 0 

0 
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2. Beryl l ium, 

S e r y l l i m  ne ta l  possesses  many o f  t h e  p r o p e r t i e s  cons idered  d e s i r -  
ab le  f o r  node ra to r  nat.tcrials, a l though,  t h e  operc.ting range of  t h e  p i l e  
would be r e s t r i c t e d  bv c e r t a i n  phys ica l  p r o p e r t i e s  o f  t h e  metal. 

. Siiice t h e  p r c s u n t  method o f  
(2,20,22) a. Sources  o f  Beryl l ium 

producing b e r y l l i m  involves  t h e  r e d u c t i o p  of Be0 t o  bery l l ium,  t h e  sources  
o f  bery l l ium zre t h e  same as those  o f  b e r y l l i a .  

b. Chemical Processing ( 2 0 9 2 2 ) .  The r c d u c t i o n  of Be from i t s  oxide 
i s  d i f f i c u l t  bccause of t h e  h i g h  degree o f  s t a b i l i t y  and i n e r t n e s s  of t h e  
oxide.  Llvninun i s  n o t  s u i t a b l e  f o r  t h i s  pixrposc rLr.d even Ca and IJg, a l -  
though p g t c n t i a l l y  suit : ible,  c m n o t  be used became  o f  t h e i r  low me l t ing  
p o i n t s  or d i s s o c i a t i o n  t e n y e r a t u r e s  , 

Since  t h e  r educ t ion  of bery l l ium c h l o r i d e  by Na, JJg or  Ca i s  
f e a s i b l e ;  it i s  i n  Cencral ,  ob ta ined  b:- reciiiction o f  one of  t h e  h a l i d c s .  
The usua l  r e a c t i o n  i s  c.s f o l l o w s :  

The r c d u c t i o n  i s  perforried i n  a g r a p h i t e  r e t o r t  a t  a t e n p e r a t u r e  s l i g h t l y  
abme  t h e  mel t ing  p o i n t  of b c r y l l i u i l  (128OOC 
mcta l ,  2.s renovcd froni t h e  t o p  o f  t h e  cooled  m e l t ,  cor_tai:;s cons ide rab le  
m o u n t s  of  en t rapped  MgF2 . 

234O0F). The crude be ry l l i um 

X c t a l l i c  bery l l ium f l akes  a r e  proclvccd by e l c c t r o l y z i n g  a fused  
b2 th  con ta in ing  BeC12 i n  a s ta in less  s t e e l  c e l l  a t  a t empera turc  below t h e  
me l t ing  p o i n t  of t h c  metp .1 .  

Experimental  work hzs a l s o  been done 011 o the r  methods, such as 
thermal  decompos i t i o n  o f  t h e  iod ide .  

c Producers o f  Eeryll ium. Tha p r i n c i p a l  produccrs  o f  be ry l l i um 
i n  U.S.A. are cs fo l lows:  

1, Brush Beryl l ium Conpanyo 

2. Beryllium Corpore t ion  of  Americao 

3 C l i f t o n  Products .  

The Brush Beryl l ium Company arid B.C.A. use t e reduc 3n o f  
BcF2 mcthod. 
t h e  Gemm developnents  

C l i f t o n  Products  uses  t h e  e l e c t r o l y t i c  method -- similar t t ?  

d. Physical P r o p e r t i s ,  The fol lowing t a b l e  gives phys ica l  p roper -  
t i e s  o f  b e q r m i  as conparcd x i t h  t h r e e  o f  t h e  more conron metals ,  magnes- 
ium, a luminm and i r o n o  
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Unite  Be - pr' opc r t y 

Densi ty  gm/cc 1.86 

Meltiiig p o i n t  O C  1280 - 
2336OF 

Boil ing p o i n t  "C 2 900 

Cry s t a1 s t r u.c t u r  e K.C.P, 

69 1 6 60 1530 

1125 2 500 2 800 

Tens i l e  s t r e n g t h  p s i  20,000 t o  35,000 t o  7,000 t o  30,000 
50,000 40,000, l5',000 

Tens i l e  elongation $ on 2" 0 - 2 5 - 15 50 50 

Thermal expansion c .e . s  . . 1 9 ~ 1 0 - ~  1 4 ~ 1 0 - ~  23x10- 1 2 x 1 0 4  

Thermal conductiv- C . E . S .  0.2 0 037 0.5 0 *2  
i t y  

i v i t y  
E l e c t r i c a l  Res i s t -  Obm/cm. 4 ~ 1 0 - ~  4.  !k10-6 2 .655 '~10-~  Oxio-6 

In  mmy r e s p e c t s  b e r y l l i w .  i s  2. remnrknble element.  I t s  p o s i -  
t i o n  i n ' t h e  p e r i o d i c  t a b l e  a t  t h e  head of group 11, i c d i c a t e s  t h a t  it has  
t h e  t y p i c a l  p r o p e r t i e s  o f  a t r a n s i t i o n  element possess ing  m e t a l l i c  as w e l l  
as m e t a l l o i d  p r o p e r t i e s .  
l i t h i u m  and t h e  m e t a l l o i d  boron a l so  exp la ins  t h e  r e l a t i v e l y  h igh  mel t ing  
po in t  

This p o s i t i o n  i n  t h e  t a b l e  betwecn t h e  metal  

(23,251 (1) S t r u c t u r e  

C r y s t a l  s t ruc ture- -hexagonal  close-packed, 2 atoms i n  an 
elementary c e l l  . 
ing  r a n p s  : 

L c t t i c e  coEstan ts  havc been r cpor t cd  over  t h e  follow- 

"1 2.2600 t o  2.233 O h  

3.935 t o  3.64 ' O l i  a3 
a3/al 1.5'62 t o  1.5847 

Thesc r a t h e r  wide d e v i a t i o n s  couldl/ h a r d l y  be a t t r < b u t e d  t o  i n p u r i t i e s  
s i n c e  t h e i r  e f f e c t  on t h e  l a t t i c e  klirwnsions i s  normally v e r y  s m d l .  

The r a t i o  a 3/a1 i s  soncwhat s m l l e r  than  f o r  i d e a l  hexa- 
I 

gonal c l o s e s t  packing o f  sphe res .  '1 Cocsequently,  each atom h s  s i x  
n e a r e s t  neighbors  above m d  below it (2.20 "X), a& s i x  somewhat f u r -  
thercremoved neighbors  (2.28 'A) i n  i t s  own p lane  '(1 t o  t h e  z3 a x i s ) .  

'I 
( a )  litomic cons t an t s .  

Atonic numbsr, 4; atomic weight ,  9.02; s t a b l e  i so tope ,  Be . 9 

. .  . . .  ._ ! - 2 5 1  - . . . . . . . . . . .  2. . . . . . . . . . .  . . . . . . . . .  I 
. . . . . . . . .  i o . .  i . . . . .  
0 0  0 0 0 '  0 z o o  : : D O * 1 0 0 '  : 

....... . . . . .  . . . . .  
0 0 D O 0  O D  



A 

(a) Atomic c o n s t a t s .  ( con t inued)  

E l e c t r o n  d i s t r i b u t i o n  and ground term -- 1 S 2  2S2 1 

Atomic r a d i u s  = 1.12 k ,  one-half  t h e  average d i s t a n c e  
0 sQ 

between a Be atom and i t s  twelve 
neighbors  i n  Be meta l .  

I o n i z a t i o n  p o t e n t i a l s :  

1 s t .  9.50 v o l t s  

2nd. 18.14 

3rd .  153.10 

Atomic volume 

(b)  Dens i ty  and hardness .  

i s  4.90 c c / p  ( i f  d e n s i t y  is  1.84 g/cc)., 

Dens itv C ondi t  ion 

1.802 g/cc c a l c u l a t e d  from c r y s t n l  s t r u c t u r e  

1.844 99.5 $ plus Be 

1,816 99.96 % p lus  Be 

The hardness .  of  Be decreases  wi th  inc reas ing  p u r i t y .  

B r i n e l l  Hardness 

153 

% Be 

98 09 

97 ..*114 99 -5 
98 99.962 

The hardness  o f  bery l l ium also decreases  wi th  inc reas ing  
temper a t  w e .  

Tempe r a t  u re  

300 - 

600 

900 

1000 

B r i n e l l  Eardness Load, kg . 
86.9 

61.9 

11.2 
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The e f f e c t  o f  c o l d  working nnd anneal ing i s  shown 5y t h e  
fol lowing da ta .  

M a t e r i a l  

Cast (vacuun me l t  60 .- +70 

Deformed be fo re  armealing 95- -100 

Amenled  a t  600' C 93 
E 

Anne'nled a t  800' C 86 

hnnealed kt 1000° C 72 

( c )  T r a i s f o r n a t i o n s .  I n d i c a t i o n s  of a l l o t r o p i c  modifica- 
t i o n s  have becn r e p o r t e d  at -45'C, 
t h e s e  e x p c r i - e n t a l  r c s u l t s  have no t  y e t  been v e r i f i e d .  

-1 450°C, and 7 3 5 O C .  I{owcver, 

( 2  1 Thermal P roDer t i e s  (25). 
. I  

(a)  Thermal expansion. The average values o f  the cocif- 
f i c i e n t  o f  l i n c a r  expars ion  has been neasli.rcd f o r  p o l y c r y s t a l l i n e  
n n t e r i a l  x i t h  t h e  fol lowing r e s u l t s :  

0 C o c f f i c i e n t  x 10 -6 oF-l Temperature F 

400 6.8 

800 C.0 

1200 3.2 

1600 10.3 

99.96% Be 

The c o e f f i c i e n t  o f  e x p a m i o n  i s  somewhat g r e a t e r  i n  t h e  
d i r e c t i o n  normal t o  t h e  hexagoEd ( 2 3 )  a x i s  t h a n  p a r a l l e l  t o  t h a t  
axis 

The c o e f f i c i e n t  of- cub ic  ex ansion has been r o p o r t e d  a t  
rooin temperature  as 6.66 x 10-6 OF- !? . 

(b)  Thermal c a p a c i t y  . I 

0 Temperature F Thermal C a i a c i t y  Btu/lb O F  

86 
2 12 
7 52 
1112 
1472 
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( c )  Thermal c o n d u c t i v i t y  (24,l) 

Temperature OF Conduct iv i ty  Btu/hr .ft. O F  

R1 x1 

1112 58.4 5 2  05 
(R1 was extruded vacuum c a s t ,  X1 v a s  extruded f l a k e  m e t a l )  

(3)  Melting and Evaporat ion.  

(a) Melting po in t  1278 - i- s°C 

(b)  Eeat o f  f u s i o n  hcs been r e p o r t e d  as 341, 345.5, and 
250 - 275 cal /g .  
meta ls  

Beryll ium has t h e  h i g h e s t  he2.t o f  f u s i o n  o f  all 

( c )  Vcpor p re s su re  (21)  

0 Temperature F P res su re  i n  atmoo 

- 14 1120 4.4 x 10 

1540 6.2 x 10”O 

1975 3.4 

(d)  

( e )  Heat of  v a p o r i z a t i o n  52 k cal/g. 

( f )  Entropy of  v a p o r i z z t i o n  16 E.U. 

Boi l ing  po in t  = 2967’ C .  

(4) E l e c t r i c a l ,  Nagnetic and Opt ica l  P r o p e r t i e s .  

( a ) ’  E l e c t r i c a l  r e s i s t k r i t y .  
I 

The e l e c t r i c a l  r e s i s t i v i t y  
depends on thk  p u r i t y ,  o f  t h e  n e t a l ,  2nd i n  imhure s m p l e s  it i s  
s t r o n g l y  a f f e c t e d  by thermal t r ea tmen t  i f  t h e  l c t t e r  chzngos t h e  
d i s t r i b u t i o n  of  t h e  i m p u r i t i e s  .I The r e s i s t i v i t y  increnses  w i t h  
tempera ture  and p res su re  

( b )  Thermoelectr ic  powIcr. Beryll ium i s  s l i e h t l y  l e s s  
p o s i t i v e  t b . n  coppers  
Be c g a i n s t  P t  a t  100’ C hes been r epor t ed .  

k value  of  0.16 v o l t  f o r  EMF o f  99.96% 
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J 

( c )  3Iagnetic s u s c e p t i b i l i t y e  Beryll ium i s  d i anagne t i c ;  
w i t h  atomic s u s c e p t i b i l i t y  of U2 x 10-7. 

Q 

( d )  R e f l e c t i v i t y ,  kiverzge va lue  f o r  wh i t e  l i g h t  r e p o r t e d  
as 0.5 t o  0 . s .  Declines t o  2 minimum z t  1640OA. 

( e )  Emissivi ty .  

S o l i d  - 0.61 2.t 6500 t o  5500°A. 
Liquid - 0.61 at 650Ooki up t o  3C20°F. 
Liquid - 0.81 P b t  5f;0O0A up t o  3620'F. 

( 5 )  MIecfianic a1 Const a n t s  

( a )  E l a s t i c  deformation. 
Modulus P ropor t iona l  

M a t e r i a l  Limit ($) 

C h i l l  c a s t ,  99.5% Be 42.6 
Forged (77% red.)  99,5$ Be 40 9.4 
hnnealed i n  H2 (1OOOOC) 36.8 807 
Extruded tube  ( l o n g i t u d i n e l )  36 l a  .9 

(b)  I n e l a s t i c  deformation. h t  room temperature ,  t h e  in- 
e l a s t i c  d e f o m a t i o n  o f  s e v e r a l  s a q j l e s  o f  beryl l ium i s  as  fo l lows :  

. .  

Mater i a l  
Yield S t r e n g t h  

10-3 p s i  Of f se t  $ 

99.5% forged,  m n e a l  i n  H2 
a t  l0OO0C 26.4 0.2 
Forged (77% red.)  35 03 062 
Extruded (Area red.  4/1) 26.7 2 e o  

Extruded (Area red.  16/1) 37 -4  2 .o 

The e f f e c t  o f  temperature  on y i e l d  s t r e n g t h  o f  a 
s r n p l c  o f  pure Be extruded x i t h  an s r e a  roduc t ion  of 4:l: 

Y i e  Id Compression Tests 
OF Poin t  Load, 10 3 p s i  

10% Reduction 2& Reduction 

1292 11.5l 18 .O 20.0 
1472 7 *O 7.15 7.5 
1652 3 - 2 5  3.6 4.0 

( c )  Shearing s t r e n g t h .  The shes?rir,g s t r e n g t h  o f  a 99*5% 
pure Be, forged rod i s  38.6 x .103  p s i .  
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(d)  Ult imate  s t r e n g t h .  

M j l e t  e r  i a1 

h s  c a s t  
Reduction 1/16 
2edtict i on  1/64 
Extruded 
R e c r y s t a l l i z e d  - hea ted )  

Crush "&" 
Brush "Q" unchanged by hea t  
t r e ztm e nt 

Brush "QT" 
C l i f t o n  f lake  extruded 
Hczt t r e a t e d  C l i f t o n  flake 

2 4  bows a t  725OC 1 

Tcm i l e  
S t r e s g t h  p s i  

20;ooo 

oo;ooo 
50 ; 000 
50,000 

40,000 

- 
E l o m a t i o n  % 

0 

0 t o  2 
3 

20,000 t o  50,000 0.1 

' .  ::z 
50,000 t o  70,000 5' t o  7 

(6) E16vnted T m p e r a t u r e  Tens i l e ,  Creep m d  S t r e s s  Rupture 
P r o p e r t i e s  (21,24,27), - 

Tens i l e  s t r e n g t h  remains c o n s t m t  up t o  752OF. znd t h e n  
dec reases  rzpidl:: with i n c r c a s i x  tempcrsture  T e n s i l e  e longa t ion  
i n c r e a s e s  r a p i d l y  up t o  ebout 75% a t  572' F. 

S t r e s s  p s i  t o  produce 
0 Tempcrnture F Ruptiirc i n  1000 hours  1% Crcep i n  1000 hours -- 

930 
1300 
1700 
2000 

4200 
709 
56 

7 

4200 
520 
26 
4 

The agreement betvecii t!m r e s u l t s  r e p o r t e d  by v a r i o u s  k- 
v e s t i g a t o r s  on s t r e s s  - r u p t u r e  d n t a  i s  not  v e r y  good, due prob,o.bly 
t o  t h e  d i f f i c u l t y  o f  maintaining a i n e r t  :.ttnospE,ero. 

Short-t ime compressive t e s t s  on c h i l l - c a s t  be ry l l i um rod 
showed t h a t  t h e  cppa ren t  p r o p o r t i o n j l  l i m i t  droppcd s t e a d i l y  from 
20,000 p s i  a t  roon  temperature  t o  1,200 p s i  Tt about 1600 0 P. 

e. Fabric?-tkon of Beryllium. The g r e n t e s t  f a b r i c a t i o n  d i f f i c u l t i e s  
a r e  n s s o c i a t c d  w i t h  t h e  l a c k  of d u c t i l i 6 y  o f  t h e  metal . '  The czuse o f  b r i t -  
t l e n e s s  i n  t h e  bs ry l l i um i s  'mqknown; s o , f c r ,  it has n o t  been a t t r i b u t e d  t o  
nny one s p e c i f i c  i m p k i t y .  ; ; t tenpts  h m e  been made t o  k l l e v i z t e  t h i s  b r i t -  
t l e  c o n d i t i o n  by a l l o y i n g  w i t h  nn clement which w i l l  pr iducc a s o l i d  so lu-  
t i o n .  
t e n s i l e  s t r e n g t h s  were ob ta ined  b u t  t h e y  were u s u c l l y  c s s o c i a t c d  wi th  a 
dec rease  i n  d u c t i l i t y .  

110 improvements ir! d u c t i l i t y  were obtained;  a l though,  some h ighe r  

I (1) V ~ C U ~ I  r i e l t i s f ; .  

h V ~ C U U T I  f i xnzce  h?.s been used f o r  r ie l t ing  Be i n  a SeO 
c r u c i b l e .  
be used. 

Re r e a c t s  w i t h  C t o  form Be2C so g r a p h i t e  c r u c i b l c s  cannot 
Ee does not  r e a c t  w i t h  E2 t h u s  it could be used as a p ro tec -  
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t i v e  atmosphere. The vacuum mcl t ing  v i r t u a l l y  e l i m i n a t  
f l u o r i d e s  p re sen t  i n  t h e  crude met2.i.. TjJo d a t j  e x i s t s  on t h e  e f f e c t  
of me l t ing  t ime and temperatures  on t h e  anoun t  o f  ref inemcnt  of t h e  
met a1 e 

( 2 )  Cast ing.  

Cast ings a r e  l a d e  i n  g r a p h i t e  no lds  f i t t e d  wi th  an d u n -  
dmi ho t - top .  Melts as l a r g e  as 60 pounds have been made. Argon i s  
flowed i n t o  t h e  vacuum fu rnace  j u s t  before  c a s t i n g .  

Beryll ium i s  g e n e r a l l y  c a s t  a t  t e n p e r a t u r e s  i n  t h e  range 
of  1400 t o  1450° C .  1,iold t cnpe ra tu res  mus t  be c a r e f u l l y  r e g u l a t e d  
as low temperztures  r e s u l t  i r _  poo r  s u r f a c e s  and cracks whi le  excess ive  
tempera tures  i n i t i a t e  r e a c t i o n  w i t h  t h e  melt  g iv ing  l a r g e  q u a n t i t i e s  
of Be C .  
such gha t  extremely l a r g e  g r a i n s  grow i n  t h e  Be ingo t .  
i n  t h e  mold r e s u l t  i n  cracks i n  the  cas t ing .  

Low t h e r n a l  c o n d u c t i v i t y  molds prolong the  f r e e z i n g  t h e  
Sharp co rne r s  

Cast ing d e f e c t s  i n  Be i a g o t s  ?.rc u s u a l l y  i n  some form of 
p ipes  arid i n t e r n a l  c r c c h .  Ee i s  2 1 s ~  s u b j e c t  t o  coa r se ,  d c n d r i t i c  
c r y s t a l  E;rovrth. 
i n t e r s e c t  as t hey  grow ou t  frori t5s wells of -the no ld .  

?he i ngo t s  have pl:Ja?es o f  wedmess where t h e  c r y s t a l s  

(3 )  Extrusion.  

In  g e m r a l ,  t h e  b c q - l l i u n  b i l l c t  i s  encased i n  an i r o n  

In  o rde r  t o  
j acke t  (1/16" t h i c k )  t o  p c r n i t  ex t rus io r .  which i s  usiinlly c a r r i e d  out  
p.t 1000° C ,  a l though it can be done as low as 700' C. 
produce t h e  maximum ref inement  o f  g r a i n  s t r u c t u r e  which r e s u l t s  from 
co ld  working it i s  d e s i r z b l e  t o  ex t rude  a t  t h c  lowest p o s s i b l e  tempera- 
t ure . 

Q 

(4)  Forging. 
/ 

Forging i s  f a c i l i t a t e d :  i f  t h e  c a s t  b i l l e t  i s  f i r s t  extruded,  
cgain employing m i r o n  j a c k e t  i n  both t h e  ex t rus ion  arid forg ing  pro- . 
cesses .  R e c r y s t a l l i z c t i o n  does not  occur dur ing  t h e  fo rg ing  ope ra t ion ,  
hence, . forging does no t  s i g n i f i c a n t l y  inprove t h c  p r o p e r t i e s  of bery- 
llium. 

( 5 ) .  RolliAng. 

Rol l ing can be c a r r i e d ' o u t  on an extruded f l a t  p l a t e  which 
Temy?rature  ranges from 1200' has bee3 f i t t e d  w i t h  a new i r o n  j a c k e t .  

-9 2000 F* 

(6) Welding. ' 

S a t i s f a c t o r y  welds h a w  been obta ined  by mans o f  t h e  h e l i -  
a r c  i n  m a t e r i a l s  lcss  than  1/8" t h i c k .  
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- 
Experiments have shown t h a t  f u s i o n  occurs  when f i n i s h e d  

be ry l l i um surfaces  a r e  he ld  i n  c o n t a c t  a t  zbout 2000' C .  i n  an i n e r t  
atmosphere. k l m i n m  braze and copper braze methods also show prom- 
i.se , 

(7  ) Recry s t  a1 1 iza t ior_  , 

The minimm, r e c r y s t e l l i z c t i o n  temperature  i s  7OO0C.,  bu t  
t h i s  temperature  n u s t  be mainteined f o r  a long  t ime.  
p l e t e  r e c r y s t a l l i z a t i o n  t a k e s  p l a c e  i n  about o m  houro  
deformed c.t temperatures  around 1000°C ., it does not r e c r y s t a l l i z e ,  

At 800°C., cam- 
i.Ihen Be i s  .. 

(8) P r e f e r r e d  Or ien ta t ions .  

Beryllium ( c l o s e  packed hexagonal s t r u c t u r e )  i s  a n i s o t r o p i c  
and e x h i b i t s  p r e f e r r e d  o r i e n t a t i o n s  n f t e r  deform?.tion. The b a s a l  
plar,es t e n d  t o  l i n e  up F a r a l l e l  t o  t h e  axis o f  e x t r u s i o n ,  2nd t h e  
prism f a c e s  tend t o  be pe rpend icu la r  t o  t h e  e x t r u s i o n  axis. 

P r e f e r r e d  o r i c n t z t i o n  r e s u l t s  i n  a n i s t r o p y  of mechanical 
p r o p e r t i e s ;  t h u s ,  t e n s i l e  s t r e c g t h  i s   bout t h e e  t i n e s  as g r e a t  
when measured pe rpend icu la r  t o  e x t r u s i o n  d i r e c t i o n  as it i s  when mea- 
su red  p a r a l l e l  t o  t h i s  d i r e c t i o n .  

f .  Product ion,  Costs 2nd Losses. 
A 

(1) Production, 

A t  t h e  p rc scn t  t ime about 500 t o  1000 lbs/nonth o f  bery- 
l l i u m  me ta l  i s  being produced i n  t h i s  country,  although t o t a l  produc- 
t i o n  c a p a c i t y  i s  e s t ima ted  t o  be over 2000 lbs/nonth. 

( 2 )  c o s t s .  

The p resen t  'price of be ry l l i um meta l  v a r i e s  cons ide rab le  
depending upon t h e  g r a d g . p u r i t y  and nanufactur ing p roccsso  

These v a r i o u s  p r i c e s  hzive been quoted: 

1, Cast i n g o t s  of unspec i f i ed  s i z e  B.C.A.. $75,00/lb 
2, Technical  g rade  lumps (ca.  85% Eie) $44.00/lb 
3 .  S e l e c t e d  grcdc lumps (c2. 98% Be) 360.00/lb 
4. Technical  grade extruded $95.00/lb 
5. "Q" Process blocks $114.00/lb 

Welding c o s t s  t e n d  t o  be h ighe r  t h a n  normal because of t h e  
inc reased  t i m e  r e q u i r e d  m d  t h e  i n e r t  gas used f o r  c o n t r o l  o f  atmos- 
phere,  

Ex t rus ion  o f  small and simple shepes (rods and b a r s  o f  
not  g r e a t e r  t h a n  3" d ia . )  w i l l  g ive  a product  et  about $100 per pound. 
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Beryllium cc?n be r o l l e d  i n t o  1/4" t h i c k  p l a t e s  f r o m  pre-  
v i o u s l y  extruded s tock  f o r , a b o u t  $120 p e r  pound. 

Losses i n  f a b r i c a t i o n .  

Cas t ing  - 20% scrap-uscble  f o r  mel t ing  s tock .  
Ext rus ion  - 15% sc rap  - uszblc  f o r  mel t ing  s tock .  
Ro l l ing  - 20% s c r a p  - i f  not t o o  t h i n  it c a n  be used f o r  

Machining - 8 t o  12$ f o r  each ope ra t ion ;  t h e  s c r a p  ccln 
me l t ing  s tock .  

no t  bc rcmclted.  

e. Beryllium - Urnnim h l loys .  I t  i s  not  l i k e l y  t h a t  E small  
atomic percent  uranitrm w i l l  have much e f f e c t  on f a b r i c a t i o n  an.d phys i ca l  
p r o p e r t i e s  o f  t h e  met2.l. 
a l l o y s  has n e t  been mcde. 
stems has been s t u d i c d  up t o  15000 C .  

h thorough i n v e s t i g a t i o n  of t h e  bery l l ium - r i c h  
Rowever, t he  v o l z t i l i t y  o f  UBe10 ,and TJBe13 STJ- 

These compounds shoved no p a r t i c u -  
l a r  mer i t .  

h. Nuclear Pkr s i c s  Data. 

qr : 3.5' barns  

E = , 0.01 barns 

i. 
f o r  oxygen, 
aluminum. s o l i d  bery1l i ;w i s  covered-wi th  n f i l r i  0-f oxide which p r o t c c t s  
it from f u r t h e r  ox ida t ion  and cor ros ion .  
vapor has no e f f e c t  even a t  a r ed  h e a t .  
t o  form t h c  n i t r i d e  a t  t e n p e r a t u r e s  rbove 900' F. 
iod ine  atmosphere t o  g ive  Be12 ( w i t h  bromine it gives  BcBr2). 
h a l i d e s  car! b e  deconposed at high tempcr&ures .  
bon t o  g ive  Be2C, t h i s  tendency i s  very gre2.t i n  t h e  v i c i n i t y  o f  t h e  me l t -  
ing poin t  

Consequently, m i t e r  o r  E'mter 
F i t rogcn  combines wi th  be ry l l i um 

E e r y l l i u n  burns i n  an 

3 e r y l l i u n  r e a c t s  w i t h  c a r -  
The bery l l ium 

I 

j. Xes i s t a n c c  t o  I r r a d i a t i o n  ("1. 
(1) l k u t r o n  bornbnrd:?.ent. , 

h n e a l e d  axd unarinealcd, cF.st xnc? extruded bery l l ium sax- 
p l e s  have been exposed a t  E.S*'\;i. between meta l  s l u g s  f o r  50 mV~d./ck. 
No s ie ;nif icar ; t  changes werc found i n  e l a s t i c  Iiodwlus, d m p i n g  proper-  
t i e s ,  e l o c t r i c n l  r e s i s t i v i t y ,  hardhess ,  o r  phys i ca l  dimensions. 

I 

No d a t c  a r e  a v a i l a b l e  f o r  exposures nt high t c n p e r a t u r e s  
o r  even o f  t h e  e f f e c t  of f i s s i o n  r e c o i l  a t  moderate tempera tures ,  
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3. G r a p h i t e .  

The primary use of  g r a p h i t e  i s  as a code ra to r .  I t s  combination of 
p r o p e r t i e s  o f  low atomic weight ,  lOiFt  n eu t ron  a b s o r p t i o n  and r eady  a v 2 i l a b i l i t y  
s t r o n g l y  favored  i t s  us€., ’ .  . I n  compet i t ion  w i t h  o the r  moderator m a t e r i a l s ,  
i t  has advantages o f  chespness ,  i n e r t n e s s  And a b i l i t y  t o  wi ths tand  h igh  
tempers. t u r e s .  

a. Sources of Graphi te (14) (15) .  E s s e n t i a l l y  pure carbon i s  known 
i n  widely v a r i e d  forms, f rom t h e  diariond, whi te ,  t r a n s p a r e n t  and extremely 
hard ,  t o  g r a p h i t e ,  b l ack ,  opaque and unctuous. AS a c o n s t i t u e n t  o f  all 
organ ic  materials,  carbon i s  found i n  abundance i n  all p a r t s  o f  t h e  world. 
The carbon used C I S  a rav . a t e r i a l  i n  t h e  manufacture o f  carbon products  nay 
be  obta ined  e i t h e r  i n  t h e  n a t u r a l  f r e e  form, such as, a n t h r a c i t e  c o a l  and 
n a t u r a l  g r a p h i t e ;  as a by-product,  petroleum coke; o r  by  d i r e c t  m n u f a c t u r i n g  
processes ,  such  9 s  lamp’rkck. 

The n a t u r a l  g r a p h i t e  was n o t  cons idered  du r ing  t h e  war .becnuse  of  i t s  

Since t h e  ash of  carbon seems t o  be loca ted  
s c a r c i t y .  However, i t  i s  B p o s s i b l e  rav m a t e r i a l  f o r  s p e c i a l  i tems ( i . e ,  
where h i g h  d e n s i t y  i s  d e s i r a b l e ) .  
w i t h i n  t h e  s t r u c t u r e ,  i n a c c e s s i b l e  t o  s c i d s  and a l k a l i e s ,  as  pure ci raw 
m a t e r i a l  as p o s s i b l e  i s  needed f o r  t h e  g r a p h i t i z a t i o n  process .  Petroleum 
coke, formed from a s p h a l t ,  i s   OW i n  a sh  (ca.  0.5;z) and c r y s t a l l i z e s  r e a d i l y ,  
Lanp-black, a n o t h e r  h igh  p u r i t j  form of  czrbon,  i s  v e r y  d i f f i c u l t  t o  
c r y s t a l l i z e  s a t i s f a c t o r i l y  and i t  i s  s o n e v h t  d e f i c i e n t  i n  i t s  r e s i s t a n c e  
t o  thermal  shock. 

b. Chemical Processing.  The com,e rc i a l  p repa ra t ion  o f  v e r y  pure 
g r a p h i t e  i s  a long  and d i f f i c u l t  process .  Since t h e  s p e c i a l  requirements  
a r e  h igh  p u r i t y  and h igh  e e n s i t y ,  s p e c i a l  petroleum cokes .are s e l e c t e d  t o  
provide a low vanddium impur i ty  and a h igh  d e n s i t y ;  s p e c i a l  p i t c h  wi th  8 
low boron c o n t e n t  is- used; also, t h e  furnace  r c s i s t o r  e lements  a r e  h igh  
p u r i t y  g ranu la r  pe t ro l em,  coke. C2rbon does n o t  s i n t e r  A t  t e n p e r a t u r e s  a s  

b inde r  such 3.s p i t c h  f o r  ex t rus ion .  The b i a d e r  i s  t h e r - c a r b o n i z e d  b y  s low 
hea t i n &  “g2s-bake“ requir iny,  sone 4 t o  6 weeks. 
du r ing  the gas-bake a r e  around 800 t o  1000°C, The r a t h y r  porous gas baked 
products  a r e  then  t r e a t e d  w i t h  p i t c h  i n  vacuo and r e g r a p h i t i z e d  i n  a s p e c i a l  
fu rnace  (2800 t o  3 0 O O 0 C ) .  
however, t h e  e n t i r e  ope ra t ion  r e q u i r e s  over  two weeks. 
i s  AGOT g r a p h i t e  w i t h  a d e n s i t y  o f  1.64. 
i s  t o  i n c r e a s e  t h e  d e n s i t y  and s t r e n g t h , o f  t h e  f i n a l  product.  

h igh  a s  25OO0C, and s o  cannot  be c a s t ;  ho:vever, i t  can be mixed w i t h  a 

The OpFL’dting tempera tures  

The h e a t i n g  cyc le  i s  of  3 t o  4 days d u r a t i o n ;  
/The f i n a l  product  

The o b j e c t  of  t h e  p i t c h  impregnation 

G r a p h i t i z s t i o n  cnn be v i s u a l i z e d  2 s  a condensat ion of a more o r  l e s s  
c h a o t i c  s t r u c t u r e  toward t h e  orZered c r y s t a l l i n e  s t r u c t y r e  o f  g r d p h i t e ,  a nd 
t h e  s p e c i f i c  g r a v i t y  g ives  a m a s u r e  c!f t h i s  condensat ion.  The d e v i a t i o n  of 
t h e  s p e c i f i c  g r a v i t y  from 2 .26  on 300OCCbaked mtcriJ1 i s  a measure of t he  
imperfec t ion  i n  c r y s t a l  s t r u c t u r e .  Changes i n  o t h e r  phys ica l  p r o p e r t i e s  on 
g r a p h i t i z a t i o n  a r e  a s  fo l lows :  

(1) ZL dec rease  o f  s p e c i f i c  r e s i s t a n c e  by a f a c t c r  of 5. 
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( 3 )  A 50% decrease  i n  t h e r m 1  e x p m s i o n  coef 

(4)  A 20% decrease i n  e l - s t i c  ncjdulus. 

(5)  X 20% decrease  i n  s t r e n g t h .  

( 6 )  A 2-1,k'" decreose i n  the  hea t  of  ccmbust ion.  

C .  Producers o f  Graphi te ,  The g r a p h i t e  produced f o r  t h e  p r c j s c t  
nade by Na t iona l  C>rbon Company, Inc . ,  a p i t  o f  Union Carbide and 

Carbon Corporat ion.  

d. Physc ia l  P r o p e r t i e s .  A11 of t h e  i iGOT g r a p h i t e  WAS no-t mcle o f  
t h e  same k ind  of coke ;  
p r o p e r t i e s  d u r i n g  t h e  sxtru.s ion,  t h e r e f o r e  , cons iderable  v a r i a t i o n s  i:i phys i ca l  
p r o p e r t i s s  a r e  t o  be  expected. 
t o  c u t s  taken p a r a l l e l  to t h e  d i r e c t i o n  o f  ex t rus ion ,  and perpendicular  t o  
c u b  taken  pe rpecd icu la r  t o  t h e  d i r e c t i o n  of ex t rus ion .  

i n  add,'iFion,. t h e  m t e r i a l  acqu i r ed  d i r e c t i c m l  

In  t h e  f o l l o w i c z  compi la t ion  p a r s l l e l  r e f e r s  

(1) S t r u c t u r e  -.- and P r o p e r t i e s  o f  a S i n g l e . C r y s b 1 .  S t r u c t u r 2 l l y ,  
i iGOT g r a p h i t e  c o n s i s t s '  o f  ;i g m n u l a r  msterial  bonded t o p t h e r '  t o  fo rm 
a porous mss. .' The bondin5 ,agent  i s  carbon ;vhich i s  d e p o s i t e l  by  the 
thermal  decomposition o f  p i t c h .  

The d i s t i n c t i o n  bstrveen carbon 2nd grAphite  i s  one o f  dggrec.  
I t  i s  poss ib l e  t o  go cont inuous ly ,  by h e a t  a l o n e ,  from a m a t e r i a l  
desc.r 'ibed & s  carbon t o  one desc r ibed  a s  KraFhite .  Low tomperuturc 
carbon ccnttxins a spac ing  which . i s  equ iva len t  t o  t h e  d i s t a n c e  betwecn 
t h e  l a y e r  p lanes  of  a t r u e  g raph i t e .  I n  g raph i t e  c r y s t a l s ,  carbon 
atoms form i d e n t i c a l  planes c o a s i s t i n g  of r e g u l a r  h e x a g ~ n . s ,  t h e  pluries 
be ing  p a r a l i e l  and e q u i d i s t a n t ,  inlitil a l t e r n a t e  planes be ing  i d e n t i c d l l y  
placed.  
d i r e c t i o n  of' a v e r t e x  o f  t he  hexugcn by  a d i s t a n c e  equ iva len t  t o  one 
s i d e  o f  t h e  hexagon. 
a n a l y s i s  i s  as f o l l o m :  

The hexagons o f  t h e  i n t e r n e d i a t e  plan.es a r e .  d i s p l a c s d  i n  t h e  

"he c r y s t a l  s t r u c t u r e  as  determined by a n  "-ray 

h tons  a r ranged  i n  n e a r l y  p lane  s h e e t s ,  1.42,' h a p r t  
i n  hexagonal hqneycmb. 

Di s t ance  of '  xd jacen t  pltxnss, 3.35' ii 

Space 13 t t i c e  c o m t a n t s  A t  room tempera Lure: 

il - = 2.4563 

c = 6.6956 0X - 
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( 2 )  Therno-Chemical P r o p e r t i e s  (14) .  

S u b l i m t i o n  t emper l tu re  3,650 2 5OoC 

OxidAtion 15 per  ddy a t  450 t o  55OOC 

C r  i ti ca 1 t enpera t u r e  373OoC = (6748'F) 

C r i t i c a l  p re s su re  

& a t  o f  Subl imi t ion*  

( evapora t ion  i n  VJ-CUO) 
( spec t roscop ic  dlta) 

177 k c.il/mole 
124 8 cul /mole 

7.635 k cal/C;rn 

8 t o  11 k cal / rLole  

ifeat o f  Conbustion 

Heat o f  Fusion 

0 
200 
400 
600 
900 

0.15 
0.28 
0.37 
0.44 
0.46 

(4 )  Dens i ty ( l5 ) .  True d e n s i t y  i n  g/cc 

I& t u r a  1 g r a p h i t e  2.25 

i ; r t i f i c  i a l  g r a p h i t e  2.08 t o  2.12 

Apparent d e n s i t y  ( s ~ c k i n c .  d e n s i t y )  

Xa tu ra l  c;rnphi t e  

A r t i f i c i a l  g r a 2 h i t e  

AG 0 T 

1.85 t o  2.0 

. 1.45 t o  1.80 

1.61 t o  1.71 

Bulk d e n s i t y  of powdered g r a p h i t e  

0.48 

40 mesh 0.42 

100 nesh 

20 mesh 03 40 m s h  8.70 

- 242 - 
...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  
. . e  0 . .  0 .  e o .  0 .  a .  
0 0  0 0 0  0 0 0 0  0 0 D O  0 0  0 0 0 0 0 0  0 0  



(18) (5)  Vapor P res su re  

Tenpera t u r e  i n  
O C  

2 000 

2 500 

Vapor P res su re  
i n  ram Hg 

8 .35  

2.34 x 

3000  5.8 x 1,O" 

( 6 )  Emiss iv i ty (18)  e The r e f l e c t i v i t y  has been measwed and 
r e p o r t e d  as 0 , 2 5  f o r  l i g h t  o f  0.655,4.c . 
m i s s i v i t y  o f  z e r o ,  would be 0.75. 
smooth pol ished g r z p h i t e  su r face .  
r epor t ed  i n  the  range' from 0.75 t o  0.92 ( m o s t l y  i n  the h ighe r  r ange ) ,  

The e m i s s i v i t y  f o r  a t r a n s -  
This probably corresponds t o  a 
Experimental va lues  have been 

( 7 ) Ele c Lri c2 1 Res, i s t i v i  t y  ( l4 t ;17 1. 
S p e c i f i c  Res i s t ance  o f  i G O T  Graphi te  _I_ . --- 

Pa ra 1 l e  1 Per  Dend i c  u l a r  

S 2 e c i f i c  r e s i s t a n c e  a t  0.0035 t o  0.0010 t o  
room temperature (0k.n cm) 0.0009 0.0013 

( b )  -- V a r i a t i o n  of S p e c i f i c  Resis tance with Temperature . 
Tenpera t u r e  (% o f  r o o n  temperature  value) 

2ooc 100% 

400 82% 

800 8 5% 

1200 . 903 

2 000 100% 

(8)  Therm1 Conduct ivi ty  (14*15*17). 

(a) Thermal Conduct ivi ty  o f  LGOT Graphi te  i n  Btu/hr f t  OF 
(Values at 80.6'F) 

Type o f  AGOT Pn ra 1 1 e 1 Perpend i c ular 
4 

%Xi t i n g  9 6 * 5  7 5  
Gulf  Clenes 106 77*4 
Kendall 13 5 7 0  

.. 
0 .  .. .. 
0 0  ..- 
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( b )  Var i a t ion  of Thermal Conduct ivi ty  wi th  ‘Temperature . 
Temperature $ o f  va lue  a t  O O C  

8 O C  100% 

200 75 

400 

600 

60 

55 

( 9 )  Thermal Expansion. C o e f f i c i e n t  of Therm1 Expansion c f  
---I 

LGOT - Graphi te  i n  O F  (va lues  a t  140°F) 

ie r pecdi c u l a r  
d- 

Ty;)e o f  AGOT ?a ra  1 l e  1 -__-._- 

Xii t i n 5  1.3 x 2 . 1  x 10-6 

Gulf Clenes 0.83 x 2.0 x 10-6 

Iienda 11 0.51 x 1.5 x 10-6 

The t h e r m 1  c o e f f i c i e n t  of’ expansion as  a func t ion  of t enpe ra tu re  may 
be expressed as  fo l lows:  

b = b o +  1.055 x lo” t 

b = near_ c o e f f i c i e n t  f r o a  r o c n  t e n p e r a t u r e  t o  t°F 

( $ 0 )  E l a s t i c  Xodulus(l’). Modulus of E l a s t i c i t y  i n  p s i  

Type of AGOT 
-. ,;hi ti ng 

PE. r Gem? i c u l a  r Para 1 l e 1  - 
14.6 105 9.3 l o 5  

------ 5 Gulf Clenes 14.9 x 10 

Kenda 11 19.4 lo5 8.9 105 

(11) Tensi le  S t r e r ~ g t h ( ’ ~ ’ l ~ ~ ~ ~ !  Stnce only Van der  JaAls’ f o r c e s  
a c t  between planes of the  g r a p h i t e  c r y s t a 1 , s l i p  o r  c leavage would be 
ex?ected to r e a d i l y  occur. Consequently,  t e n s i l e  s t r e n g t h s  have been 
r epor t ed  i n  the low range G f  1200 t o  1530 p s i ;  f o r  example 

P a r a l l e l  t o  a x i s  1490 p s i  

Perpendicular  t o  a x i s  . 1335 p s i  

.. .. ., .. 
0 0  

* . *  ... . .. . 
D O 0  
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(12) Crushing Strerigth.  Crushin;; s t r e n g t h s  have been 
r epor t ed  i n  t h e  range of  2700 t o  5100 p s i ;  f o r  example: 

P a r a l l e l  t o  a x i s  4763 p s i  

Perpendicular  t o  a x i s  5130 p s i  

(13) Poisson ' s  Ra t io .  Eo experimental  d a t a  a r e  a v a i l a b l e  f o r  
ii value  of  0,2 has been sssumed a s  a conse rva t ive  e s t i n a t e  f o r  s tudy .  

purposes of  c a l c u l a t i o n .  

( 1 4 )  Thermal S t a b i l i t y .  Graphi te  remains s table  a t  ex t remely  
h igh  temperatures ,  t h a t  i s ,  below 2000°C. I t  w i l l  no t  s i n t e r  a t  
temperatures  a s  h igh  a s  2 5 0 0 O C  even under p re s su re  (4000 p s i ) .  

Because of' t he  f o r t u i t o u s  combination of  l o w  t h e r m 1  expansion, 
h igh  thermal  c o n d u c t i v i t y  and moderate p l a s t i c i t y ,  g r a p h i t e  e x h i b i t s  
a v e r y  h igh  r e s i s b n c e  t o  t h c r m l  shock. 

LL very  s e r i o u s  l i m i t a t i o n  on t h e  use o f  g r a p h i t e  i s  the  r a t h e r  
moderate ox ida t ion  t e g p c r a t u r e s  i n  the  prescnce o f  a i r ,  1100 t o  1 3 0 0 O  F. 
Long exposure a t  tercporatures  aSove 700OF. w i l l  produce apGrec iab le  
damage from ox id r t ion .  

(15) P l a s t i c i t y  Graphi te  has nodera te p l a s t i c i t y  a t  
temperatures  rbove 2000""C. 
f low a t  2 4 0 O o C  but  only very  l i t t l e  s t  22OOOC. 
p l a s t i c  a t  temperacurzs a s  low as  1650 t o  17OO0C.  

Tests  i n d i c s t e d  t h a t  g r a p h i t e  wovld r e a d i l y  
Petroleum cokes become 

(16)  E f f e c t  of Ext rus ion .  During e x t r u s i o n  t h e r e  i s  a tendency 
f o r  t h e  p a r t i c l e s  t o  l i n e  up v i t h  t h e i r  lonE a x i s  p z r a l l e l  t o  t h e  a x i s  
of ex t rus ion .  Tnis r e s u l t s  i n  d i r ec t ionz l l  e f f e c t s  on t h e  folloi.ving 
p r o p e r t i e s ;  thermal  e x p i m i o n ,  thermal  conduc t iv i ty ,  e l e c t r i c a l  
r e s i s t i v i t y ,  e l a s t i c  rnodulus, t he  va r ious  s t r e n g t h s ,  e t c .  

(17 )  C o e f f i c i e n t s  o f  F r i c t i o n ( 1 5 ) .  The l o w  c o e f f i c i e n t  of 
f r i c t i o n  of' g r a p h i t e  has nqde it u s e f u l  f o r  i t s  a n t i f r i c t i o n a l  
c h a r a c t e r i s t i c s  i n  combination w i t h  i t s  thermal  and chemical s t a b i l i t y .  
Values f o r  t h e  c o e f f i c i e n t  of  f r i c t i o n  a re  l i s t e d  below. 

Condit ion C o e f f i c i e n t  o f  F r i c t i o n  

S t a t i c  0.31 

S l i d i n g  0.22 

(18). Iiuclear Physics  Data (14~19) 

s7r f 4.8 ba rns  

.:/ .-- a . - - 0,0045 barns  

I 



The e f f e c t  of neutron a b s o r p t i o n  of 
i n  the fol lowing t a b l e :  

Txpe o f  Graphi te  ixSn i t' i nc  

Boron 0,00056 barns 

Vanadium 0.00023 barns 

Calcium 0.00004 barns 

c( 

Titanium 0.00001 ba rns  

I r o n  0.00001 barns 

TO TAL 0.0085 barns  

Value f o r  AGOT g r a g h i t e  

i i npur i t i e s  i n  I'IGOT g r a p h i t e  i s  shown 
, 

G u l f  Clenes Kends 11 

0.00048 barns 0.0004 1 ba rns 

0.00004 barns 0.00001 barns 

0,00002 barns 0.00002 barns  

0.00001 barns 0.00001 burns 

0.00301 ba rns  0.00001 barns 

0.00052 Sarns 0.00046 ba rns  

0 ,.0045 barns 

Value f o r  p r e  g r a p h i t e  ( ca l cd . )  0.0040 barns 

(19)  Res i s t ance  t o  Chemic11 Attack.  From the  chemical s t and-  
p o i n t ,  g r a p h i t e  i s  inac. t ive,  r c s i s t i r , g  t!ic c c t i o n  o f  m o s t  a c i d s ,  no tab ly  
h y d r o f l u o r i c ,  a l k a l i e s  and o t h e r  c h e a i c a l s ,  which a r c  n o t  h igh ly  
o x i d i z i n g  i n  t h e i r  behavior .  'Ihe f a c t  t h a t  g r a p h i t e  h r n s  on  exposure 
t o  a i r  a t  high temperztures  s e r i o u s l y  r e s t r i c t s  i t s  s 2 p l i c a t i o n  i n  
many f i e l d s .  Gra2hi te  i s  s u b j e c t  t o  wet o x i d a t i o h  by s t r o n g  o x i d i z i n g  
sgenks,  which ( i p p i - e n t l y  p e n e t r a t e  t h e  planes and e x f o l i a t e  the g r a p h i t e .  
Typical ox id i z ing  a g e n t s  a r e  potassium c h r o m t e  i n  phosphoric a c i d  and 
l i q u i d  bronine,  

I t  i s  considered p o s s i b l e  t h a t  extraneous a t o m s ,  o f  H,N,O, etc . ,  
depending on t h e  atmosphere p re sen t  du r ing  manufacture,  a t t a c h  t o  the 
edges o f  c r y s t a l s .  
wa te r ;  however, g r2ph i t e  which has been heated i n  a i r  t a k e s  up water  
r e a d i l y  -- a p rope r ty  which i t  l o s e s  s f t e r  s t and ing  f o r  some t i n e .  

G r 2 p h i t e  a f t e r  hetl t ing i n  % i n  not w e t t a b l e  by 

(20) P o r o s i t y  s s d  ? e r m s i b i l i t y o  Standard LGOT g r a p h i t e  has a n  
S p e c i a l  porous g raph i t e  approximate va lue  of p o r o s i t y  o f  18 p e r  cent.  

( c a ,  50;;) has been m d e  f o r  high gas o r  l i q u i d  permeabi l i ty ,  On the  
o t h e r  hand, h i g h  d e n s i t y ,  low p o r o s i t y  g r a p h i t e  which i s  n e a r l y  imperme- 
a b l e  t o  gases  can be produced by s p e c i a l  techniques.  

( 2 1 )  Resis tance t o  I r r a d i a t i o n  (11*14)s Each f i s s i o n  neutron 
w i l l  produce abou t  2000 d i s p l a c e d  csrbon atorns, c h i e f l y  through i n t e r -  
mediary r e c o i l  curbon atoms. 
kinds : holes  i n  t h e  l a t t i c e  and i n t e r s t i c i a l  a t o m s  l y i n g  between hexa- 
gonal planes.  

The r e s u l t i n g  d i s tu rbances  a r e  tlier, of two 
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I t  i n s  expected t h a t  displacement  of carbon 
pronounced changes i n  phys i ca l  p r o p e r t i e s .  
d a b  has been obta ined  on t h e  exposure o f  g r a g h i t e  a t  low t enFera tu res  
b u t  none f o r  h i g h  tempcr*itures.  There i s  a l s o  a g r e a t  pauc i ty  o f  da ta  
on t h e  e f f e c t  o f  annea l ing  g raph i t e  which has p rev ious ly  been i r r a d i a t e d  
f o r  r e l a t i v e l y  lon; t imes.  

1; cons ide rab le  Lnount o f  

( a )  Xeutron Bombardnent. Exposure f o r  approximxtely 600 
mwd/ct a t  about  5OoC produced a 30 t o  35 f o l d  dec rease  i n  thermal  
conduc t iv i ty ,  a 5 t o  6 f o l d  i n c r e a s e  i n  e l e c t r i c a l  r e s i s b n c e ,  a 
3 t o  C f o l d  i n c r e a s e  i n  e l a s t i c  nodulus and abou t  a 2 t o  3 f o l d  
i n c r e a s e  i n  breaking  and crushing  s t r e n g t h s .  

A1; o f  t h e < p r o p e r t i e s  would appea r  t o  be approaching 
s a t u r a t i o n  -13.Iii.es. 
t h e  elas t i c  m d u i u s  
t h e  t h e r m 1  r e s i s t a n c e .  

The degree o f  s a t u r a t i o n  VBS most complete f o r  
breaking  and crushifig s t r e n g t h s  b u t  l e a s t  f o r  

GrAphite expands o r  grGw on exposure t o  f a s t  naut rons .  
The grcwth i s  confined. ko t h e  d i r e c t i o n  perpendicular  t o  t h e  a x i s  
and i s  ca.  3.5% e x p n s i o n  for1000 mw2/ct. i n  3. Hand'ord t e s t  hole .  
An expansicn 3 s  h igh  as 2.5% has been observed f o r  longer  expsoure 
i n  a r eg ion  of h igh  f a s t  f l u x .  

ILeutron i r r a d i a t i o n  a l s o  produces inc reases  i n  hardness  
d i f f i c u l t y  o f  rndchinin;, ab ras iveness ,  and s to red  energy (cons idcred  
as  h e a t  of comSustion);  l.,owever, i t  c3uses decrease  i n  t h e  
c o e f f i c i m t  o f  t h e r m 1  expansion, 

The e f f e c t  of s h o r t  per iods  of i r r a d i z t i o n  v a r i e s  w i t h  t h e  
type o f  g r a p h i t e .  
w i t h  t h e  degree o f  g r a p h i t i z a t i o n ;  t hus  lampblack s u f f e r s  only 1/10 
tho  d a m p  ds 3 s p e c i a l  h igh  f i r e d  (30OO0C) liGOI' graph i t e .  

I t  appears  t o  c a u s e  increased  ddmge d i r e c t l y  

A l l  of  t he  changes can be hea led  t o  sone ex ten t  by annea l ing ,  
bu t  w i t h  i n c r e a s i n g  exposure t h e  resiclual charges  becono g r e a t e r .  
Data s r e  to'o s c a r e e  t o  allow a r e l i a b l e  e s t ima te  o f  t h e  improvements 
t o  be expected from va r ious  ancealing cyc le s .  

Since t h e  most impor t an t  fundsmental  experiments on g r a p h i t e  
a r e  probably those  of  energy s t o r a g e ,  t h e  fo l lowing  d a t a  3 r e  repor ted :  

Energy S to red  Energy Sbored 
;If t e r  l O O O O C  iinne6.J. 

-I--- - Exposure After  I r r a d i a t i o n  -- 

45 rnwd/ct 57 cal/gn 1 ca1/gm 
1 2 0  105 7.7 
2 1 2  163 17.6 
616 307 90.4 
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(b)  F i s s i o n  Reco i l .  The damage caused by  f i s s i o n  r e c o i l  
i s  much more ex tens ive  than  t h a t  due t o  f a s t  neutrons alone.  The I 

d d t a  a v a i l a b l e  f o r  a n a l y s i s  a r e  ve ry  meager. However, t h e  f o l l m i n g  
p re l imina ry  r e s u l t s  have been ob ta ined  a t  Argonne Ik i5ona l  Laboratory 
showing t h e  comparison between pure grai’hi t e  a d  an i n p r e g m t e d  
g r a p h i t e  con ta in ing  7 weight per cen t  U3O8 of  30% enrichment. 
a n  exposure of 8 hours the impregmted Eruphi te  showed i n c r e a s e s  o f  
t h e  fo l lowing  m g n i  tud-?s : 

F o r  

P rope r ty  Value a f t e r  r a d i a t i o n  
Value b e f o r e  r a d i a t i o n  

S p e c i f i c  Z l e c t r i c a l  Res i s t ance  1.75 
Thermal Resis tance 1.50 
Modulus o f  E l a s t i c i t y  1.55 

For conparison purposes pure g r a p h i t e  under t h e  sane 
cond i t ions  gave an i n c r e i s e  f a c t o r  o f  1.03 f o r  t he  t h r e e  phys ica l  
p r o p e r t i e s .  R e l i t i v e  changes i n  e l e c t r i c a l  r e s i s t i v i t y  f o r  g r s p h i t e  
bodies  a r e  a s  shown ( 7  dsy  ex2osure i n  iirgonne P i l e ) .  

l h t e r i a l  Re In t ive Char, re  

Pure Graphi te  1 

Impregnnted w i t h  7 w t  5 
o f  n a t u r a l  U 2 t o  3 

Impregnated w i t h  7 lxt $ 
of 30$ ex-ichcd U 72 

The e f f e c t  of annea l in?  on impregnated g r a p h i t e  which has 
been i r m d i a t e ?  i s  not  known. 
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4. Thorium Oxide. --- 
Thorium i s  of importance a s  a " f e r t i l e "  r ru t e r i a l  f o r  c a p t u r i n g  

excess  p i l e  neu t ro r s .  The process  ~ ~ d y  be r ep resen ted  b r i e f l y  as  f b l l o w s :  

Consequently,  t h e  thorium i s  e v e n t u a l l y  t r s c s f o r n e d  i n t o  t3. f i s s ionGble  atom. 

a .  Sources o f  Thcriun Oxide(') The c h i s f  source  o f  t h  ,ium has 
- I -  

been from monazite s a n d 7 t h o r i u . m  and mss-earDh phosphates) .  
s snds  a r e  found a l o n g  the c m s t  o f  B r a z i l ,  Wew South Vk~les, on t h e  southwest 
c o a s t  of I n d i a ,  and elsewhere.  
because of  l o w  h b o r  c o s t s .  

Black monazite. 

Ind ia  has  r e c e n t l y  he ld  nost o f  t he  market 

Thorium occurs  i l l  many o the r  forms. A s  a n  nverage,  a c i d i c  igneous 

Th 02 i n  Thc r i t e  an6 m o r i a n i t e ,  
rocks  c o n t a i n  ca.  3 t o  4 x l ou4  per c e n t  o f  t h o r i m .  
found i n  t h e  f o r n  c f  f a i r l y  pure c r y s t a l s :  

Scznetimes thoriuin i s  

b. Chemical h o c e s s i n i ;  of Ores. (25) .  S ince  it i s  e s s e n t i a l  t h a t  t h e  

Hexons i s  used t o  e x t r 2 c t  t he  Th from a n  aqueous s o l u t i o n  

I t  is t hen  p r e c i p i t a t e d  3 s  t h e  oxa la t e ,  and cAlcined 

i n p u r i t i e s  i n 7 h T e  a s  l o w  as p o s s i b l e ,  it i s  necessary  t o  p u r i f y  t h e  
thorium compounds. 
which a l s o  c o n t s i n s  Ca (Nb3)2 2nd IIN03. 
hexone w i t h  pure  m t e r .  
a t  55OoC t o  g lve  t h e  oxide. 

The Th i s  ax t r ac t ed  bsck from t h e  

c. Phys ica l  ? r o p e r t i e s .  I- 

(1) C r y s t a l  P r o p e r t i e s  . 
Thorium oxide ,  d i -  ( t h o r i a )  Thoz 

Molecular w t .  264.12 

C a i c  c r y s t a l ,  wh i t e  

Density.  9.69 

Me 1 t ing  Fo i n  t 3050' C 

S o i l i n g  p o i n t  44C)OOC 

( 2 )  Therm1 Capaci ty ,  

C i n  B d l b  - OF T6mpern - t u r e  OF -2-- 
32 , q.0571 

162 
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( 3 )  Therm1 Conduct ivi ty .  

Cond uc t i v i  t y  i n  B t u/hr . f t OF -- Tempera t u r e  OF -".---- 
2 12 7 .23  

3 92 4.34 

572 3 -18 

7 52 2.89 

( = 9 g:T!/cc) 

(4) Therm1  S t a b i l i t y .  L i t t l e  in format ion  i s  no-:r s v n i h b l e  on 
thGri2.  Hcxcvor, t h e  t e s t  sainples used t c  n m s u r e  t h e  t h c r r c l  cofiduc- 
t i v i t y  f r c c t u r o d  whi lc  un2er t c s t .  If t h i s  f z i l u r c  were due  to  t h e r m 1  
s t r c s s e s  t h e  boZies could be irnprovcd by  decreas ing  t h e  d e n s i t y ,  t k t  
i s ,  i n c r e a s i n g  t h e  po ros i ty .  

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

Apparent ly ,  t h o r i a  i s  very  i n e r t  a t  h igh  temperatures  but  i t s  
use may be l i m i t e d  by  unfavorL5le physkcal p r o p e r t i e s .  

5, T h o r i m .  

Thhcriun, l i k e  i t s  ox ide ,  i s  u se fu l  2 s  z f e r t i l e  m t e r i 3 l  

a .  Sources o f  t h o r i m .  Thc use o f  t h o r i m  an2  the  occurrence o f  i t s  ------ 
var ious  Ores were d:iscussed i n  t h e  s e c t i o n  on t h r o i w n  d ioxide .  

b. Chemic21 P rccess i cg  o f  Ores. ( 2 5 )  F:i i r ly  pure workable t h o c i m  -.--.-.-- 
h s s  been prodEecl by tliree d i f f o r c i i t  processes .  ._ 

(1) Bomb p recess :  The t i i c r iun  oxide i s  t r e n t e d  w i t h  XzFz under 
a tmospher ic  p r e s s u r e  a tT50"C t o  g ive  Tin F4. 
w i t h  Zn C 1 2  a s  a "boaster"  o r  t tuxi l i i i ry  o x i d s n t  t o  supply a d d i t i c c a l  
h e s t  t o  m e l t ,  t he  product .and prcduce massive x e t s l .  The d r y  charge  i s  
packed i n  a s t e e l  boKb then  hea ted  i n  :l 62s furnace  a t  6 2 5 O C  f o r  2 0  
minutes when i g n i t i o n  occurs.  

'The Til F4 i s  redu.ceZ by Ca 
- ' 

The n e b 1  separates ss a s o l i d  i ngo t  o f  Th-Zn c l l o y  
(6% Zrr) .  The Zr i s  complctely d i s t i l l e d .  a-my 02 remel t ing  and c:isting. 

( 2 )  Reduction by calcium metal. T h e r i m  d iox ide  i s  mixcd 
w i t h  Ca m e t a l  t lhd C2C12 and h e a t e d i t o  r e d  hea t  i n  a sealed bomb. 
rcsvlti3;i;' oxychlor ides  c f  Th 2nd Ca i s  leached w i t h  xnt6r and the Th 
c b h i n e d  i n  [ r m u h r  f o r m .  The granu1'3.r meta l  i s  pressed i n t o  reds Ind  
t h e n  s i n t e r e d  a t  about  1300@C. 
o r  e therwise  worksc?. 

The 

The metal  cstn t h o n  b e  extruCed, r o l l e d  
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(3) Other  methods. - Powdered thorium has been prbduckd by  the 
e l e c t r o l y s i s  of K Th F6 fusod w i t h  a mixture  o f  equ-tl parks o f  NaCl and 
HC1. The powdere8 netal  can be  pressed ,  s i n t e r e d  2nd t h e n  worked. 

Some t h o r i m  has been produced. by tho  decomposi t ion of ThI4 
on a thorium fi1ar;en.t. 

C. Producers o f  Thorium. P r c j e c t  metal  came p r i m a r i l y  from two 
r i m e s  ( r educ t ion  of Th ET4 by Ca) and  -%st inf ;house ( r e d u c t i o n  of sou rces :  

ThoZ by Ca). R e p r e s e n b t i v e  c o s t s  are as f o l l o w s :  

Cast b i l l e t s  0 30,00/lb 
Powdered compacts 100 .Od/lb 
Extruded rods 60 00/lb 

d .  Phys ica l  P r o p e r t i e s  (25)  --- 
( I )  S t r u c t u r e  I_ 4 

( a )  =itor;lic cons tan ts .  

Crys t a l  l a t t i c e :  FIC,C. 

Atomic  numbers 90 

\ 

A t  omi c wc i g  h t $ 

S t a b l e  i so topes :  Th232 (loo$) 
232.12 

Radia t ion :  ,A- r ays  4,20 I E V  

h a l f - l i f e  1,39 x lolo y e a r s  

Atonic r a d i u s  : 1,768 

i i t cn i c  volune : 20 cc/g atom 

( b )  Dens i ty  and hardness.  

?& te r is 1 

h e s  cas t  
ernes extruded 
E l e c t r o l y t i c  

Dens i ty  g/cc - 
11,46 
11'. 61 
11.1 t o  11.a49 

Hardness (Rcckwell E )  ------- lti t c r i a  f 

Annealed 400-5OO0C 80 - 92 
Annea 1 ed 6OOCC 58 9 80 
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X. 

( c )  Transformationc - Thorium i s  f r ee  o f  phase t r a n s i t i o n s  
and i s  more i s o t r o p i c  t h a n  uranium. I n  gene ra l ,  i t s  p r o p e r t i e s  
a r e  somewhat b e t t e r  t h a n  t h o s e  o f  uranium. 

( 2 )  The rm1  P r o p e r t i e s ,  

(a)  Thermal Expansion. 

Tenperature  Range 
I 

("C) 

20 - GO 
60 - 100 

100 - 200 

200 - 300 

( b )  The rm1  Capaci ty .  

L inear  Ex a n s i o f i  C o e f f i c i e n t  
---E+"C-l 

11,l 

11.4 

11.9 

13.1 

Temperature Range OC Ther,ml Capaci ty  
(Cd l / & O C )  

-253 t o  -196 

O ' t o  1000 

(3)  LkltinE; and Vapor iza t ion .  

0.0197 

0.0276 

(a )  I Ie l t ing  poin t .  1800 t o  18SO°C 

( b )  E c i l i n g  p i n t .  CA 3 8 0 0 O C  

( c )  H e A t  o f  va?or i ,a t ion ,  145 t o  177 kcal/g. atom 

- 

( 4 )  E l s c t r i c z l  P r o p e r t i e s  ---- 
Elec t r i ca l  r s s i s t i v i t y ,  13 t o  25 x chns/cn - ---I- 

( 5 )  EIechcnic31 Cc.nsta.nts. For  extruded s tock  a t  1500°F. 
I 

. . -  

I 

Tecsilc s t r e n g t h .  42,900 p s i  -. - 
~ l o i i g a  t i o n .  00% 

P. L. I 25,300 p s i  

-I_- 

I 
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(a )  Casting. Thorium h ~ s  bcen c a s t  i n  b e r y l l i j .  m o l d s  by 
me l t ing  It 1930°C i n  b e r y l l i a  c r u c i b l c s  under a pres su re  o f  5 x 

I t  i s  ve ry  d i f f i c u l t  t o  o b t a i n  pure c a s t  metul,  
s i n c e  the Tho2 i s  s o l u b l e  i n  tho n e t a l  and the melt  r e a c t s  w i t h  t h e  
b e r y l l i a  c ruc ib l e .  The bcry1liu.n produced can be bo i l ed  o u t  o f  t h e  
melt  

mm o f  Hg. 

( b )  Extrusion.  Both  e s t  ana. s i n t e r e d  t h o r i m  have been 
extruded. a t  abou t  603O C.  

( c )  Bo l l ing .  Successive c o l d  r o l l s  h2ve been made (15 
t o  20% r e d u c t i ' o n ) w i t h  b r i e f  i n t e r n e d i i  t e  annea l s .  
( annez led ,  69 Rockvrell E) a f t e r  c o l d  r o l l i n g  t o  603 r e d u c t i o n  showed 
a hardness o f  83 Rcckwell E. ??le n o t a l  has a l s o  been ho t  r o l l e d .  

One sample 

( d )  k c h i n i n g ,  Thorium c-in be r e a d i l y  machined., c u t t i n g  
somewhat l i k e  mild s t c e l .  It C A ~  bc machincd w i t h c u t  a c o o l a c t ;  
hcwevcr, t h e  t u r n i n g s  m y  i g n i t e .  The wwr cn c u t t i n g  t o o l s  i s  
high. Althcugh thorium d r i l l s  r e u d i l y ,  i t  i s  ve ry  a b r a s i v e  on 
d r i l l s .  The s u r f a c e  o f  the. rat.t:l proiiuced by f r i nd ing  i s  s d t i s f a c k o r y .  

( e )  R e c r y s t a l l i z a t i c n .  Conplote r ec rys  t L l l i z a t i o n  csn be ' -- 
obtained a t  575 t o  585°C o r  higher  f o r  9 FsrioC! o f  19 hcurs o r  l e s s .  
Very l i t t l e  o r  only inccmpletc r e c r y s k l l i z z t i o n  can be cbtz2ined a t  
lower temperatures 

(7)  p e s i s h n c e  t o  Chcinicsl Attack. Thorium i s  q u i t e  a c t i v e  
cheniically.(2) It i s  attackec! s l o w l y  a t  room tempernture by a i r  
(changes frorn s i l v e r  - white  t o  dzrk g r s y )  
h ighe r  temperatures  w i t h  hydrogen, oxyger,, n i t r o g e n  and ha logem.  I t  
i s  only v e r y  s10 ;~ ly  it tac!ted by b c i l i n g  wdter,  but a t  higher  t e n p s r a t u r e s  
c o r r o s i o n  by i n t e r  vapor i s  a p p e c i z b l e .  The n c l t e n  r u t 2 1  (zibove 16OO0C) 
r e z c t s  w i t h  b e r y l l i a  , g r a p h i t c ,  l i m ,  rragnGsiz, and z i r c o n i a ,  

and r e a c t s  rapiclly st 
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, 

n 
6. Thermal S t r e s s  F i g u r e ' o f  l i c r i t . ,  

n i h i s  i s  a conbina t ion  o f  n a t e r i n l )  p r o p c r t i c s  which have been fqund 
convenient  and s i i ; n i f i c x t  f o r  t h e  e v a l u a t i o n  of va r ious  i i n t e s i a l z  with 
r e s p e c t  t o  r e s i s t m c e  t o  t h e r n c l  s t rcss .  It i s  defir,ed 3s f o l l o w s :  

P 
78 Thermal s t r e s s  f i g u r e  sf r i c r i t  = ..kk ( 1 -a;-) 

Eb 
where $ 

n 
fi = Young's Modulus 

b = Thcm.c?l Coeff ic ien t  o f  Expans ion 

Q- = Poisson's Rat io  

:< - Tens i l c  S t r e n g t h  a- 

The vz lues  of t h s  f i g u r e  of n c r i t  f o r  u n i r r n d i a t c d  g r c p h i t e ,  BcO, 
m d  Be, c a l c u l a t e d  OE t he  basis o f  the mcitericl properties given  previous-  
ly ,  Ere P.S fo l lows :  

Opcrct iEg . Thcr:-ial S t r e s s  
Temper?.turc, F. F igure  o f  ?:wit 0 

n 

Be 0 

Ee 

500 

1SGO 
1000 " 

500 

is00 
1000 

500 
1000 

25,000 

8,000 
14,000 

5; 000 
3 ,.OGO 
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7. High Temperature Thcrmnl Conduct ivi ty  Experiment 0 
e, Very l i t t l e  informztion e x i s t s  concrrning t h e  s ixu l t aneous  e f f e c t  

of i r r a d i a t i o n  d m a p  and panenling a t  h i g h  t empera tu reso  
d a t a  %hat hzvc been ob tc ined  suggest t h z t  t h e  n e t  d m a g e  r e s u l t i n g  from 
simultaneous irrndi:.tion and anncal ing m q  not be as s e r i o u s  as t h a t  i n d i -  
c&ed by i r r a d i a t i o n  a t  modereke temperc!.tures follovlcd by nrmealing. 
a d d i t i o n ,  t h e  conduc t iv i ty  as measured a t  room tenperclturc may n o t  be ol. 
v a l i d  c r i t e r i o n  of daiagc a t  high temperatures .  
mental  p r o g r m  has been i n i t i a t e d  t o  d e t e r n i n e  t h e  simultzncous e f f e c t  
o f  i r r a d i a t i o n  damage and m n e a l i n g  by measuring t h e  thermal  c o n d u c t i v i t i e s  
of samples, which c o n t a i n  f i s s i o n a b l e  
a r e  oxposed w i t h i n  t h e  X-pile a t  C l i n t o n  Labora to r i e s ,  

The meager 

I n  

Lccord i rg ly ,  an cxpcri-  

n a t e r i a l ,  dur ing t h e  t i n e  t h z t  they 

a. AIcthod, The t e s t  specimens a r e  cy l inde  2 c.n. i n  diameter 
and 5’ c a m o  i n  l e n g t h  con ta in ing  a known weight o f  U’TtsO Xhen exposed i n  
Q r e g i o n  o f  a knotm t h e r n a l  f lux t h e  amount o f  h e a t  generated is f i x e d  and 
c a l c u l a b l c ,  Thermocouples a r e  used t o  measure t h e  a c t u a l  temperaturcs  and 
ternpcrature d i f f e r e n c e s  ncposs t h e  specinens.  The saizples a r c  nountcd i n  
s p e c i a l  units such t h a t  t h e  d e s i r e d  ope ra t ing  tempcratures  arc reached. 
The thermal  c o E d u c t i v i t i e s  a r e  c n l c u l n t c d  from the experimental  da t a ,  t h e  
p h y s i c a l  p r o p e r t i c s ,  nsd t h e  clincnsfons o f  t h e  t e s t  specimense 

b o  Mate r i a l s  Tested. S m p l o s  of t h c  f o l l o n i z g  rnp-terials were ob- 
t o i n e d  f o r  t e s t s :  

1. h p r e c n a t e d  g r a p h i t e  
2 .  Eioldecl g r q h i t e  
3 .  Iq regna t t cd  Be0 
4. Elolded E c O  

c .  Stc?tus. I n i t i a l  t e s t s  a r e  now under w ‘ v ,  but i n s u f f i c i e n t  time 
has e l apsed  t o e  r e s u l t s ,  
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TI * DESIGNS FOR HIGH OUTF'UT GAS-COOLED POiER PILES 

Th-s sec t , Jn  p r e s e n t s  t h e  r e s u l t s  of a p r e l i m i n a r y  eva lua t -on  o f  t h e  u s e d  
h igh  temperature  gas-cooled p i l e s  f o r  t h e  product ion of r e l a t i v e l y  l a r g e  amounts 
o f  pover (60,000 and 250,000 k w  of hea t ) .  The s t u d i e s  were made i n  accordance 
w i t h  t h e  g e n e r a l  p r i n c i p l e s  p re san ted  i n  S e c t i o n  111, u s i n g  t h e  methods o f  
c a l c u l a t i o n  desc r ibed  i n  Sec t ion  V. In  making t h e s e  s t u d i e s  the  work has been 
c a r r i e d  only f a r  enough t o  e s t a b l i s h  t h e  gene ra l  f e a t u r e s  o f  t h e  design,  namely8 
t h e  n a t u r e  and dinensions of t h e  p i l e  s t r u c t u r e ,  t h e  c r i t i c a l  mass of fission- 
a b l e  m a t e r i a l ,  t h e  n a t u r e  o f  t h e  f u e l  elements,  t h e  p o s s i b i l i t i e s  of h igh  con- 
v e r s i o n ,  e t c o  

A. 250,000 Km DES I G N  

The s t u d i e s  of a gas-cooled p i l e  r a t e d  a t  250,000 hv iil-cluded consideration 
o f  be ry l l i um oxide,  bery1liw:i metal ,  and g r a p h i t e  as t h e  permanen-l; s t r u c t u r e  
and moderating m a t e r i a l .  

1. Design Conditions 

The f ol lowine des ign  cond i t ions  were assumed: 

P i l e  Tlierrnal Rating, In7 2 50,000 

n 

Coo l a n t  

Operat ing P res su re ,  Atmos. 

( a  s i m i l a r  performance could be 
achieved w i t h  Hydrogen gas opc rn t ing  
at 10 atmos.) 

R a t i o  Thermal Power t o  Blower  t o  Pile 
Thermal Output, R 

E f f i c i e n c y  o f  Conversion of Therrnal 
Input  t o  Blower t o  Slower 
i ' ressure  - Power 

Radial  Heat. Release Ratio,  Fx 

Axial Ildat Release Ratio,  Fy 

Heat Generated i n  S t r u c t u r e ,  based on 
l o c a l  Rate i n  Fuel Elements 

Ra t io  P res su re  Drop i n  Gas System t o  
P res su re  Drop i n  P i l e  

:-IC 1 i wil 

40 

0.15 

0015 

1,s 

Mass s t r u c t u r e  8% 
t c  td 1 "Lis s 

1.4 
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Design Conditions (cont inued)  

Rat io  P res su re  Drop i n  P i l e  t o  t h a t  
Used f o r  Heat Tran'sfer 4 e 0  

Length of Reactor o 9D 

Length Reactor + Ref lec to r  

Fue 1 

1.5 Reactor 

u235 

Enrichment 30 % 

Temperature a t  which nuc lear  - cons t an t s  
were c a l c u l a t e d  G 5OoC 

Be G r  np h i  t e - Be0 - 
Maximum Allowable Fuel 

E 1 ement T einp e r a Lure 2 ,OOO°F 1 500°F 2, OOOOF 

Maximn Allowable Permanent 
1,500'F S t r u c t u r e  Temp e r  a t u r e  1,500°F 1, 100°F 

P i l e  I n l e t  Temperature 500°F 450°F 500°F 

P i  1 e Out 1 e t  Tempe r a -cur e 1,400'F 1, 100°F 1, 400°F 

The performance of  t hese  p i l e s  was c a l c u l a t e d  based on t h e  fo l lowing  
thermal  s t r e s s  l i m i t a t i o n s ,  

Be0 (dens i ty ,  ,,a cz 2.67): , 

.- 14,500 900 p s i  
5.5 x 2 x 1 ,5  Fuel elements = 

where 5.5 i s  a r a d i a t i o n  damage f a c t o r  
2.0 i s  a f a c t o r  of saf 'ety t o  take  ca re  of t r a n s i e n t  

1.5 i s  a f a c t o r  t o l  t a k e  ca re  of t he  e c c e n t r i c  loading o f  
c ondi  t ions 

t h e  f u e l  e l e n e n t s  

ildoderator b r i c k s  z z 3,200 p s i '  

where 1.5 i s  a f a d i a t i o n  damage f a c t o r  
3.0 i s  a f a c t o r  of s a f e t y  t o  take c a r e  o f  t r a n s i e n t  - cond i t ions  

Grnphitc 

F m l  Elcmcnks 2 1,400 = 4.57 p s i  
80 x 2 x 2.0 

where 80 i s  a r a d i a t i o n  damagc f a c t o r  
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n Moderator b r i c k s  = 1,400 = 17.5 p s i  
20 x 4.0 

where 2 0  i s  a r a d i a t i o n  damage f a c t o r  

.Beryll ium 

Fuel  Elements - no t h e r m 1  s t r e s s  l i m i t a t i o n s  

Permanent s t r u c t u r e  2,000 p s i  t o t a l  s t r e s s  l i m i t a t i o n  

The thermal  s t r e s s e s  were c a l c u l a t e d  us ing  t h e  i d e a l i z e d  s t r e s s  equat ions  
f o r  e l a s t i c  deformation w i t h  t h e  va lues  f o r  conduc t iv i ty ,  Younggs modulus and 
expansion c o e f f i c i e n t s  f o r  t h e  a c t u a l  o p e r a t i n g  temperatures  as g iven  i n  t h e  
p r o p e r t i e s  of m a t e r i a l s  s e c t i o n  of t h i s  r e p o r t ,  The 7.ralu.e~ wi thout  r a d i a t i o n  
damage were used and t h e  above s t r e s s  f a c t o r s  were app l i ed  t o  t ake  ca re  of 
r a d i a t i o n  damage. The cond i t ions  a t  -tilie c e n t e r  o f  t he  p i l e  were considered t o  
be t h e  most severe  and a h e a t  gene ra t ion  o f  l 0 8 9  times average was assumed f o r  
bo th  t h e  f u e l  e lements  and moderator b r i c k s ,  

2 . Perf orinance 

The locus  o f  p i l e  des igns  i s  p l o t t e d  on Figures  96, 97, and 98 f o r  
BeO, Be, and g r a p h i t e  moderated p i l e s ,  r e s p e c t i v e l y .  Curve I o f  F igure  96 shows 
t h e  locus o f  p i l e  des igns  f o r  an al lowable f u e l  element s t r e s s  of 900 p s i  and 
v:ith a Be0 f u e l  element m a t e r i a l  d e n s i t y  of ,/”= 2.1, 
c r i t i c a l  mass, p i l e  vo ids ,  and excess  neut rons  produced pe r  neut ron  absorbed i n  
UZ35, 
helium-cooled p i l e s  designed as s p e c i f i e d  above. I t  can be seen  from t h i s  
curve t h a t  i f  a m i p i m u m  c r i t i c a l  nass  i s  d e s i r e d  t h e  p i l e  would be designed 
w i t h  a r e a c t o r  r a d i u s  of 90 cm and Sol k c r i t i c a l  mass. However, t h i s  has an 
excess  neut ron  p e r  neut ron  absorbed i i i  USs5 o f  X If a 
h i  he r  X i s  des i r ed ,  a p i l e  I; l i t l i  75 cm-radius  r e q u i r i n g  10 kg c i r i t i c a l  mass of 

Thus t h i s  curve g ives  

X ,  a s  a f u n c t i o n  02 t h e  r a d i u s  of t h e  r e a c t o r  f o r  250,000 KIT ou tput  * 

= 0,67 f o r  U235 f u e l .  

U2 E- could be chosen. This  p i l e  has an X o f  1.045. 

*X, t h e  excess  neutrons-ProdGced p e r  neut ron  absorbed i s  def ined  as  t h e  neutrons 
whicli l eave  the  r e a c t o r  p l u s  those  absorbed by t h e  UZ38 p lus  those  absorbed by  
poisons such as Xenon pe r  neut ron  absorbed i n  $35, 
neut rons  a v a i l a b l e - f o r  conversion. 

It i s  a measure o f  t h e  

A 
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Curve I1 shows t h e  ope ra t ing  l i n e  for a s t r e s s  l i m i t  o f  
This  curve does n o t  extend beyond us ing  a f u e l  element d e n s i t y  of/-'= 2.87. 

(X 2 .5 because above t h i s  p o i n t  t h e  web th i ckness  of t h e  f u e l  elements becomes 
less  than  1/32". This t h i ckness  i s  now cons idered  a p r a c t i c a l  l i m i t  iia manu- 
f a c t u r e .  Tes t s  o f  Be0 f u e l  e l enen t s  of / '= 2.87 a n d / > =  2.1 i n d i c a t e  t h a t  the 
l e s s  dense m a t e r i a l  has about twice t h e  thermal s t r e s s  r e s i s t a n c e  o f  t he  2.87 
d e n s i t y  ma te r i a l .  
i n  c a l c u l a t i n g  Curve I o f  Fig. 96. 

-_ 9 
Advantage o f  t h i s  h igher  thermal  s t r e s s  r e s i s t a n c e  was taken 

Curve I11 i s  t h e  locus  of p o s s i b l e  p i l e s  if t h e  al lowable f u e l  element 
s t r e s s  i s  3,500 i n s t e a d  o f  900 p s i .  Curve IV i s  t h e  l i n e  i f  t h e r e  i s  no s t r e s s  
l i m i t a t i o n ,  t h a t  i s ,  for p i l e s  which are designed t o  meet t h e  h e a t  t r a n s f e r  and 
p r e s s u r e  drop requirements  only. 

It can  be seen  t h a t  a c y l i n d r i c a l  gas-cooled p i l e  w i t h  Be0 moderator 
designed f o r  250,000 KW thermal  ou tpu t  would l i e  soinewhere between Curve I1 and 
Curve IT. Based o n  p r e s e n t l y  a v a i l a b l e  Be0 , w t e r i a l s  and t h e i r  phys i ca l  p r o p e r  
t i e s ,  Curve I appears  t o  be a reasonable  des ign  l i n e .  However, it i s  p o s s i b l e  
t h a t  annea l ing  ou t  o f  r a d i a t i o n  danage a t  h igh  temperatures ,  a l l o y i n g  of BeO, 
o r  mod i f i ca t ion  o f  i t s  g ranu la r  s t r u c t u r e s  t o  i n c r e a s e  i t s  ther im1 s t r e s s  r e -  
s i s t a n c e  would reduce t h e  ope ra t ing  l i n e  toward Curve IV as  a l i m i t .  

Figure 97 shows t h e  pcrl'ormance o f  a Bc moderated, 250,000 KW gas- 
Only one ope ra t ing  cooled p i l e  dosigned for t h c  s p e c i f i c a t i o n s  g iven  above. 

l i n e  i s  shown s i n c e  t h e r e  i s  assumed t o  be no thermal  s t r e s s  l i m i t a t i o n  i n  t h e  
f u e l  elements.  This  i s  a reasonable  assumption s i n c e  p l a s t i c  f l o w ,  of a very  
sma l l  magnitude, w i l l  t ake  p l acc  r e l i e v i n g  any l a r g e  thermal  s t r e s s e s  which fimy 
tend t o  forms The p a r t i c u l a r  des ign  p o i n t  w i l l ,  o f  course,  be dependent upon 
t h e  emphasis o n  conversion as coflpared t o  t h e  e q h a s i s  on minimizing c r i t i c a l  
mass 

shomn i n  F igure  98. 
f u e l  e l e n e n t  des ign  s t r e s s  of 4.37 p s i ,  whi le  Curve I1 i s  t h e  locus f o r  a de- 
s i g n  s t r e s s  o f  350 p s i .  
l imi t a - t i on .  The s t r e s s  l i r n i t n t i o x  o f  4.37 p s i  ? o r  g r a p h i t e  a r i s e s  from the 
choice  o f  a conse rva t ive  va luc  of 80 f o r  t h e  r a d i a t i o n  damage f a c t o r .  

The perfornonce o f  a g r a p h i t e  moderated 250,000 Ifll gas-cooled p i l e  i s  
Curve I shows t h e  locus o f  p o s s i b l e  des ign  p o i n t s  f o r  a 

Curve I11 i s  the locus  i f  t h e r e  were n o  thermal  s t r e s s  

The va lues  o f  X ( exccss  ficu$rons) f o r  U235 i s  shown f o r  t h e  t h r e e  
moderator m a t e r i a l s .  
be ex t remely  d i f f i c u l t  t o  achieve breeding  w i t h  t h i s  f u e l ,  
uscd a s  a f u e l ,  w5th i t s ?  z 2.5 t o  2.4, t h e  va lues  o f  X can  be expected t o  be 
between 1.2 t o  1.25, and t h e  p o s s i b i l i t y  of a t t a i n i n g  breeding  becomes more 
promising. 

a l l y  h igh  va lue  f o r  t h e  maximum t o  a v  age h e a t  rclcasc r a t i o .  However, t h e  
r a t i o  (1.91) which has been uscd f o r  the des igns  considered hc re in ,  i s  i t s e l f  
cons ide rab ly  h igher  t han  would be expeLted i n  a p i l e  w i th  a good r e f l e c t o r .  

Since 7 f o r  ~ 2 a 5  l i c i  on ly  2.1, it i s  apparent  t h a t  it w i l l  
Flowever, if U2S3 i s  

The use  of a h igh  e f f i c i e n c y  onversion b lanket ,  may l ead  t o  an abnorm- 

The p i l e  s i z e s ,  c r i t i c a l  fimss, of f i s s i o n a b l e  m a t e r i a l  and excess  
neut rons  of all t h r e e  of t h e s e  modern 
m e  of  these can  be Considered s u f f i c i e n t l y  good o r  m o t h e r  sufficiently bad t o  
exclude t h e  o the r  two. Therefore,  t h e  d e t a i l s  f o r  r e p r e s e n t a t i v e  des igns  o f  a l l  
t h r e e  node ra to r s  i s  prescn-ked i n  Toblc XVIII. Only t h e  conse rva t ive  designs 
w i t h  r a d i a t i o n  damage are presented .  

rs a r e  s u f f i c i e n t l y  f a v o r a j l e  t h a t  no 
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TABLE XVIII 

PERFOFMABCE OF 250,000 KW GAS"CO0LED PILES 

Mode r a t  o r  

Design p o i n t  on Figures  '96, 97 
:md 98 

C r i t i c a l   ass ~ 2 5 5  

x (excess  neutrons p e r  a b s o r p t i o n )  
i f  f u e l  i s  $35 

Diameter o f  r e a c t o r ,  f t .  

Length o f  r e a c t o r ,  f t ,  

$ Voids, CK ( i n  t h e  case or" Be0 i s  
phys ic s  v o i d s  w i t h  / '=  Z 0 8 7 )  

// 

Gas Passap Area, Ag, Sq. f t o  

Tcm?. d i f f .  between GAS and Fuel 
Elernent a t  c e n t e r  of p i l e ,  8, 

0 Faximum F'ucl Element Tcmp., F 

S t r u c t u r e  

Brick Hole  o r  Perinanent S t r u c t u r c  
S i z e  

B r i c k  Tall Thickness 

Fuel Elements 

Eciuivelent D i n .  De ( ' I )  

Fuel Element Wall Thickness, inches 

S t r e s s e s  

Fucl Elements 

Pcrxanent S t r u c t u r e  

Est imatcd Averazc Flux 

A 

6.2 

0 915 

5,64 

5.1 

4 6% 

10 

2 50 

1580 

2"hcx 

;,16 'I  

.182" 

.o 55" 

900 

2,600 

5x1014 
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Be0 

B 

10.2 

1.045 

4.9 

4 e 4  

53% 

9.14 

30 0 

1 GOO 

2"dia 

1/41! 

.1%95" 

.038" 

900 

3,000 

4x101* 

B C  

C 

6 

0.88 

5.05 

406 

40% 

8 .o 

G45 

1500 

4"i.do 
s q a  7 

9/32" 

e 35" 

1/16" 

---- 
2,000 

5x10L4 
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I) 

8.7 

1.016 

4 0  52 

4.1 

50% 

8.0 

545 

1500 

4"i.do 
S Y O  

1/4" 

0 33 G" 

1/1-61' 

o--" 

2,300 

4x1Ol4 

Grap h i t c  

E 

15.8 

1.040 

6 0  87 

6.19 

40;; 

14.5 

85 

1450 

2"dLa 

1/4 I t  

,082's 

1/3 2 1) 

4.37 

17.5 

3x1014 



The f u e l  element and s t r u c t u r e  shapes o f  t h c  va r ious  designs i s  shown 
i n  t h e  fo l lowing  f i g u r e s  : 

Be0 Unit  A - Figure  99 
Be0 Unit  B - Figure 100 
Be Unit  D - Figure  101 
Graphi te  Un i t  E - Figure  102 

The f u e l  c lements  of a l l  t h c s c  u n i t s  are relatively small ,  i o e e ,  2" -bo 
4" dimensions. This r e s u l t s  f rom the  f a c t  t h a t  t h e  thcrmal  s t r e s s e s  due t o  t h e  
h e a t  genera ted  i n  tlie s t r u c t u r e  limits t h e  s t r u c t u r e  th i ckness  t o  approximately 
1/4t1. ITith t h i s  t h i ckness  o f  on ly  1/4'' a smal l  b r i c k  s i z e  ( o r  Be f r m c  spacing)  
must be uscd t o  a s su re  a mcchanical ly  s t r o n g  s t r u c t u r e ,  Furthermore,  t o  mini-  
mize f i s s i o n a b l e  m a t e r i a l  rcquirements  it i s  d c s i r a S l e  t o  p l a c e  a s  inuch maker ia l  
i n  t h e  permanent s t r u c t u r e  as p o s s i b l e .  This  i s  accomplished by us ing  s inal l  
f u c l  elements as poin ted  o u t  i n  S e c t i o n  111. T h e  Be0 U n i t  A i s  shown as a hexa- 
gonal b r i c k  w i t h  a c i r c u l a r  hole.  This d i f f c r e n c c  i n  des igf  i s  shown because 
the  b e s t  b r i c k  shapc f r o m  a thermal  s t r e s s  s t andpo in t  i s  n o t  known. 
informat ion  i n d i c a t c s  t h a t  t h c  shape shown f o r  t h e  B Unit  i s  twicc as good as 
t h a t  f o r  U n i t  A because o f  t h e  e l i m i n a t i o n  o f  corner  s t r c s s ,  bu t  a t h i c k e r  
s e c t i o n  i s  r equ i r ed ,  The f u e l  elemcnt w a l l  th ic luwss  $o r  t h c  Be0 and g r a p h i t e  
u n i t s  range f r o m  1/32" t o  1/16" t h i ck .  These t h i n  walls aga in  r c s u l t  f r o m  t h e  
low va lues  of nllowablc f u c l  element thermal  s t r c s s e s  which were assumed i n  t h e  
study. 
a f u l l  s i z e  p i c t u r o  of such a s t r u c t u r c  i s  shown i n  Fig.  103. 

Presen t  

Such t h i n  wal l  s t r u c t u r c s  have bccn extruded i n  Gerinany o f  na%urnl  c lay ;  

B. 60,000 n r  DESIGN 

1. Design Condit ions 

I n  making t h i s  s t u d y  of a gas-cooled p i l e  r a t e d  a t  60,000 Kb7 thermal  
ou tpu t  c o n s i d e r n t i o n  was Given t o  i t s  p o s s i b l e  a p p l i c a t i o n  t o  nava l  s h i p  p ro -  
pu ls ion .  Accordingly,  i n  a d d i t i o n  t o  t h e  d c s i g n  condi t ions  assumed p r e v i o u s l y  - -  
f o r  t h e  250,000 I5V u n i t ,  t h c  fo l lowing  
o f  s e r v i c c  were assumed: 

Rn king 

P i l e  space n ~ ~ o v ; e d  

C r i t i c a l  Mass of F i s s ionab lc  
Mate r i a l  

Con vc r s i o n  

Fuel  Loading 

spec ia l - cond i t ions  p c c u l i n r  t o  t h i s  t)$e 

15,000 s h a f t  horsepower 

Minimum p o s s i b l e  

I I  I t  

As much as  p o s s i b l e ,  b u t  a t  no 
s n c r i f i c e  o f  above requirements  

' P i l c  t o  run  6 months a t  20% 
l o a d  wi thout  r e load ing  
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The p i l e  h e a t  exchange f l u i d  vas assuned t o  be helium and t h e  s tudy  
l i m i t e d  t o  a Be0 moderator. 

The p i l e  chosen t o  n c c t  t h e s e  s p e c i f i c a t i o n s  i s  

The rm1  Iia t i n g  

Reactor  dimensions 

R e  ac to  r d i m e  t e  r 

Rcactor l e n g t h  

C r i t i c a l  Mass U235 ( a t  op. tcmp. 2 65OoC) 

233) X (excess  ncut rons  pe r  abso rp t ion  i n  U 

U235 consunied i n  6 months 

Cross-scc t ion  arca 02 p i l c  devoted t o  
c o n i r o l  rods 

Fucl  p l a t c  t h i ckncss  

Gas passagc equiv. d i jmc tc r  

Fucl  e lcmcnt  thcrmnl s t r c s s  

Operat ing Prcss 

I n l e t  temperature  

Out lc  t ccmpcrature 

Tcmpcraturc d i f f c r c n c c  bctwecn gas and 
f u e l  clcincnt a t  c c n t e r  of  p i l e ,  8, 

Maxiniuni p i l c  -tempcraturc 

% Pumping power, 

Gas duc t  s i z c s  
e n t c r i n g  p i l e  
l e a v i n g  p i l e  

as f o l l o w s :  

60,000 KlT 

3.0 f t ,  

304 f t ,  

305 Kg 

1 .o 
2.0 

11% 

.042" 

o087" 

900 p s i  

40 Atmos  

500°F 

1400'F 

140'F 

1520'F 

20% 

2 - 10" 
2 - 14" 
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VI1 RECG1dkSND-A TIONS 

I t  i s  the opinion of t he  Div i s ion  t h a t  t h e  p i l e  desc r ibed  i n  t h i s  
r e p o r t  can be b u i l t  and operated s u c c e s s f u l l y  f o r  t h e  purposes desc r ibed .  
A c u r r e n t  d i r e c t i v e  by t h e  Atomic Znergy Coxmission provides f o r  continued 
s t u d y  of power r e z c t o r s ;  b u t  cn the  o t h e r  hand, does n o t  provide f o r  e a r l y  
c o n s t r u c t i o n  of a pcwer r e a c t o r  o f  any  type.  The Div i s ion  hzs ,  t h e r e f c r e ,  
submitted a program intended t o  f u r t h e r  t h e  development of power r e a c t o r s  
w i t h i n  t h e  scope o f  t he  C o m i s s i o n ' s  d i r e c t i v e .  This program WAS submitted 
t o  the  A d m i n i s t r i t i o n  o f  C l i n t o n  Labora to r i e s  as piaL,rt o f  3. l e t t e r  dated 
September 1 2 ,  1947, The prograrr- i s  as follows: 

"POXER P I E  DIVISION R?OGRiiIA 

F i s c a l  Years, 1948, 1949, and 1950'' 

"I. Broad Eva lua t ion  o f  Power Reactors  - -- 
(A pre l imina ry  eng inee r ing  s t u d y  o f  gene ra l  designs o f  power reactors) . .  

A. Survey and c l a s s i f i c s t i o n  o f  r e d c t o r s  proposed o r  conceived f o r  
high t eape r j . t u re  opera t i o n  and i?rocluction o f  power. 

B. A prel iminary a p p r a i s a l  o f  more promising power r c i c t c r s  1 s  
de te rn ined  by Item d f r o m  t h e  s t a n d p o i n t s  o f  n u c l e a r  physics ,  
h e a t  t r a n s f e r ,  c o n t r o l ,  m t e r i a l s  , c h c a i s t r y ,  thcrmodymmic 
cyc le s  , economics, mechLr!ics , e t c  e 

It i s  kocsidered t h a t  t he  broad e v a l u a t i c n  of power r e a c t o r s  i s  a 
con t inu ing  f u n c t i o n  of t he  Power P i l e  D iv i s ion  of Cl inton L a b o r a t o r i e s ,  
a t t a inmen t  of i t s  o b j e c t i v e s  xi11 be the r e c o m m d a t i o n  f o r  d e t a i l e d  
e v a l u a t i o n  o f  one o r  more r e s c t o r s  ea,ch yeLr s o  t h a t  t h e  r,tonic Emrgy  
Cormission can  be cont inuously kept  up t o  d a t e  3 s  t o  the a s p e c t s  of power 
f r o m  a t o m i c  ezergy." 

The 

"11. De ta i l ed  E v a l w t i o n  o f  Power Reactors  - 
(P re l imina ry  ' des ign  c-f r e a c t o r s  s e l e c t e d  by b r o i d  e v a l u a t i o n  s t u d i e s )  

A .  Nuclear and conversion s t u d i e s  a s s o c i i t c d  wi th  t h e  p a r t i c u l a r  design 

B. S p e c i f i c  s e l e c t i o n  o f  h e u t  t r a n s f e r  medium, moderatcr, f u e l  and 
f e r t i l e  m t e r i a l .  

C.  Determination o f  p re l imins ry  dinonsions o f  t h e  p i l e  

D, Evaluat ion o f  engineer ing problems and e s t ab l i shmen t  o f  t e s t  
programs p e c u l i a r  t o  p a r t i c u h r  designs.  

Study o f  m a t e r i a l s  adapted f o r  use i n  h igh  temperature r e a c t o r s ,  
t a b u l a t i o n  o f  p r o p e r t i e s ,  an2 r c c o n x n d L t i o n s  f )r t e s t  and 
experimental  e v z l u s t i o n  proLrams e b 

E. 

P 
O 
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n 
F. Pre l imina ry  des ign  o f  o v e r - a l l  nuc lea r  power p l a n t s  and a l s o  o f  b a s i c  

components, such a s  s-2ructure o f  r e a c t o r ,  s h i z l d i n g ,  f u e l  handl ing 
equipment, f u e l  e lements ,  coo lan t  sys'tem a u x i l i a r i e s ,  h e a t  exchangers,  
e tc . "  

"111. Design of Kinh Temperature Experimental  Reactor 

A. P r e p a r a t i o n  o f  d e s i g n - s p e c i f i c a t i o n s  

5. Layout design.  

C .  D e t a i l e d  des ign  and c o n s t r u c t i o n  o f  compoizents r equ i r ed  f o r  p r e l i m i n a r y  
t e s t wo r k ., 

This a c t i v i t y  would begin  i n  t h e  f i s c a l  year  1949 upon t h e  approval  o f  t h e  
Atomic Energy C o m i s s i o n  f o r  t he  c o n s t r u c t i o n  of an experimental  h igh  tempera- 
t u r e  r e a c t o r .  It would be expected t o  s t a r t  approximately May 1, 1949, and 
would c o n s i s t  o f  a s u b s t a n t i a l  p a r t  of t h e  group f r o m  t h e  d e t a i l e d  e v a l u a t i o n  
o f  a power r e a c t o r .  Since t h e  manpower f i g u r e s  a r e  given as  averages f o r  t h e  
year, t h e  number of persons shown i s  f a r  l e s s  t han  those  who w i l l  be a c t i v e l y  
engaged as  o f  J u l y  1, 1949. I t  i s  expected t h a t  t h e  need for, and d e s i r a b i l i t y  
o f ,  c o n s t r u c t i n g  such an exper imenta l  high temperature  r e a c t o r  would evolve 
f r o m  the  broad and d e t a i l e d  e v a l u a t i o n  s t u d i e s  desc r ibed  under Items I and 11, 
and t h e  work on development and t e s t i n g  o f  m a t e r i a l s  and processes  descr ibed  
under I tem V. Thus, it i s  v i s u a l i z e d  t h a t  t h e  e v a l u a t t o n  s t u d i e s  would l ead  t o  
t h e  g e n e r a l  s p e c i f i c a t i o n s  f o r  a p i l o t  p l a n t  u t i l i z i n g  t h a t  t ype  of power re- 
a c t o r  vliich would be o f  p a r t i c u l a r  s i g n i f i c a n c e  i n  t h e  development of atomic 
power and i t s  a s s o c i a t e d  technology. S i rn i la r ly ,  t h e  work on m a t e r i a l s  and t e s t -  
i ng  i s  eJxpected t o  l ead  t o  t h e  de t e rmina t ion  o f  t he  tType o f  t e s t s  and t e s t  
f a c i l i t i e s  which a r e  r equ i r ed  f o r  adequate development o f  m a t e r i a l s j  p rocesses ,  
and mechanisms f o r  nuc lea r  power p l a n t s .  
per imenta l  h igh  t empernture poircr r e a c t o r  will r e p r e s e n t  an i n t e g r a t i o n  o f  these 
ove r -a l l  o b j e c t i v e s  'I  

The c o n s t r u c t i o n  o f  a s u i t a b l e  ex- 

'I I v o  Cooperation i n  the des ign  or" the I-Ietroeeneous High Flux Reactor 

A. This w i l l  c o n s i s t  of  recomiiendations and p re l imina ry  des igns  o f  such  

- 
f e a t u r e s  of t he  h igh  f l u x  r c a c t o r  o f  p a r t i c u l a r  i n t e r e s t  t o  t h e  ?ower 
P i l e  Divis ion.  For example, t h e  f a c i l i t i e s  t o  be provided f o r  t h e  
s imultaneous n igh  f l u x  and h igh  temperature  t e s t i n g  o f  m a t e r i a l s  i s  a t  
p r e s e n t  under a c t i v e  c o n s i d e r a t i o n  by members o f  t h e  Power P i l e  Divis iono 

B o  Cooperat ion 3s reques ted  by t h e  Technica l  D iv i s ion  i n  t h e  des ign  o f  
c e r t a i n  f e a t u r e s  o f  t h e  h igh  f l u x  p i l e  by menbcrs o f  t h e  Power F i l e  
D iv i s ion  who a r e  p p r t i c u l a r l y  e x p e r t  and experienced i n  t h e s e  f i e l d s .  

C. Cooperation wi th  t h e  Tech2ica l  D iv i s ion  and t h e  P i l e  Review Committee, 
as reques ted ,  i n  t h e  review and c v a l u a t i o n  of des igns  a s  prepared  be- 
cause o f  t h e  l a r g e  gene ra l  engineer ing  exper ience  o f  c e r t a i n  members o f  
t h e  Powcr P i l e  D iv i s iono  
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It  i s  expected t h a t  t h i s  f e a t u r e  o f  t h e  Power P i l c  D i v i s i o n  p 
mainly covered i n  t h e  f i s c a l  year  1348, s i n c e  t h e  c o n s t r u c t i o n  schedule  o f  the 
high f l u x  r e a c t o r  presupposes t h a t  a l l  designs trill be f rozen  be fo re  J u l y  1, 
1948. 'I 

"V.. Development end Tes t ing  of Lizter ia ls  and Processes  --- --_.I_ 

A. I n v c s t i g a t i o n  and development of matcrinls f o r  use i n  t h e  c o n s t r u c t i o n  
o f  power r e a c t o r s  . This includes b e r y l i i w n  n e t a l ,  b c r y l l i m  oxide, 
g r a p h i t e ,  and r e l a t e d  substances . 

B. Study and desi-;n of proczsses  r e c o s s a r y  t o  t h e  c o n s t r u c t i o n  and opera- 
t i o n  o f  power r e a c t o r s .  
elements,  p u r i f  i c n t i o n  si' coo lan t ,  f a h r i c a  Lion of f u e l  elements . Foi- exam?lc, recovery of u ran iumf  rorn f u e l  

C. Design and pcrforimnce o f  test:: as required;.  such as,  mechanical and 
thermal tes king of moderc,tor and f u e l  IXU t e r i a l s ;  e f f e c t s  of r a d i a t i o n ;  
l i f e  and f u n c t i o n a l  t e s t i n g  o f  va lves ,  Zaskets, f u e l  handl ing devices ,  
e t c . ;  d i f f u s i o n  of f i s s i o n  products ;  exncncn t i a l  expcriments.  For  a 
more d e t a i l e d  brc?!xlown o f  t h i z  progcirn, s e e  l c t t c r  and a t t achmen t s  o f  
August 7, 1947 t c  J. C. S t c m r t .  

This ,program i s  a c o n t i m i n g  onc --rith a i a r g c  nunbcr of d e t a i l e d  
o b j e c t i v e s  which w i l l  be rcochc-d as s u i t a b l e  i,ew m a t e r i a l s  a r e  developed, 
t h e  p r o p c r t i e s  of n a t e r i a l s  detorrnincd, p rQcesscs  are devised and pmven, 
and incchanisms a r c  found t o  be s n t i s f n c t o r y  nnd durable. It i s  expected 
t h a t  a cons ide rab le  p o r t i o n  o f  t h e  c f f o r t  on t h i s  p rogram w i l l  b o  de- 
devotcd t o  t h e  d evclopmcnt o f  adcquotc t e s t s  mid adequate experimental  
f a c i l i t i e s  for dctcr ininat ion o f  r a d i a t i o n  r:r'fccis on m a t e r i a l s  

"VI. Cons t ruc t ion  and opc r z t i o n  of c Hctlczor Sirnula t o r  Lcibora t o r y  -- -- __ 
It i s  r roposcd to c o n s t r u c t  t! sirnulotor, which i s  i n  r e q l i t y  a n u c l e a r  flux 

c a l c u l a t o r  f o r  t he  stlidy o f  t h e  physics  p r o b l e m  oi' rcakttor:., which inc ludes  the 
de te rmina t ion  o f  c r i t i c n l  s i z e ,  flux d i s t r i b u t i c n  f o r  )my goometry, mu1 t i p l e  
region p r o b l e m  and many otQcr Froblerns wherc tke p h y s i c a l  cons t an t s  are a 
f u n c t i o n  o f  space. The cquipmcnt i;j.lI o n s i s t  of o l c c t r i c a l  networlts, e l o w -  
t r o n i c  c i r c u i t s ,  and i n s  t r m c n t a t i o n .  ork has  c l r c a d y  s t a r t e d  on t h i s  sirnu- 
l a t o r ,  a s  it was a ndccssary api;ronch t o  t h e  s o l u t i o i i  of t h e  manpowcr s h o r t a g e  
f o r  t h e  d e s i g n  o f  ?hc h igh  t c a p r 3 t u r c  gas-coolzd power p i l c .  It i s  r e a l i z e d  
that t h i s  s i m u l a t o r  i s  of math i;1Orc gc&ra l  use t o  t h c  p r o j c c t  t h a n  t h e  problems 
o f  t h c  Fower P i l e  Divis ion;  and it i s  t h e r e f o r c ,  proposed as  a s e r v i c e  t o  t h e  
p r o j e c t  as  a whole." 

I 
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A. 

APPENDIX A 

CONSULTANT SUBCONTRACTORS 
t o  

POVm PILE D I V I S I O N  

Air Reduction Company 
Babcock & VJilcox Company 
Combustion Engineer ing Company 
DeLaval Steam Turbine Company 
Foster-Wheeler Company 
F r e d r i c  F lade r ,  Inco rpora t ed  
General  E l e r + t r i c  Company 
N a t i o n a l  Carbon Company 

Burdue University 
??e s t inghouse  E l e c t r i c  Corporation 
Colvin,  Fred H. 
Daniels, Fa r r ing ton  
IZandolph, Donald W e  
Wil la rd ,  John E. 
Y e l l o t t ,  J.  I. 
Wright Aeronau t i ca l  Corporat ion 

c 
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APPEhTDIjC B 

LIST OF FERSOIWEL OW FWGR PIG3 DE'JELOPbBNT 

C,. ROGERS kCULLOCGH, DIRECTOR 

1' Andersgn, G..A. 
Ethe r ing ton ,  3. 

D r .  Fa r r ing ton  Daniels  - Spec ia l  Consul tant  

Allis-Chalmers hVg, Co. 

I h h .  Ehgr. Design and development 
h!e c h . Ecg r , Engineericg development 

Babcock & Yilcox Co. 

Me c h . &gr. B o i l e r s  and r e f r a c t o r i e s  

CGmbuStion Engineer ing Co. 

i'dbrshall, L. J .  Mech. Engr. Bo i l e r s  and power p l a n t s  

F r e d r i c  F l a d e r ,  Inc.  

Corey, V. B. ? h j s  i c i s t C o n t r o l  des ign  (terrnina t ed )  
Downing, G.  G .  Kech. Engr. Gas tu rb ine  ?nit rocke t  motors 
P res ton ,  A. L ,  ivTech. Engr, Gas has  d 1 i ng eq u i  pmen t 

Geneva1 Elec t r ic  Company - 
Powell ,  F. K .  Idech. Engr. Research Ec developxent  ( te rmjna ted .  ) 

S t r e i d ,  D. D. 
Wade, E .  J .  E lec t .  Engr. E lec t ror i ic  c o n t r o l s  ( te rmina ted .  ) 

Stevens ,  H. E .  EZeo t. Engr. - l iesearch tc develcpment 
n -  Gas t u r b i n e  devcl.opmcnt (terminzited.  ) 1 le ch . Engr . 

BTonsanto Cheni cal Company 

Amerine, H. G. E l e c t .  Engr. Ledgerwood, J r .  C .  11. 
But l e r ,  J. T. Assoc, Engr. Livesey,  L. C. 
C o l l e t t ,  1Y. K. Draftsman I;fcArdle, A!. 
Daume, 'if. 3 .  Adm. A s s ' t .  P a t e ,  Jr .  A. 
Ear ly ,  B. F. -- Design Draftsman 'p l - l i l l ips ,  R .  
F a i r c h i l d ,  H. B.  Ikch.  Engr. Rice,  Jr. R.  E. 
F i t z g e r a l d ,  J. V.Phpica1  Chemist Schlanger ,  4,. L. 
F r a n k l i n ,  E. 3 .  Jr .  E n p .  ( t e rn . )  segaSer, C. L, 

S o l b r i g ,  A. :Y. Fromm, L, Chem. E n g .  
Galbrea th ,  W, W., Ceramist Strauchman, A. 2. 
Garr i son ,  G .  114. Sr.  Clk. ( term.)  . Thslgott, F. 1;i. 
B b e r s t r o ,  L. iV. Design Draftsman T ~ ~ ~ ~ ~ ,  T. 

Tinney, I.  C. Har rer ,  J.  :VI, E l e c t .  Engr. 
Hurs t ,  R. V.  J r .  P h y s i c i s t  
Hutto,  E. L. Design Draftsman tyillson, E. j,f, 
Jackson,  H. K ,  Chem. Engr. 
Kelso, E. L. Chem. Engr. 

Tyso?, , ZI. E. 

VVi 1 s on, I:I. 
Ktiskie, J .  C.  Eumphries, J .  R.  Chem. Engr. &ger,  _. L. C .  

-2 E9 - 

Draf t s n a n  
IVech. Engr. 
C i v i l  Engr. ( term.)  
Xech. Engr. 
Assoc. Engr. ( term.  ) 
Ifech. Engr . 
ILech. Engr. 
Liech. Engr. 
i i s s o c .  Engr. 
D ra f'tsma n 
hech. Engr. 
lbie c h . Engr . 
Jr, Chemist 
Ck.en. Engr . (deceased 
Research A s s ' t .  
Jr. angr .  
Chem. i'ngr. ( te rm*)  
Chem. Engr. ( term.)  
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National Advisory C o m i  t t e e  f o r  Aeronautics 

D i e t r i c h ,  J. R. P h y s i c i s t  Res ea r c h  & development 
Simon, S. L. Phjrs i ca 1 Chem,. Research & development ( term.)  

Nat ional  Ca-rbon Co, 

YacPherson., H. G,. Phys i c i s t Research & development 

Amorosi, A. 
Emerson, G.  B. 

Navy Bureau o f  Ships 

Mech; Engr. Gas t u r b i n e s  (3c h e a t  t r a n s f e r  
&ch. Engr? Xeat t r a n s f e r  equipment 

Worthrow A i r c r a f t .  Inc. 

B r i t t a n ,  R, 0, Iblech, Engr. S t r e s s  a n a l y s i s  

Pu rc! ue Unive r s  i tv 

S i b b i t t ,  'SJ. L.  ' Chem. Engr. Research i n  hea t  t r a n s f e r  

Tennessee V a l l e y  Au thor i ty  

Dean, 3. E. E l e c t .  Xngr. E l e c t r i c a l  power engineer ing (term. 1 
S a e m n ,  iV. C. Chen. Engr. Chemical process  d e  elopment (term.3 

Westinghalczse E l e c t r i c  Corpora t i o n  -- 
Ashcra f t ,  E,  3. E'hysical C!iem. Chemical r e s e a r c h  I% development 
Ilunter,  L. P. Yhys i c  i s t 31iys i c s r e s  ea r c  h 
M i l l e r ,  E. F. h k  ch. Lngr. Mechdnical development (term. ) 
Pnl l ad ino ,  N. J. Sllech. Engro Steam t u r b i n e  des ign  
R o s s ,  P., 11. Elec t .  k g r .  Ele c t r  i c powc r t r n  ns m i  s s i on 
Simpson, J .  bv. E l e c t .  E n s r .  E l e c t r l e a l  equipment  Ces  i g n  
Toepfer ,  A. E.. E l e c t .  Engr. E l e c t r o n i c s  r e s e a r c h  

Wright Aeronau t i ca l  Corporat ion 

Kasschau, K. ESech. Engr . hi r c  r a f t  engine devc l o  pment 
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METHODS OF PILE-PHYSICS CALC’JLATIONS 

A. SYMBOLS AND DEFINITIONS 

B 

k 

L 

if” 

H 

h 

Buckling B Z -  ‘ 1  ( f i  L‘I 
f 7  1, -  

Mult i p  li c a t i o n  Constant  Numbcr o f  neut rons  produced 
pe r  ncut ron  absorbed assuming 
no leakage ( i n f i n i t e  p i l e )  

A- 

D i f f u s i o n  l cng th  L~ : i/6 rd - a 1 --.. ’ .3 2, &** 
where kqx = mean square d i s t a n c e  from b i r t h  t o  dea th  of a 

L2 - 1- ,d .. 
D i f f u s i o n  l cng th  a --.. ’ .3 2, &** 
where kqx = mean square d i s t a n c e  from b i r t h  t o  dea th  of a 
thermal  

Leakago 

N c u t  r on 

Flux o f  

Flux o f  

thcrmal  

neut ron  . 
Kunber of  ncut rons  leak ing  f rom 
r e a c t o r  o f  p i l c  per  neut ron  
absorbed by f i s s i o n a b l e  m a t c r i a l .  

flux Xumbcr o f  ncut rons  c ros s ing  a 
surface o f  1 Cm2 a r e a  per second 

thermal  neut rons  

neut rons  o f  energy above 

(ep i thermal  ) 

Resonancc escapc p r o b a b i l i t y  F r a c t i o n  o f  t o t a l  number of  
neut rons  born t h a t  r each  thermal  
energy, assuming no leakage 
(infinite p i l e )  

Axial’ l eng th  of p i l c  

Twice t h i c k n e s s  of  a x i a l  
ref l e c t o r  

N 

R 

t 
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1 .  

3 Bumber o f  .atoms p e r  cm 

Radius of r e a c t o r  

Thickness of r a d i a l  r e f l c c t o r  

Volume o f  p i l e  

Change i n  E l u l t i p l i c z t i o n  
con st a n t  

! .  ...................... ... .-. . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . .  
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1 

fir- h 

t? c ,> 

(3 
0- 

S u b s c r i p t s :  
m 

2 5  
28 

Laplacian o p e r a t o r  

Gradient  o f  neu t ron  f l u x  

Number of f i s s i o n  neu t rons  
produced p e r  neu t ron  absorb- 
ed by f i s s i o n a b l e  m a t e r i a l .  

Transport  mean f r e e  pa th  

Neutron c u r r e n t  

Logarithmic energy l o s s  

Density 

Microscopic c r o s s  s e c t i o n  

Absorption c r o s s  s e c t i o n  

S c a t t e r  c r o s s  s e c t i o n  

Transport  c r o s s  s e c t i o n  

Macroscopic c ros s  s e c t i o n  

Neutron ''age" 

The average d i s t a n c e  i n  the 
d i r e c t i o n  of i t s  o r i g i n a l  motion 
t h a t  a neutron w u l d  t r a v e l  
af ter  an i n f i n i t e  number o f  
c o l l i s i o n s .  A = .&- 

ct.- tr 

Average l o s s  of logclrithm of  
neu t ron  energy per  c o l l i s i o n  

E f f e c t i v e  t a r g e t  a r e a  p re sen ted  
by one nucleus t o  a given type  
of event  

___ qe= 6i(l - cos 8 ) where 
-- - cos 8 i s  average v a l u e  o f  cosine 

of s c a t t e r i n g  angle .  

moderator 
u235 
u238 

mean square d i s t a n c e  from p o i n t  
o f  b i r t h  o f  fast neu t ron  t o  
p o i n t  where it becomes thermal .  

B o  PHYSICAL CONSTANTS USED. 

'1. Room temperature  p r o p e r t i e s  o f  moderator:  

Be Graphite Be 0 

p '2.90 i0a5  1.64 
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Be 0 Be Graphi te  

134 cm 2 366 cm 2 93 cm 2 

2 .0118 x cm .0108 x 10-24cm2 .0045 x cm 2 

-24 cm 2 (Ti>- 10.3 x 10 -24,,2 3.5 10-24cm2 4 ,8  x i o  
e . 172 ,206 ., 158 
2 

2 ,  Room tcmperature  p r o p e r t i e s  o f  Uranium. 

(% = 
’ 7  = 2.1 f o r  $35 

645 x 10-24cm2 f o r  $35 

238 = 2,6 x 10-24m2 f o r  U 

C. CALCULATIOFS AND FORM‘JLAE 
General Assumptions : I n  all t h e  p i l e  computations t h e  moderator,  f u e l ,  

and voids a r e  considered uniformly d i s t r i b u t e d  throughout t h e  r e a c t o r o  The 
e n t i r e  p i l e  i s  assumed t o  be a t  t h e  same a m r a g e  temperature ,  

1. Thermal u t i l i z a t i o n ,  f25. 

n 

A 

2. Resonance escape p r o b a b i l i t y ,  p 

and A i s  ob ta ined  from curve i n  MUC-HGS-AVM-5, g iv ing  
A 2s f u n c t i o n  o f  The curve i s  an e x t e n s i v e  
e x t r a p o l a t i o n  of experimental  d a t a ,  

3. M u l t i p l i c a t i o n  Constant ,  k 

4. Dif fus ion  length,  L 

I 

(1) 
G,fo r  Be and Be0 has bccn increased ‘to the  values shown t o  allow f o r  

approximately 1/2 part per  m i l l i o n  o f  Boron as impuri ty .  
.y - 
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L2 = 1 

3 (  2 
L1 = Lo2 

1 t o t a l  ( 2 ') t o t a l  
Q, c- 

where ~~2 i s  a t  room temperature  ( T  
and L 2 a t  any o t h e r  temperature ,  (9,)  -J- 1 2 

5. Buckling of r e a c t o r ,  B. 

\ 
/J 

6. Effect of voids  ( = volume of voids  
volume of assembly i n c  luding voids  

*ere Bo i s  buckl ing w i t h  zero voids.  B = Bo (1 - N)' 

7. C r i t i c a l  s i z e  of bare  c y l i n d r i c a l  p i l e  w i th  h e i g h t  - = l a 8 5  (Figs.  
1, 4, a i ,  r a d i u s  

R 2.94 H 5.44 m II 5- 
8. C r i t i c a l i t y  cond i t ion  f o r  c y l i n d r i c a l  p i l e s  Niwl r e f l e c t o r s ;  one- 

group theo ry .  (Figs .  1, 8, 9, 10, 11, 12) 

a. The p i l e  r a d i u s  (R) ,  he igh t  ( H ) ,  r a d i a l  r c f l c c t o r  t h i c k n e s s  ( c )  and a x i a l  r e f l e c t o r  t h i c k n e s s  ( ) a r e  s e t  a t  t h e  d e s i r e d  v a l u e s .  The 

de te rmina t ion  c o n s t i t u t e s  t h e  s o l u t i o n  o f  t h e  problem. 
r a t i o  of f u e l  t o  moderator ( Z )  i n  t # e r e a c t o r  i s  l e r t  undetcrmined, and i t s  

b. The neutron f l u x  (7111) i s  assumed t o  s a t i s fy  t h e  fol lowing 
equa t ions  i n  t h e  r e a c t o r  and r e f l e c t o r :  

i n  r e a c t o r  

The s o l u t i o n s  of t h e s e  equa t ions  can be expressed i n  terms of t r i g o n o m e t r i c  
f u n c t i o n s  of t h e  arguments p, ,x and 
f u n c t i o n s  of  t h e  arguments s y ,  r and'$; 1 -  i n  t h e  r a d i a l  d i r e c t i o n ,  where 

f lL  1 i n  t h e  ,axial d i r e c t i o n ,  and Bcssef 

t h e  s u b s c r i p t  1 r e f e r r i n g  t o  t h e  
r e a c t o r  and 2 t o  t h e  r e f l e c t o r .  1 

2z + (ijiL -.- Li L, 
C. The fo l lowing  boundary condi t ions '  a r e  app l i ed :  

77 0 a t  o u t e r  edge o f  r e f l e c t o r D  

q ' y  1,f- and  AT^ '7 ( 1 7 7 ~ )  continuous a t  r e f l e c t o r - r e a c t o r  
i n t e r f a c e .  
t r a n s c e n d e n t a l  equa t ions  i n  <--/ and 3 which, with t h e  above r e l ~ i t i o n ,  
determine a 3 

These boundary c o n d i t i o n s  y i e l d  a set  of two simultaneous 

? I : ,  
d 

d. The Z necessa ry  t o  give a B N  equal  t o  t h a t  ob ta ined  above 
can be r ead  from a curve of B u5 2, computed from t h e  buckl ing 
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9. Two-group ca l cu la%ions  of f lux d i s t r i b u t i o n  - ( f i g s .  6 and 

The two-group c a l c u l a t i o n  was made on computation s h e e t s  prepared 
by M r .  B. I. Spinrad,  based on t h e  t h e o r y  ou t l ined  i n  r e p o r t  MonP-246. 

10. E f f e c t  o f  poisons on p i l e  r e a c t i v i t y .  ( f i g s .  d, e, f ,  g) 

If t h e  unpoisoned p i l e  has a m u l t i p l i c a t i o n  cons tan t  k,, a thermal  
u t i l i z a t i o n  fo ,  and buckl ing Bo, and if a neut ron  absorber  i s  d i s t r i b u t e d  
uniformly through t h e  p i l e  i n  smal l  amount t o  t h e  ox ten t  o f  producing an 
a d d i t i o n a l  macroscopic abso rp t ion  c r o s s  s e c t i o n  
t h e  poisoned p i l e  can be maintained a t  t h e  value B , , ' i f  t h e  m u l t i p l i c a t i o n  
cons t an t  i s  increased  by an increment k, such t h a t  

z',p , t h e  buckl ing of  

c c ,  x3- 
11. Neutron Economy. (Figs. 2 and 5 )  

Per  neut ron  absorbed by v235: 
- 1 - 1 number neut rons  absorbed by moderator. 

-- Z number leak ing  from r e a c t o r  p lus  number absorbed by 'I- u238 =A' A28 Z %?tal  neutrons a v a i l a b l e  f o r  conversion 

$2 5- , 

+TLi 
( 1  -,f) e number absorbed by 
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APPENDIX D 

SUPPLENEib TARY XELJl'ROK PRCDUC FION DURIKG PILE OPEUTION 

The use of be ry l l i um as  a p i l e  moderator p re sen t s  t h e  p o s s i S i l i t y  of 
r e a l i z i n g  a n  a p p r e c i a b l e  neutron y i e l d  f r m  a 3e ( $' , n )  r e a c t i o n  o r  a Be 
( n ,  2n) r e a c t i o n .  

1. Delayed Neutrons from Be ( $ ,n) -- -7 

The t h r e s h o l d  f o r  t h e  Be ( & , n )  r e a c t i o n  i s  reported a t  1 .627  MeV 
( P r o j e c t  Handbook, I V  C ) .  
s p e c i f i e d  f o r  a Rae-Be photo-neutron source ( .)--ray energy - 1.761 Mev). 
The s t anda rd  y i e l d  i s  r epor t ed  t o  be 2.9 x lo4 neutrons per second p e r  c u r i e  
f o r  1 gm. 
I V  C ) .  The y i e l d  o f  photo-neutrons from a s o l i d  sphere of' Be0 can  be calcu-  
bated as f o l l o w s :  

The neutron y i e l d  may be approximated from t h a t  

Be a t  a d i s t a n c e  G f  1 cm, from a p o i n t  source ( 3 r o j e c t  Handbook, 

2. Weight of Be i n  s p h e r i c a l  s h e l l  around source 
-_l_l--..- 

i Y  4 n' r2 ?' d r  

where 34 = weight of Be, gn. 

r = r a d i u s ,  cm. 
f l  

(" .= 0,9 gm. Be/cm3. based on Be0 with d e n s i t y  o f  2.5 

Since t h e  i n t e n s i t y  of t he  source v a r i e s  i n v e r s e l y  as the square of t h e  r a d i u s  
and s i n c e  i t  m y  be assumed t:iat a t t e n u a t i o n  o f  t he  // -rays due t o  photo- 
neu t ron  product ion i s  n e g l i g i b l y  small over .the d i s t a n c e  considered,  t h e  
i n t e g r a t e d  y i e l d  f r o m  a source of' 1 c u r i e  R a C  i s  given by: 

(neutrons ) 
(sec.  ) ( c u r i e )  

o r  N = 3,28 x lo5 r 

Since t h i s  funo t ion  i s  l i c e a r  i n  r t h e  t o t a l  neutron y i e l d  i s  r e l a t i v e l y  
i n s e n s i t i v e  t o  v a r i a t i o n s  o f  t h e  p o s i t i o n  o f  the source over t he  cen%ra l  h a l f  
o f  t h e  mss and hence t h e  t o t a l  y i e l d  f r o n  a d i s t r i b u t e d  source  over the 
c e n t r a l  p o r t i o n  o f  the volume i s  simply the  product  of the  yield per c u r i e  
t imes the  number of c u r i e s . '  
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The t o t a l  c u r i e s  of r- photons having a n  energy i n  excess  o f  t h e  Be 
( y y , n )  th re sho ld  from f i s s i o n  products  has not  been determined wi th  s u f f i c -  
i e n t  completeness t o  permit a very  good approximation o f  the  t o t a l  y i e l d .  
A review of‘ t h e  f i s s i o n  product decay cbAiizs g i v i i g  emitters which may have 
ene rg ie s  i n  excess  o f  t h e  t h r e s h c l d  a r e  l i s t e d  :;elow. ( r e f .  JACS,68, 7 2411- 
2442 - 1946) 

mss’ 

72 

75 

77 

84 

86 

94 

134 

135 

Chain Yield,  $ 

Zn Ga > l e 6 3 r )  1.5 10-5 
49 hr.’ 14 hr. 

Ge 8 , 
1 2  hr.  

Rb 3- 
19,5 d ’ 

Om0091 

9.65 

Rb Sr 5 > Tm? 
K r  

1.4 s.’ Shor t  

-5.7 
54 m > Te > 43 m. (10 m. 

Sb 

Te I 1.6 r ,  5.9 

Xe -i& cs d 12.8 d o  > 40.0 hr? . 

( 2 m  ’ 2.7 hr  

La >1,63& 6e1 aa 14 0 

14 1 Xe cs Ba & J a b  5.7 
3.7 h?. 3 s )  shor t ’  1 8 n  ’ 

‘La + . CS-> 6m’ 
Ba 142 

1-2 m. 

156 61  Sm Eu >1,636-  0.013 
15.4 d ’ < 5  m. ’f 10 bo) 

- 277’-  



The only  cha ins  w i t h  8 - photons i n  excess  of t h e  3e ( 8 , n )  t h r e s -  
hold s p e c i f i c a l l y  g iven  are  72, 140, and 156, a l l  w i t h  a h a l f - l i f ' c  cons id-  
e r a b l y  i n  excess  o f  1 day. The photon energy f o r  cha in  135 i s  j u s t  undcr 
t h e  t h r e s h o l d  and i s  l i s t e d  as a p o s s i b l e  sou rce  s i n c e  s t a t i s t i c a l  
v a r i a t i o n s  and exper imenta l  e r r o r s  may permit  some over-Japping i n  t h i s  
case.  
t o  complete t h e  survey.  
determirie 5 photo-neutron per iods  of  a day  o r  l e s s  from U235 f i s s i o n  products  
it appears  reasonable  t o  s e l e c t  5 r e p r e s e n t a t i v e  cha ins  from t h e  remaining 
group ic  o rde r  t o  a r r i v e  a t  a reasonable  source  s t r e n g t h  o f  & - photonsc 
On t h i s  basis t h e  f i s s i o n  y i e l d  of  cha ins  y i e l d i n g  
e n e r g e t i c  t o  produce photo-neutrons may be 10 t o  30%. 
be used t o  complete t h i s  es t imate .  

For a l l  o t h e r s  no s p e c i f i c  ensrgy  i s  g iven  and t h e y  a r e  l i s t e d  only  
However, s i n c e  Spat?  acd Cahn (See below) a c t u a l l y  

8 - photons s u f f i c i e n t l y  
A v a l u e  of 20-7 w i l l  

The neu t ron  y i e l d  from t h e  f i s s i o n  proddct  x f s  w i l l  be asswnsd t o  be 
t h e  sane as  t h a t  from a R a C  - Be source  (Hctu.ally it may be  h ighe r ) .  
c u r i e  o f  f i s s i o n  product 
f i s s ions / sec .  (assuming 20% y i e l d )  from which 4*5  x 11511 f i s s i o n  neutrons/seco 
would r e s u l t .  
10 
roughly .Ol% of  the  t o t a l .  

One 
11 8t.s a t  equ i l ib r ium would r e s u l t  from 1.8 x 10 

A Be0 p i l e  having a 100 cm. r ad ius  would produce 3,28 x 
5 x 100 o r  3.28 x lo7 photo-neutrons/sec. from t h e  Be ( 8 ,n )  r e a c t i o n  o r  

A .  X .  Spatz and A. Cahn (Report  MonS-29, Sept.  17-18, 1945) measured 
photo-neutrons produced i n  D 2 0  ( th re sho ld  f o r  D - 2,183 MeV. P r o j e c t  %nd- 
book, I V  C )  by delayed 
photo-neutrons w i t h  half-l ives of 1 day, 2 h r , ,  32 min., 5.2 n in . ,  and 
1.5 min. 
t h e  t o t a l  de layed  neut rons  o r  0.037% (5% o f  0.75%) of t h e  t o t a l  f i s s i o n  
neut rons .  Photo-neutrons w i t h  per iods  less  t h a n  1,5 n i n Q  w i l l  i n c r e a s e  t h i s  
percentage  somewhat, The fac t  t h a t  tine th re sho ld  f o r  Be i s  cons ide rab ly  
less  than  f o r  D would a l s o  i n d i c a t e  a n  inc reased  percentage y i e l d  of photo- 
neut rons  from a be moderated p i l e .  

8 ' s  produced by f i s s i o n  o f  U235p They found 

The t o t a l  i n t e n s i t y  from t h e s e  sources  amounted t o  abou t  5 z  of 

H. We Xewson (C l in ton  Laboratory ?i16 Techi?ology Lec tu res  42 & 43)  
i n d i c a t e s  t h a t  t h e  expected photo-neutrcns prodvced i n  t h e ;  proposed C l in ton  
High Flux F i l e  s e v e r a l  hours a f t e r  shut-down w i l l  be s y l l s r  than  t h e  f u l l  
power l e v e l  o f  gene ra t ion  by a f a c t o r  o f  lo5 o r  lo6. 
ev iden t  t h a t  t h e  independent  estimates presented  here  e s t a b l i s h  t h e  o r d e r  
of magnitude of t h e  delayed photo-neutrons as  0.01 t o  0.1 pcr  c e n t  of t h e  
t o t a l  neut rons .  

I$ i s  t h e r e f o r e  

.--. _-- .-- - - 
- .  

3, Yronpt Neutrons from Be ( 8 ,n) ----------- 
S i n c e  e s s e n t i a l l y  605 of  a l l  neutrons generatt jd d i sappea r  i n  Kg 

& - r eac t ions  ( t h e  o t h e r  40% cause f u r t h e r  f i s s i o n s )  from which 8 -bliotons 
z 
Q 

-.=sa 
o f  t he  o r d e r  o f  5-7 MeV may be expected,,  prompt photo-neutrons a re  &so of  
i n t e r e s t ,  
0.05% prompt photo-neutrons.  Cor r sc t ion  f o r  - photons higher  i n  sncrgy  
than  RaC would tend t o  i n c r e a s e  t h i s  va lue  while  c o r r e c t i o n  f o r  t h e  n i d e l y  
d i s t r i b u t e d  o r i g i n  o f  t h e  8 -  photons o u t s i d e  t h e  Be0 mass w i l l  t t n d  t o  
reduce it. 

The RaC-Be y i e l d  f a c t o r  a p p l i e d  i n  t h i s  cLse ig ives  a y i e l d  of  

The c o r r e c t  o rde r  o f  magnitude i s  probably around O e 1 z e  
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I .  

The c r o s s - s e c t i o n  f o r  t h e  B e  (nj 2n) r e a c t i o n  us ing  f i s s i o n  neut rons  
was measured by Montgomery and S t a e b l e r  ( C ?  781, J u l y  10, 1 3 4 3 ) ,  and was 
given  a s  7.2 x em2, They replaced a s l a b  o f  g r a p h i t e  w i t h  Be i n  one 
of t h e  c e l l s  of  t h e  iirkonne p i l e  and. noted .the change i n  r e a c t i v i t y .  The 
fo l lowing  equa t ion  was used t o  c a l c u l a t e  t h e  n, 2n - c ross - sec t ion :  

where 
q/Q = f r a c t i o n a l  i n c r e a s e  o f  f a s t  neutrons per  

c e l l  per  sec .  

N = itumber o f  Be atoms 
- 
r = Average r ad ius  o f  Be atoms from uranium 

1 Gilp 

A va lue  o f  ,0033 was repor ted  f o r  s k / i c  o r  q/G as de f ined  above. 
words t h e  expected y i e l d  of  neut rons  from a Be (n ,  2c)  r e a c t i o n  i s  only 
0 ,335  o f  t h e  t o t a l  f i s s i o n  ncc t ron  y i e l d .  3 i l l i r m s o n  and .Veinberg 
(CP 1231, Dec. 27, 1943) gave a co r rcc t cd  y i e l ?  o f  0.25% 
w i l l  be  somewhat l e s s .  

I n  o t h e r  

For 960 the e f f e c t  

4 .  Summary: 

The delayed neut rons  r e s u l t i n g  from Be ( b ,n) r s a c t i o n s  i n  t h e  p i l e  
appea r  t o  be o f  t h e  o rde r  of -01 t o  0.1 percent .  This i s  roughly 1 t o  10% 
o f  the  t o t a l  de layed  neutrons and would t h e r e f o r e  have a s m 1 1  b u t  s i g n i f i c a n t  
c o n t r i b u t i o n  towards p i l e  con t ro l .  The major b e n e f i t  from t h i s  source  of 
neut rons  comes i n  s t a r t i n g  the  p i l e ,  s i n c e  t h e  photo-neutrons gene ra t ion  
remains a t  a level  10 t o  10 l e s s  than  t h e  gene ra t ion  a t  f u l l  power and 
t h e r e f o r e  provides a powerful source  o f  neut rons  f o r  s t a r t -up .  

5 6 

Prompt neutrons from B e  ( 8 , n )  and Be ( n ,  Zn) r e a c t i o n s  appear  t o  be  
a b o u t  0.1 t o  1% and w i l l  t h e r e f o r e  have a small but  s i g n i f i c a n t  e f f e c t  on 
t h e  p i l e  r e a c t i v i t y .  
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APPENDIX E 

DESCRIPTION OF AN ALTBRNATE PILE STRUCTURE DESIGN 

The a b i l i t y  t o  load  and unload f u e l  i n ' a n  ope ra t ing  p i l e  i s  d e s i r a b l e  
when 'consider ing a commercial a p p l i c a t i o n  of atomic power . 
designed t o  accomplish t h i s  have been given cons ide rab le  thought  and study. 
m i l e  t h e  o b j e c t i v e  i s  considered a t t a i n a b l e ,  a number o f  t h e  problems 
encountered have no t  y e t  been so lved  wi th  a degree o f  assurance comparable 
t o  t h e  p i l e  desc r ibed  i n  t h e  main body of t h i s  r e p o r t .  
of knowledge i s  advanced it may ve ry  w e l l  be  t h a t  one o f  t h e s e  a l t e r n a t e s  
w i l l  appear more f avorab le  t h a n  t h e  c u r r e n t  design.  

Seve ra l  p roposa ls  

As t h e  p re sen t  s t a t e  

The most promising a l t 6 r n a t e  proposal  c o n s i s t s  o f  an assembly o f  h o r i -  
z o n t a l  channels wi th  p rov i s ion  f o r  cont inuous channel . loading;  i . e e 9  loading  
i n t o  t h e  14C)O F. p i l e  fz.ce and e j e c t i n g  f u e l  s l u g s ,  a g a i n s t  t h e  gas  flow, 
a t  t h e  500@F. face .  

0 

8 

The arrangement of p i l e  elements i s  i l l u s t r a t e d  i n  F i g o  104. Beryll ium 
oxide b r i c k  of  t h e  type  shovm i n  Fig.  105 a r e  arranged t o  form a h o r i z o n t a l  
c y l i n d e r  75"long and approximately 72" diameter  wi th  517 h o r i z o n t a l  channels . 
Metal  segments, "A", i n  F i g o  104 curved on one s i d e  and shaped t o  f i t  t h e  
contour  of t h e  b r i c k s  on t h e  o t h e r  s i d e ,  surround t h e  b r i c k  s t r u c t u r e  and 
a r e ,  i n  t u r n ,  confined i n  a s t e e l  r e t a i n i n g  s h e l l ,  "B" . This s h e l l  r e s t s  on 
f o u r  s l i d i n g  suppor ts  anchored t o  t h e  p re s su re  s h e l l ,  and i s  guided by t h e  
keys shown. The s h e l l  i s  supported on t h e  foundat ion.  Thermal i n s u l a t i o n  
11 11 E o u t s i d e  minimizes h e a t  l o s s  f r o m  t h e  p i l e .  

Re fe r r ing  t o  Fig. 106 t h e  two ends of t h e  p i l e  w i l l  be i d e n t i f i e d  a s  
t h e  f u e l  e n t r y  end and f u e l  e x i t  end r e s p e c t i v e l y .  A t  t h e  f u e l  e x i t  end, 
a p l a t e  "A'I, extending  across t h e  r e t a i n i n g  s h e l l ,  r e s t r a i n s  t h e  b r i c k  from 
moving toward t h e  f u e l  e x i t  end. I t  i s  d r i l l e d  t o  match t h e  channels and 
i s  supported and centered  by r a d i a l  p ins .  There i s  no n e c e s s i t y  f o r  r e s t r a i n -  
i ng  f u e l  s l u g s  a t  t h i s  end as  gas f o r c e  i s  s u f f i c i e n t  t o  prevent  them from 
f a l l i n g  o u t  o f  t h e  p i l e .  
i n s e r t e d  a t  t h e  f u e l  e n t r y  end. The f u e l  e n t r y  end i s  d iv ided  i n t o  two 
s e c t i o n s  by a tube  s h e e t  s t r u c t u r e .  
s e c t i o n  f r o m  t h e  p re s su re  she l l ,  and t o  provide a 500 F. s e c t i o n  f o r  a f u e l  
loading  mechanism t h a t  can be s i m i l a r  t o  t h a t  descr ibed  ' in  Sec t ion  I V  o f  t h i s  
r e p o r t  . 

They a r e  p o s i t i v e l y  e j e c t e d  as new s l u g s  a r e  

This i s  necessarly t o  s e p a r a t e  t h e  1400'F. 

Brick s t f u c t u r e  i s  r e s t r a i n e d  by po r t cd  br idge  tube's, "B" which go 
from p i l e  face  t o  loading  f ace .  
across t h e  tube  assembly, provides  f o r  p a r t  of t h e  500°Fi. e n t e r i n g  gas t o  
pass  over  t h e  unportod l eng th  o f  t h e s e  tubes  and t h u s  provide a r e l a t i v e l y  
cool  loFidtng zone. 
of  i t s  corresponding b r i c k  channel ,  y e t  having s u f f i c i e n t  l a t e r a l  f l e x i b i l i t y  
t o  f o l l o w  t h e  r a d i a l  expansion movements o f  t h e  b r i c k .  The tubes  a l s o  

A t r a n s v e r s e  gas  b a f f l e  s t r u c t u r e ,  

Each t u b e  f u n c t i o n s  as a s t r u t ,  r c s t k a i n i n g  end movement 

f u n c t i o n  as  a passaze for f u e l  elements f r o m  loading  t o  p i l e  f a c e s .  
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Refe r r ing  t o  Fig.  107, which i s  an en la rged  i l l u s t r a t i o n  o f  t h e  br idge  
tubes ,  g r a v i t y  opera ted  l a t c h e s  "A", one f o r  each tube,  r e t a i n  f u e l  elements 
a g a i n s t  gas f low.  
t o  prevent  r e c i r c u l a t i o n  of ho t  gas through t h e  tubes  due t o  p re s su re  grad-  
i e n t s  from c e n t e r  t o  edge of  t h e  por ted  tube  n e s t .  These va lves  a r e  design-  
ed t o  c l o s e  by g r a v i t y  and t o  permit  e n t r y  and withdrawal o f  t h e  f u e l  ram. 
Since t h e  loading  zone i s  e s s e n t i a l l y  i s o l a t e d  from gas flow, t h e  opening 
of one va lve  during f u e l i n g  does no t  permit flow, except  momentarily t o  
equa l i ze  any d i f f e r e n c e  i n  p re s su re  t h a t  may e x i s t .  

Check va lves  "B" a r e  placed a t  t h e  tube  ends i n  o rde r  

The b r i c k  s t r u c t u r e  i s  por t ioned  i n t o  r e a c t o r ,  r e f l e c t o r ,  and conversion 
zones, as  shovm i n  Fig. 108. 
o f  241 channels ,  i s  t h e  r e a c t o r .  Cont ro l  rods r e q u i r e  13 o f  t h e s e  channels ;  
t h e  remaining 228 channels  w i th in  t h e  length  o f  t h e  r e a c t o r  zone w i l l  be 
charged wi th  f u e l  e lements ,  wi th  r e f l e c t o r  elements a t  each end. The 276 I* 

channels surrounding t h e  r e z c t o r  form t h e  s i d e  r e f l e c t o r  b l anke t ,  any p o r t i o n  
of which may be used f o r  conversion.  The r e f l e c t o r  channels  v r i l S  be f i l l e d  
wi th  loose f i t t i n g  s o l i d  Be0 plugs.  

The c e n t r a l  zone, c o n s i s t i n g  o f  t h e  mid 45'' 

An unloading device,  which must ope ra t e  a t  t h e  same end a s  t h e  c o n t r o l  
rods p re sen t s  a somewhat d i f f i c u l t  problem which has not  y e t  been so lvedo  
A p o s s i b l e  a l t e r n a t i v e  may be t o  have c o n t r o l  rods e n t e r  f r m  t h e  s i d e s ,  o r  
perpendicular  t o  gas f low.  Assuming t h i s  t o  be pennissable  from a physics  
viewpoint,  t h e  problem of forming ho le s  i n  t h i s  p l m e  w i t h  t h e  p re sen t  3" 
hexagonal b r i cks  in t roduces  complicat ion p o q s i b l y  as severe  as  t h a t  o f  an 
unloading mechanism. 

The por ted  b r idge  tubes  a r e  somewhat ques t ionable .  The p o s s i b i l i t y  o f  
a channel overhea t ing  may cause damage t o  a tube,  which in t roduces  t h e  
problem of r e p l a c e a b i l i t y  of t h i s  p a r t .  F u r t h e r  work on hea t  t r a n s f e r  and 
in s t rumen ta t ion  may prove t h i s  f e a r  t o  b e  unfoundedo 

The e f f e c t i v e n e s s  o f  t h e  chock va lve  proposed t o  prevent  by-passing of  
gas  i s  ques t ionable .  Considerable  work on t h i s  problem w i l l  probably evolve 
8 more s a t i s f a c t o r y  s o l u t i o n .  

S e v e r a l  o t h e r  schemes were proposed which at tempted t o  load under p i l e  
opera t ion .  These were based on means f o r  r e t a i n i n g  t h e  ho t  end o f  t h e  p i l e  
i n  d i r e c t  con tac t  w i th  t h e  p i l s  face .  For t h e  m o s t  p a r t ,  t h e s e  r e t a i n i n g  
means imre based on a f l a t  p l a t e  t h a t  contained s l i g h t l y  overs ized  holes t o  
match t h e  b r i c k  channels .  
f l e x i b l c  beams, g r i d s ,  e t c .  
hood of d i s t o r t i o n  f rom l o c a l  overhea t ing  ad jacen t  t o  an overheated channel 
o r  group o f  channels.  
might make t h i s  approach seem more promising. 

They cons i s t ed  o f  arrangcments of segmented p l a t e s ,  
They appeared unfavoraSle  because o f  t h e  l i k e l i -  

A b e t t e r  understanding of t e n p c r a t u r c  d i s t r i b u t i o n  

- 281 - 
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APPENDIX G 

PRELIM I€iARY B O 1  LJ3R SPECIFICATIONS 

Heat w i l l  be supp l i ed  t o  two b o i l e r s  from c. s i n g l e  power p i l e  i n  t h e  
form o f  helium gas at 1400 F znd 132#/i11.~g. p re s su re  a t  t h e  p i l e ,  

Output of Ench Bo i l e r  

Maximum continuous load 
Normal I I  ?I 

II 11 Minimum 

SteLun Condit ions 

34.15 x lo6 Btu/hro 
20049 x lo6 I' 

1.71 x lo6 I' I' 

2 Press a t  Superheatcr  Ou t lo t  - 450 #/in. g o  
11 Design p r e s s u r c  o f  b o i l c r  

Toto.1 stcam temperature  
Feedwater tcmperxturo t o  b o i l e r  unit 

- 550 - 735 F - 235 F 

Proposals  are r eques t ed  on two b o i l e r  uni ts  o f  t h e  fo rced  r e c i r c u l a t i o n  
typc.  
designed t o  w i t h s t m d  the h i g h  temperature m d  p res su re  of t h e  helium, 
des ign  s h a l l  be such t h a t  t h e  gas p re s su rc  c?.sing i s  s u b j c c t e d  t o  t h c  lorj\rcSt 
p o s s i b l e  i n t e r n a l  tempcrEture c o n s i s t e n t  w i t h  good d e s i g n  p r z c t i c c e  
i n s u l a t i o n  v r i l l  be permit ted wi th in  t h e  gas p re s su re  s h e l l  o r  t h e  i n l e t  or 
o u t l e t  duc t s  connected t o  it. 

Each b o i l e r  u n i t  s h a l l  c o n s i s t  o f  c y l i n d r i c a l  gcs p r e s s u r e  cas ing  
The 

No 

Eabh b o i l e r  u n i t  sha l l  c o n s i s t  of supe rhea te r ,  b o i l e r  o r  evepora t ive  
su r face ,  and economizero It i s  d e s i r e d  t h c t  t h e  gas pres su re  s h e l l  be 
designed .vith a minimum o f  openings f o r  conveying :-rater and ste'm t o  ?.nd 
from t h e  b o i l e r  unit .  
s h e l l  should be designed 1 6 t h  a minimum number o f  welded connect ionse A l l  

The components o f  b o i l e r  unit  rsitliin t h e  gas pres su re  

';eedD j o i n t s  however w i l l  ce 

Ench b o i l e r  s h c l l  be equipped wi th  s e p a r a t e  s t e m l m d  water  drum t o  
which t h e  s t e m  m d  water  from t h e  cvnporc t ive  s e c t i o n  of t h e  b o i l e r  s h a l l  

motor d r i v e n  forcod c i r c u l c t i o n  pumps 'ti0 be f u r n i s h e d  by bidder ,  ezch  wi th  
s u f f i c i e n t  c a p a c i t y  'to supply t h e  r e q u i r e d  q u a n t i t y  o f  !water  t o  o p e r a t e  t h e  
b o i l e r  s a t i s f z c t o r i l y  at maximum cont inuous output .  

be '  d ischarged.  Each b o i l e r  u n i t  s h a l l  'be equipped w i t h  i t w o  independent 
. 

' 
I 

Superhentor w i l l  be designed t o  rncintain approximctely 1: c o n s t m t  s t e m  

t h e  b o i l e r  
If cnything 

temperxture  over t h e  f u l l  ou tpu t  range 'of t h e  b o i l c r  vdcn supp l i cd  wi th  

as given i n  performance t a b u l a t i o n  of t h e s e  s p e c i f i c a t d o n s .  
helium gcs a t  R p r e s s u r c  132#/in.2g md'j temper?-tures e n t e r i n g  /I 

l o v e r  superheated ste-m tempera tu res  ?,re I1 p r e f e r r e d  a t  t h e  I' 1oTvrer loads A 
minimum tempcrzture  of 685OF at t h e  minimum continuous {load i s  considered - 

1 
, satisfactory.  
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A 

TTe.ter temperxture  l eav ing  t h e  economizer should p r e f e r a b l y  be l i m i t e d  t o  
420°Fq 

Arrangement o f  Equipment 

It i s  proposed t o  r i g i d l y  connect t h e  p i l e  t o  t h e  b o i l e r  by s i n g l e  
l a r g e  pipe.  
method of suppor t ing  t h e  gas  p re s su re  s h e l l  of t h e  b o i l e r  which w i l l  provide 
f o r  t h i s  m o u n t  of d x p m s i o n  i s  des i r ed .  
t h e  ste'm and water drum be r i g i d l y  supported and t h z t  t h e  connect ing t u b e s  
between t h e  r e c i r c u l a t i o n  pumps m d  gas p re s su re  s h e l l  md between gas 
pres su re  s h e l l  ,md stem and wc te r  drum be designed wi th  s u f f i c i e n t  f l e x i -  
b i l i t y  t o  provide f o r  expansion without  excess ive  t h r u s t  on these  memberse 

It w i l l  be 

The h o r i z o n t e l  expansion i n  t h e  pipe amounts t o  l0lWD A 

It i s  f u r t h e m o r e  d e s i r e d  t h a t  

I n  o p e r a t i o n  t h e  gas pres su re  s h e l l  w i l l  be i n a c c e s s i b l e .  
surrounded by enclosure 6 ft. i n  t h i ckness .  
c i r cu lc . t i on  pumps w i l l  be l o c c t e d  ou+,s ide,of  t h i s  enc losu re  and w i l l  be 
a c c e s s i b l e .  Figure 5 1  i n d i c c t e s  t h e  d e s i r e d  g e n e r a l  arrangement o f  t h e  
equipment . 

S t e m  znd wzter drum and re- 

M a t e r i a l s  . 
M a t e r i a l s  used i n  b o i l e r  drums, b o i l e r  supe rhee tc r  and economizer 

t ub ing ,  a l l  steam ,and m. t e r  hecders  a n d . n l l  t ubes  used i n  t h o  b o i l e r  
assembly s h a l l  conform t o  t h e  m n t e r i a l  specific,o.t ions of t h e  ASME code f o r  
power b o i l c r s .  
surface i s  l o c a t e d  should c l s o  be designed i n  Eccordancc w i t h  t h e  BSME 
Boi l e r  Code u s i n g * t h e  al lowable s t r e s s e s  f o r  s t e m  b o i l e r s  f o r  t h e  tempera- 

2 t u r e s  encountered, assuming, r? d e s i g n -  p re s su re  w i t h i n  t h e  s h e l l  of 25G#/in. g. 
In a d d i t i o n  t o  t h e  i n t c r n a l  p re s su re ,  t h i s  s h e l l  shoulc! be also designed t o  
support  a l l  elements of t h e  h e a t i n g  su r face  m d  any o t h e r  loads o r  t h r u s t s  
which might b e  encountered r e s u l t i n g  from t h e  p a r t i c u l a r  design proposed. 

The g r s  pres su re  s h e l l  i n  which P-11 of t h e  h e a t  t rmsfer  

I n  a d d i t i o n  t o  t h e  above c o n s i d e r a t i o n s  it i s  desSred t o  provide 
insurance a g a i n s t  1 0 , ~ s  of  m e t d  caused b y  a c i d s  used i n  removal o f  contam- 
innn t s .  
and a l l  tubes and headers  i n  c o n t a c t  h t h e  helium be inc reased  by 1/10'' 
over t h e  va lues  determined from t h e  code a l l o v a b l q  s t r e s s e s .  

I1 For t h i s  rehson it i s  d e s i r e d  Ith3.t t h i c h e s s  o f  gas  p re s su re  s h c l l ,  

I 
I n s p e c t i o n  o f  M a t e r i b l  1. 

// 
! 

Because o f  t h e  s e r i o u s  consequences r e s u l t i n g  from f a i l u r e  o f  m a t e r i a l s  
o r  as a r e s u l t  o f  inadequate  f e b r i c a t i n k  procedures i t , v J i l l  be necessa ry  t o  
provide r i g i d  mec.ns o f  i n s p e c t i n g  mcker'ials and t h c i r  manufacturc f o r  all 
elements of t h e  b o i l e r  u n i t ,  1 

Low Load Operat ion 
, 

I I il I 
On shutdown t h e  p i l e  w i l l  cont inue t o  supp ly  h e a t  t o  t h e  b o i l e r  a t  a 

In case of mechanical f a i l u r e  o r  i n t e r r u p t i o n  reducing rcteg 

. -  308 c 
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supply o f  t h e  c i r c u l n t i n g  pumps it i s  d e s i r e d  t h a t  t h c  b o i l e r  be designed 
t o  o p e r a t e  s a t i s f a c t o r i l y  undcr n a t u r a l  c i r c u l a t i o n  : d t h  t h c  p i l c  supply- 
i n g  h c l i l w  t o  t h e  b o i l e g  a t  1250 F corresponding t o  an cbso rp t ion  r a t e  i n  
t h e  b o i l c r  of 1.71 x 10 
lowest IcKd a t  which t h e  b o i l e r  T r i l l  be r e q u i r e d  t o  o p e r a t e  con t inuous ly  
a t  n h c l i m  temperature  of 1260 F and a p res su re  of  132#/in.2g. A t  l o v e r  
loc.ds helium tcmpcrature  2nd p res su re  mz-y bc g r a d u a l l y  rcduced i f  r equ i r ed  
by o p e r a t i o n  of t h e  b o i l e r .  

Dust m d  Moisturc  S e p a r c t o r  i n  Gas StreLane 

Btu/hro This minimum continuous load i s  t h e  

It i s  d e s i r e d  t h a t  a combinztion dus t  end moi s tu re  separcLtor,  l o c a t e d  
i n  t h c  gas p r e s s u r e  s h e l l  be provided by t h e  bidder .  
f u n c t i o n  normally t o  remove a s m n l l  amount of d u s t  which w i l l  be picked up 
by t h e  helium. 

This s e p a r a t o r  will 

I n  t h e  c a s e  of s e r i o u s  l e a k  o r  t u b e  r u p t u r e  i n  t h e  b o i l e r  ?. l a r g e  
amount o f  wa te r  nnd s t e m  will be discharged i n t o  the gas s t reamo It i s  
expected t h a t  t h e  b u l k  o f  t h e  l i q u i d  wc te r  w i l l  be discharged i n t o  t h e  
loiver s e c t i o n  o f  t h e  gas p re s su re  s h e l l  where means w i l l  be provided f o r  
i t s  removal. 
t h c  f o m  o f  d r o p l e t s  o r  s lugs .  It i s  a secondrry purpose o f  t h e  combinpkion 
scpnrr. tor t o  remove this  p o r t i o n  o f  t h e  b o i l e r  lcakagc. I t  i s  d e s i r e d  t h r t  
t h e  rnoisture i n  t h e  helium l eav ing  t h e  s e p a r a t o r  be reduced t o  less  t h a n  
5% weight. 

Some wLter however irill be c z r r i e d  along wi th  t h e  helium i n  

It i s  contemplated th2.t t h e  s e p a r a t o r  w i l l  be l o c z t e d  zt t h e  gas out-  
l e t  from t h c  b o i l e r  su r f acc  a t  o r  i n  t h e  o u t s i d c  m n u l u s  forming t h e  passagc 
th rough  which t h e  e x i t  g m e s  t r a v e l  upvard t o  t h c  o u t l e t  connect ion of t h e  
b o i l e r e  
th rough  t h e  col . lcctor  should n o t  cxcced 5" H2O. 

Then o p e r a t i n g  a t  t h e  maximum continuous load t h e  p r c s s u r c  l o s s  

Thc q u a n t i t y  and s i z i n g  o f  t h e  d u s t  p n r t i c l e s  i n  t h e  gas s t r c m  ?.re 
n o t  d e f i n i t e l y  dctermined. 
expected c o l l c c t i d n  e f f i c i c n c y  o f  t h c  c o l l e c t o r  bnscd on v a r i o u s  perccnt-  

n d e n s i t y  o f  2.9 compared t o  w a t e r a  

Bidders are, t h e r e f o r e  requested t o  spccif'y the  

ages o f  m a t c r i n l  under 10 microns m d  &der 50 microns I c n t e r i n g ,  assuming 

Helium Coolcd Duct 

The a r rmgcmcnt  'of t h e  h igh  t a p e  
i s  i n d i c a t e d  on Fig. 50. Helium d i s c h  
th rough  t h e  inner core,  Cooler helium 
b l o m r s  n t  r.pproximatcly b o i l e r  o u t l e t  
h i g h  tompcrcture  duct a m u l u s  a t  t h e  p 
t h e  2.nnulus t o  t h o  b o i l e r  thence throl ;  
s e c t i o n  o f  t h e  b o i l e r .  
through which t h e  cooli?nt' h e l i m  i s  discharged i n t o  t h e  liboiler i s  dependent 
on t h c  ternpcrdture o f  t h c  c o o l m t .  
be loc?.ted ct n p o s i t i o n  :.here t h e  temperature o f  t h e  m a i n  pas sltre,wL 

t u r e  duct  bctTvehn p i l e  end b o i l e r  
gcd from t h e  pijlc a t  1400 F flows 

om the dischp.ric of t h e  helium 
p c r a t w c ,  i s  bupplicd t o  t h e  

This helium1 coolant  flows through 
imer annulus i n  t h e  upper 

The p o s i t i o n  o f  lthc o u t l e t  of tfie i n n e r  annulus 

It i s  intended t h a t  t h c  annulus o u t l e t  
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correspopds npproximctely t o  t h a t  of t h e  coolant  helium d i scha rg ing  from t h e  
annulus, 
e n t e r i n g  t h e  b o i l e r  a r a  given below. Cons ide r r t i on  should be g iven  t o  
t h e s e  f z c t o r s  i n  determining t h e  des ign  and porformGmce of  t h e  b o i l e r ,  

Tho est imated q u a n t i t i e s  2nd temperntures  of t h e  helium coolcant 

Bo i l e r  Output Btu/hr 1,7i x lo6 20.49 X l o6 -  34.15 x lo6 
Temp. H e l i u m  e n t e r i n g  Boiler  OF. 1250 I 1330 
Helium Flow th rough  Annulus#/hrr 

1345 
4'00 3 700 4600 

Temp. H e l i u m  coo lan t  at 
i nne r  xnnulus d i scha rge  OF a85 a a5 aa5 

A c c e s s i b i l i t y  

Maximum r e l i a b i l i t y  f rm s tandpo in t  of materiels, des ign  rnd o p e r a t i o n  
i s  imperr.tioe. 
o m r a t i o n  w i l l  ope ra t e  i n d e f i n i t e l y  without  r e q u i r i n g  adjustment o r  replace-  
ment o f  any, po.rt o f  t h e  u n i t  with- in  t h e  gas p re s su re  s h e l l .  I t  would be 
d e s i r a b l e  however t o  provide c mmholc  i n  t h e  ~li311 f f ,by i t s  use, sa t i s -  
f n c t o r y  i n s p e c t i o n  of t h e  i n t e r i o r  ccm be cccomplished. 
s i m p l i c i t y  a d  r e l i a b i l i t y  are pa rmoun t .  
be complicated t o  F.ny e x t e n t  t o  provide x c e s s i b i l i t y  f o r  i n s p e c t i o n ,  

Replacement 

It  i s  t h e  i n t e n t i o n  t o  provide des igns  which w i t h  proper  

On t h e  o t h e r  hcnd 
It i s  not  d e s i r e d  t h a t  t h e  des ign  

1 

n It i s  expected t h c t  t h e  gas pres su re  s h e l l  cnd enclosed h e a t i n g  
s u r f a c e  assembly w i l l  be completely assemblod i n  t h e  shop. 
t h e  s i t e  nil1 involve connect ions o f  i n l e t  and o u t l e t  duc t s  t o  t h e  gas 
i n l e t  cad o u t l e t  connections of t h e  b o i l e r .  The j o i n t s  between t h e  ducts  
and t h e  b o i l e r  s h e l l  s h a l l  be s o  welded o r  f l a n g e d  and sea l  welded as t o  
f a c i l i t a t e  removal and replp-cement of t h e  e n t i r e  shell assembly i n  even t  of 
f n i l u r e .  

E r e c t i o n  a t  

Barf I C s ,  

r equ i r ed  t h e y  should be a r r m g e d  approximately v e r t i c a i  t o  avoid she lves  
o r  pockets where d u s t  c i r c u l a t e d  v i t h  t h e  helium might lodge. 

P rov i s ion  f o r  Acid Clecning 

A design o f  b o d l c r  w i thou t  b r f f l c s  i s  d e s i r c b l c .  ' I f  b a f f l e s  a r e  

Bo i l e r  s h a l l  be designed t o  permit a c i d  cle,ming of t h e  i n t e r i o r  of 
t he  h e n t i n g  surface.1 The des ign  should n l s o  provide f o r  a c i d  c l ecn ing  
of t h e  e x t e r i o r  o f  $he h e a t i n g  s u r f a c e s  and all o t h e r  p c r t s  i n  c o n t a c t  
with t h e  helium g ~ ? s . ~  Care should be tdkon t o  avoid a l l  c r a c k s  and c r e v i c e s  
where ncid might ent:sr  2nd n o t  be removed when t h e  gas I pres su re  s h e l l  i s  
drained.  

/I 

Pockets wh;ich are n o t  sel f  d r n i n i n g  should a l so  be avoided. 

F i t t i n g s  
I .  

Each b o i l e r  s h a l l  be equipped wi th  t h o  fol lowing f i t t i n g s  t o  be supp l i ed  
by t h e  bidder .  Bidder s h a l l  s p e c i f y  m a u f a c t u r e r  d e s i g n a t i o n  and sa-  
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Boi l e r  

Q 

2 v S a f e t y  Valves 
1 - Feed Vclve 
1 - Feed check va lve  
2 - Blowoff vdves  
1 - 12" s t e m  gauge 
2 - 12$' wate r  gauges and valves  
2 - I l l u m i n a t o r s  f o r  gauges 

S upc r he a t  e r 

1 - S a f e t y  vnlve 
2 - Vent va lves  

C i r c u l a t i n g  Pumps 

2 - Stop  check va lves  on pump dischzrgc 
2 - Gcte v?Jves on pump s u c t i o n  

I 
I I* 

Feedrvat e r C ont r o  1 Equipment m d  I n  s t r p c n t z t  i o n  
I 

It is  r eques t ed  t h a t  t h e  b idde r  supply 2. l i s t  of feedwater  c o n t r o l  
equipment r e q u i r e d  t o  opera te  t h e  b o i l e r ,  c . 1 ~ 0  a l i s t  of i n s t rumen t s  which 
t h e y  would recommend fo r  ,an i n s t z l l a t i o n  o f  t h i s  t ype .  

- . . . . . .  

I. 

I 4 

This  docupent con ta ins  in fohna t ion  afr^cct in$ tho  na t ion21  
defense o:f t h e  United S t a t e d  w i t h i n  t h e  meaning II of t h e  
Espionage' ,4ct, U.S.C. 50, 3l! and 32. Its t r ansmiss ion  li o r  

m r  t o  an t h e  revclrat ion o f  i t s  con ten t s  i n  any man, 
unauthorized person i s  p r o h f b i t c d  by law. 

I1 I 
I 
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Performance 

P red ic t cd  performance t o  be i n s e r t e d  i n  b l ank  spaces by Xddero  

Hcp.t cbso rp t ion  by Boiler  - Btu/hr. 1.71 x 10 20.49 x lo6 34.15 x lo6 
Helium - 

-1345 
500. 
13% o 

- 
-12 50 

Hcl iun f low - */hr/boi ler  - 0 
Helium temD.entcring b o i l e r  u n i t  F 

- 
-1330 

132 o 

- 
11 11 - 11 11 

I t  '' 1er.ving 2 m e s s , e n t e r i n g  'I #/in g. 132. 
11 ; ? resse  d r o p  t h r u  b o i l e r  u n i t  i n  - 

*2 O 
14e.00 

S t e m  and % t e r  
&b 0 s ' cam t w t p e r a t u r e  a t  
s:pezheatcr out  l e t  O F  

o u t l e t  #/in. g 
S t e m  press . c t supe rhea te r  

Evaporet ion-  $/stm/hr. 
Tempc feedwater t o  uni t °F  

2 

73 5 

450 

235 
- 450 

235 
- 450 

235 
- 

Superheat  c r  
Hclium temperature  e n t e r i n g  O F  

l cnving  O F  I t  11 

- Drcft l o s s  t h r u  superhea ter ,  i n  H20 
S t e m  p r e s s o  drop ( b o i l e r  drum t o  
supc rhcn tc r  o u t l e t  )#/in. 2 - 
Boiler  
Solids cnrryovcr  i n  s t e m  ppm 
Hclium temp. e n t e r i n g  OF 
Helium temp. l eav ing  OF 
Drnf t  l o s s  t h r u  b o i l e r  i n  H20 

Economizer 
R c l i m  tempo e n t e r i n g  OF 
Hcliinn temp, l eav ing  O F  
D m f t  l o s s  t h r u  economizer i n  H20 
iircter temp. e n t e r i n k  OF 

l eav ing  'OF 

- - - - - - 
235 ~ 235 

11 11 I - , -  

- 
23 5 - 

I 
I C i r c u l a t i n g  pumps t 4 1, 

Quan t i ty  o f  m t e r  c i r c u l a t e d ,  GXU I - 
c .% . . / /  * - Power Inpu t  t o  pumps, KWH 

Number o f  pumps o p e r a t i n g  - 
I 

Dust C o l l e c t o r  
-Pressure drop H20 

This docwncnt contains  i n f o r n z t i o n  n f f  c c t i n g  the n a t i o n a l  
dcfcnse  o f  t h e  Unitcd S t a t e s  w i t h i n  the meaning o f  t h e  
Esyionagc Act, U.S.C. 50, 31 and 32 .  Its t r ansmiss ion  
t h e  r c v e l a t i o n  o f  i t s  contcil ts  i n  any manner t o  an 
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* 
t h i s  tcmpcraturc  uniform over t h e  load r m g e o  

It has been detcnnined t h a t  it i s  no t  necessa ry  t o  des ign  t o  main tz in  

Propos i t  ion  Drarring 

Complete proposals  Grc n o t  des i red  a t  t h i s  t ime.  This pre l iminary  
s p c c i f i c a t i o n  i s  intended t o  o u t l i n e  t h e  e s s e n t i a l  f e x t u r e s  o f  t h e  des ign  
t o  enable  t h c  b idders  t o  prepare  p ropos i t i on  drzwings. 
i s  d e s i r e d  t h r b  t h e  bidder  supply on ly  p ropos i t i on  drawings wi th  necessa ry  
d e s c r i p t i o n  of equipment and t h e  perform,mcc d2 ta  requestcde 

A t  t h i s  time, it 

A 

. .  

. . . . . .  




