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GRAPHIT", R A 3 I A T I O N  DAMAGE 
iib A RWCTOF. OPEPATIGNAL PRC3LEM 

By D. H. Ciirtiss 

I r r a d i a t i o n  Frocess ing  Deparkmeilt 
Haxf ord Atomic: Product,s Operation 

Gene r o  1 E l e c  tr i c C cmpa i;y 
R i c h l a n d ,  Washin@oz~ 

ABSTZIACT 

Badia t ion  Damage t o  t.he g r a p h i t e  moderator has played an i n p c r t a n t  r o l e  
i n  t h e  h i s t o r y  of r e a c t o r  ope ra t ion  a t  Hanford. 
p o t e n t i a l  and r e a l ,  which r e s u l t  from dimensional i n s t a b i l i t y ,  s t o r e d  energy, 
and g a s i f i c a t i o n ,  as w e l l  a s  t-he s o l u t i o n s  %o these pro3lems a r e  d i scussed .  
The key t o  t h e  g r a p h i t e  pro2lems i s  ope ra t ing  tempereture and i t s  c o n t r o l .  
A t  p r e s e n t ,  s t a c k  expamion remains i n  t h e  f r i n g e  regions of t h e  o r i g i n a l  
r e a c t o r s ,  which coupled wi th  t h e  c o n t r a c t i o n  of the  cent , ra l  reg ion  g ives  
r i s e  t a  cu rve tu re  problems in t h e  top  p o r t i o n  Gf t k e  r e a c t o r s .  
energy i s  not a s a f e t y  hazard b e c a m e  t h e  re lease spectrum i s  such t h a t  a 
spontaneous and s e l f  sus ta ined  r e l e a s e  cannot occur ,  
g r a p h i t e  moderator i s  con t ro l l ed  by  maintaining opera t ing  temperature  of 
t h e  s t a c k  such t h a t  no s fg r , i f i can t  amount of oxida t ion  occurs .  

The o p m a t i o n a l  problems, 

S tored  

Oxidation of t h e  

INTRODUCTION 

Ir- a h o r i z o n t a l  tube  g r a p h i t e  moderated r e a c t o r ,  t h e  g r a p h i t e  s e rves  t h e  

Thus 
dual. func t ion  of moderation of the f a s t  neutrons and s t r u c t u r a l  support  of the 
f u e l  elements,  process  tubes ,  coolan t  and p a r t s  of the  r e a c t o r  s h i e l d s .  
t h e  va r ious  changes i n  g r a p h i t e  r e s u l t i n g  from neut ron  bombardment which e f f e c t  
t h e  s t r u c t u r a l  i n t e g r i t y  o r  n x l e a r  s a f e t y  of t h e  r e a c t o r  a r e  of prime 
importance i n  r e a c t o r  opera t ion .  
i s  p r imar i ly  e f f e c t e d  by g r a p h i t e  dimensional s t a b i l i t y  and by t h e  r e s u l t a n t  
l o s s  of mechanical s t r e n g t h  from the  i -eact ion cf t h e  moderator wi th  oxygen 
bea r ing  gases ,  while s to red  energy p lays  an important r o l e  i n  nuc lea r  s a f e t y .  
Thus r a d i a t i o n  damage t o  g r a p h i t e  i s  involved In r e a c t o r  s a f e t y ,  day t o  day 
opera t ing  e f f i c i e n c y ,  and o v e r a i l  r e a c t o r  i i f ' e ,  

The s t r u c t u r a l  i n t e g r i t y  of t h e  moderator 

I t  i s  t h e  purpose of t h i s  paper t o  d i scuss  +,'hese t n r e e  a r e a s  of r e a c t o r  
ope ra t ion  a s  they  a r e  a f f e c t e d  
i n  a somewhat h i s t o r i c a l  manner how t h e  problems -Yrhich evolved were met. 
s i m p l i c i t y  the d i scuss ion  w i l l  be d iv ided  i n t o  t h r e e  p r i m i p a l .  p a r t s  - 
d i s to rT ion ,  s t o r e d  energy)  and c x l d a t i o c  wiTh sone g e n e r a l  comments t o  
summarize t h e  philosophy of r e a c t o r  operst-ioa vith regard  t o  t h e  g r a p h i t e  
problems. 

g raph i t e  radfa t ior ,  dljmege and t o  p re sen t  
For  
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DISCUSS I O N  

A .  Dis tor t . ion  

I n  t h e  e a r l y  days of opera t ion  of t h e  o r i g i n a l  Hanford r e a c t o r s ,  it 
was soon apparent t h a t  t h e  pos tu l a t ions  of Wigner and S z i l l a r d  were r e a l  
and posed se r ious  t h r e a t s  t o  continued long term opera t ion .  
s t a c k  which was composed of a ti h t l y  packed c r i s s  c ross  mat r ix  of g raph i t e  
b a r s  approxina te ly  4-3/16" x 4-3  7 16 x 48" Segan t o  expand a t  a r ap id  r a t e .  
The s t a c k  deformatior, was such a s  t o  cause outward bowing of t h e  f a r  s i d e  
b i o l o g i c a l  s h i e l d ,  a l i f t i n g  of t h e  top  s h i e l d ,  d i s t o r t i o n  of b o t h  v e r t i c a l  
and ho r i zon ta l  c o r , t m l  rod channels ,  and d i f f i c u i t y  i n  charging f u e l  
elements i n t o  t h e  d i s t o r t e d  process tu3es .  The genera l  s t a c k  d i s t o r t i o n  
followed t h e  cos ine  neutron f l u x  d i s t r i b u t i o n  wi tk in  t h e  r e a c t o r .  The 
v e r t i c a l  d i s t o r t i o n  of t h e  t o p  c e n t r a l l y  locs t ed  process  tube  i s  i l l u s t r a t e d  
by Curve A of F igure  I .  I t  i s  t o  be  noted tha t .  desp i t e  a cons iderable  
d i s t o r t i o n  of t he  t o p  arid f a r  s ide  s h i e l d s ,  l i t t l e  o r  no d i s t o r t i o n  of t h e  
charge and d ischarge  f aces  was observed. 

The g raph i t e  

eac to r s  l i t e r a l l y  bulg ing  a t  t h e  seams, ex tens ive  r e a c t o r  

measurement, when coupled wi th  labora tory  s t u d i e s ,  lead t o  a fundamental 
change i n  s t a c k  des ign .  This measurement cons is tea  of measuring t h e  r e l a t i v e  
e q a n s i o n  of tube b locks  and f i l l e r  b locks .  It was shown t h a t  t h e  tube  
blocks were s u s t a i n i n g  a major po r t ion  of t h e  expansion. The r e s u l t s  of 
t h e s e  measurements a r e  shown g raph ica l ly  i n  F igure  11. 

measurements With thli-L5 were taken t o  l e a r n  more about t h e  problem. One such 

From t h e  l a r g e  quan t i ty  of engineer ing d a t a  compiled from r e a c t o r  
measurements and from t h e  comprehensive l abora to ry  s t u d i e s ,  it became 
apparent t h a t  t h e  key t o  t h e  d i s t o r t i o n  problem was t h e  g r a p h i t e  opera t ing  
temperature .  Laboratory s t u d i e s  had shown that  r a d i a t i o n  damage could be 
thermal ly  annealed and t h a t  r a d i a t i o n  annea l ing  was even more e f f e c t i v e  i n  
reducing t h e  phys ica l  expansion. F u r t h e r  l abora to ry  s t u d i e s  ad shown t h a t  
when the  sample exposure temperature was r a i s e d  t o  200-25OOC j f 2  ( 3  t h e r e  
was n e g l i g i b l e  g raph i t e  expansion and t h a t  even a t  t h e  lower exposure 
temperatures sainp expanded only perpendicular  t o  t h e  ex t rus ion  a x i s  of 
t h e  o r i g i n a l  b a r .  These two p o i n t s  seem t o  account f o r  t h e  r e l a t i v e  
expansion of -tube b locks  and f i l l e r  blocks and f o r  t h e  observa t ion  t h a t  
t h e  charge and d ischarge  f aces  had nc t  been apprec iab ly  d i s t o r t e d .  

Based on t h i s  information,  t h e  opera t ing  temperature was s u b s t a n t i a l l y  
increased by r ep lac ing  the  i n e r t  helium gas atmosphere w i t h  carbon d ioxide .  ( 6 )  
The e f f e c t  of t h i s  change i n  opera t ion  can 5e seen i n  Curves B, C ,  D of F igure  
I .  Thus expansion was a r r e s t e d  and t o  a very l a rge  ex ten t  has been e l imina ted  
a s  a t h r e a t  t o  continued r e a c t o r  opera t ion .  Stack d i s t o r t i o n  i s  l imi t ed  t o  
small r o r t i o n s  i.n t h e  very t o p  corners  of t h e  o r i g i n a l  r e a c t o r s  where the  
cont rac ted  c e n t r a l  reg ion  coupled wi th  t h e  o r i g i n a l  f r i n g e  expansion r e s u l t s  
i n  a curva ture  problem. 

Reactors which were s u h e q a e n t l y  e o n s t m c t e d  incarpora ted  two des ign  
innovat ions.  As noted previously,  r e a c t o r  measwements ind ica t ed  t h a t  a 
s u b s t a n t i a l  temperature  g rad ien t  e x i s t e d  wi th in  tne  l a t t i c e  u n i t .  Heat 
t r a n s f e r  c a i c u l a t i o n s  sx%s ta rk ia t ed  t h e s e  meascrements and t h e  temperature 
g rad ien t  i s  i l l c s t r a t e d  i n  Figure 111. It w a s  q u i t e  apparent from t h i s  work 



t h a t  one .nay t o  l i v e  x i t k  graphite ex-pansios .-BS t o  ise1at .e  tine t.ube '!)lock 
i n  a men:=. such +,kat if it, expnded  the e i ' l ' Z C S S  w x l d  'Se c o n s i 2 e r a j l y  
reduced.?[ ) This  i s o l a t i m  vas  t,emed ~ . n d e r ~ L i t 3 ~ I i ~  

used t o  g ive  a mare uniform g r a p h i t e  tmperat .are  distribLiTion througnout 
the e n t i r e  grag i i i t e  s t a c k .  This c s i c e p t  of coririg i s  a l s o  s n w n  li? Figure  
I V .  Thss by changes i n  s t a c k  d e s i g  as? by t h e  u s e  of ctlrban d ioxide ,  
g r a p h i t e  d i s t o r t i o n  i n  t he  new r e a c t o r s  i s  not, ail Gperat ional  problem. 

nd is s h w n  g r t i ? h i c e l l y  
i n  F igure  17. SubseqGeztly, %ne c m t e p ;  of' cor i zg  w i*/Fis evol-Jed and  was 

B .  S tored  h e r g y  

Wit?. t h e  p o s t z i a r i o i i  k y  S z i i l a r d  t h x  xeut ron  bombardment OI? g r a 2 h i t e  

r e l e a s e  of s to red  ene'rgj caused Considerable c o m e r s  i n  t h e  opera t ion  of t h e  
Hanf'ord r e a c t o r s .  Hcwever, a s  more data  'becgme a v a i l a b l e ,  it became apparent  
t h a t  a s to red  energy r e l e a s e  *aas improbaSie. ' . ' l \  
were developed a r e  summarized a s  fo l lcws:  

The p e r t i n e n t  d a t a  which 

1. A t  c o l d  t e s t  ho le  ex7osure temperatures ,  total s tored  er,ergy b u i l d s  
up a s  a function of exposure.  This  i s  shorn i n  Curve A of F igu re  V, 

2 .  The r e l e a s e  s p e c t r m  sf s t o r e d  energy f o p  eo ld  t e s t  ho le  exTosures 
changes wi th  t h e  e x t e n t  of r a d i a t i o n  damage. T h i s  i s  shown i n  
Figure  V I .  

3 .  T o t a l  s to red  energy a s  we l l  a s  t h e  r e l e a s e  spectrum of h igh ly  
i r r a d i a t e d  g r a p h i t e  can  5e annealed.  This i s  shown a s  Curve B i n  
F igu re  V and i n  F igu re  V I I .  

4. The bui ldup  of s t o r e d  energy i s  an i n v e r s e  f u n c t i o n  of t h e  exposure 
Lempersture. T3is i s  sh0v.n i n  F igu re  VIII. 

It i s  apparent  from these i tems t h a t ,  a s  in the ease  of d i s t o r t i o n ,  t h e  
temperature  d i s t r i b u t i o n  within t h e  g r a p h i t e  s t a c k ,  as well. as w i t h i n  a gfven 
l a t t i c e  u n i t ,  p l ays  a major p a r t  i n  t h e  bu i ldup  of t o t a l  s t o r e d  energy as  
w e l l  a s  t h e  r e l e a s e  spec t r im.  From t h e  l a t t i c e  temperature  g rad ien t  
(c f  F igure  111) and u t i l i z i n g  t h e  f r o n t  t o  r e a r  cos ine  d i s t r i b u t i o n  of 
temperature ,  t h e  e n t i r e  r e a c t o r  s t a c k  can be zoxed i n t o  f o u r  p a r t s ;  namely, 
f r i n g e  f i l l e r  b locks ,  f r i n g e  tube  b locks ,  c e n m a l  f i l l e r  blocks, and c e n t r a l  
t ube  b locks .  By removing samples from t h e  moderator a t  s p e c i f i c  l o c a t i o n s  
and determining t h e  t o t a l  s t o r e d  energy and the r e l e a s e  spectrum of t h e s e  
samples, the  S t E  e d  energy condi t ion  of t n e  r e a c t o r  s t a c k  can  be eva lua ted .  
An  evaluation^"=^ of' t h e  s t o r e d  energy i n  Hanford r eac to r s  which u t i l i z e d  
t h i s  zoning approach was first made some yea r s  ago. While t h e  r e s u l t s  must 
of n e c e s s i t y  be  somewhat gene ra l i zed ,  it i s  appropr i a t e  t o  say t h a t  while  a 
cons iderable  q u a n t i t y  of stored e n e r p j  exis ts  i n  t h e  Banford r e a c t o r s  i t s  
presence dues  no t  c o n s t i t u t e  a n  o p e r a t i o n a l  o r  s a f e t y  problem. No a t t empt s  
t o  a m e s l  t h e  g r a p h i t e  s t a c k  by d e l i b e r a t e l y  t r i g g e r i n g  t h e  s t o r e d  energy 
have bee11 made a t  Hanford. A s  i n  t h e  case  of d i s c o r t i o n ,  t h e  c o n t r o l  of 
s t o r e d  energy has  'been through t h e  c o n t r o l  Gf g r a p h i t e  opera t ing  temperature .  
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C .  Oxidation 

While inc reas ing  t.he g r a p h i t e  temperature  and t h e  use  of carbon d ioxide  
gas  atmosphere a r r e s t e d  the s t a c k  expansion, t h e  p o t e n t i a l  chemical r e a c t i o n  
of t h e  rnoderatcl, w i th  carbon d ioxide  and o t h e r  oxy en bea r ing  gases  posed 
ano the r  unkncwn t h r e a t  to long term r e a c t o r  l i f e ,  ( f 3 )  L i t t l e  was known 
about  the e f f e c t s  of r e a c t o r  r a d i a t i o n  on chemical r e a c t i o n s  such as  t h e s e .  A 
cons iderable  amount of vork was t hen  i n i t i . a t e d  b c t h  i n  +he labora tory  a s  
w i l l  as  i n  t h e  r e e c t o r  50 scope t h i s  p o t e n t i a l  problerrz, The p r i n c i p a l  
worry w a s  t h a t  t h e r e  might b e  s u f f i c i e n t  ges i f i eaS ion  of t h e  moderator t o  
s u b s t a n t i a l l y  reduce t-he s t r u c t u r a l  sxrength of t h e  s t a c k  and thus  agoin 
limit t h e  r e a c t o r  l i f e .  S tud ie s  were i r i i t i a t e d  invol-ring tshe e f f e c t  of 
ox ids t ion  crl nechaz ica l  streiigTh, r a t e s  of r e E c  L i c a  cf graph i t e  and 02 ,  
C02, and water  vapor at -;arious temperatures f o r  i r r a d i a t e d  and u n i r r a d i a t e d  
samples,  t h e  e f f e c t  of +,he presence of gamma radiLstfon and r e a c t o r  r a d i a t i o n  
on r a t e s  of ox ida t ion ,  and t h e  r o l e  cf surfal:e a r ea  i n  g raph i t e  ox ida t ion .  
To  desc r ibe  t h e s e  s t u d i e s  i n  d e t a i l  would r e q u i r e  s e v e r a l  papers i n  i t s e l f .  
Le t  it s u f f i c e  t o  summarize he re  t h e  7ertifien-t; p o i n t s  which a f f e c t  g raph i t e  
ox ida t ion  a s  an  ops ra t ing  problem. 

An experiment was set  up t o  determine t h e  e f f e c t  cf oxida t ion  on t h e  

f om work done a t  Pennsylvania S t a t e  Un ive r s i ty  under D r .  P .  L. 
mechanical s t r e n g t h  of g r a p h i t e .  (I4 1 
Walker .  and an  a n a l y s i s  of r e a c t o r  cond i t ions .  It was f e l t  t h a t  i f  
chemical r e a c t i o n  was t a k i n g  p lace  withir ,  t h e  r e a c t o r ,  the r a t e  of t he  
r e a c t i o n  would be very s l o w  and would t h e r e f o r e  r e s u l t  i n  uniform oxida t ion  
r a t h e r  t h a n  su r face  ox ida t ion  a s  shown by Walker. ThGs oxida t ion  of t h e  
t e s t  samples was t o  b e  accomplished i n  a manner t o  produce uniform oxida t ion .  
The t e s t  sample, a r i g h t  c i r c u l a r  cy l inde r  1" x 2" w i t h  a 3/4" a x i a l  ho le ,  
was oxidized i n  a d ry ,  deoxygenated stream of carbon d ioxide  flowing a t  a 
r a t e  of 500 cc/min. and a t  a temperature  of 950"C, The r a t e  of ox ida t ion  
was va r i ed  f .  Jrn 0.5%/day t o  @/day, F igure  IX summarizes the r e s u l t s  of 
t h i s  s tudy  f o r  u n i r r a d i a t e d  samples. Figure X shows t h e  r e s u l t s  f o r  one 
s e t  of i r r a d i a t e d  samples. While it was recognized t h a t  t h e  experimental  
procedure was not a s  e l egan t  as might be d e s i r e d ,  t h e  r e s u l t s  d i d  provide 
e x c e l l e n t  comparative d a t a .  The gene ra l  conclusions reached were: 

The c m d i t i o c s  chosen were determined 

la rge 1y 1 ,? 

1. For non- i r r ad ia t ed  graphi te  t h e r e  is a r ap id  decrease of 
compressive s t r e n g t h  dur ing  i n i t i a l  Oxidat ion,  The r a t e  of' 
decrease  i n  compressive s t r e n g t h  gradual ly  l e s sens  as t h e  
sample i s  f u r t h e r  ox id ized .  

2 .  Fo r  non- i r r ad ia t ed  g r a p n i t e ,  t h e  compressive s t r e n g t h  i s  decreased 
by a f a c t o r  of 2 f o r  I& oxidat ior ,  ar,d a f a c t o r  of 6 f o r  25% 
ox ida t ion .  

3 .  ' I r r ad ia t ed  samples e ih i ' b i t ed  g r e a t e r  compressive s t r e n g t h  t h a n  
non- i r r ad ia t ed  samples. However, t h e  same r e l a t i o n s h i p  between 
compressive s t r engzh  and density vas  G-aserved. 



The reac-cion r a t e s  of g r s p h i t e  wi th  oxygen('6) and carbon d ioxide(17)  
were determined over a range of temperatures  using bo th  i r r a d i a t e d  and non- 
i r r a d i a t e d  samples. The experimental  method cons is ted  of p lac ing  t h e  sample 
i n  a n  e l e c t r i c  furnace ,  pass ing  p u r i f i e d  gas cver  the  sample and monitoring 
t h e  e f f l u e n t  gas over  a f i n i t e  period of t ime.  A f i c a l  check was made a t  
t h e  end of each run by messuring t h e  weight l o s s  of t h e  sample and comparing 
t h i s  w i th  t h e  ca l cu la t ed  accumulated weight l o s s  from the gas monitoring. 
The agreement was e x c e l l e n t .  In case af oxygen, carbon d ioxide  and carbon 
monoxide were monitored by s u i t a b l e  abscn%ents, I n  t h e  case  of carbon 
d ioxide ,  carbon monoxide was monitored b y  pass ing  e f f l u e n t  gas over iod ine  
pentoxide and c o l l e c t i n g  l i b e r a t e d  iod ine  fclllowed by back t i t r a t i n g  wi th  
sodium t h i o s u l f a t e .  
each C B S E !  t h e  r a t e s  of r e a c t i o n  for var ious  temperatares ( c f  F ig .  X I 1  & 
Fig .  X I I I )  vere  cor rec ted  t o  D$ ox ida t ion .  The r e a i l t s  of a s i n g l e  run 
wi th  oxygen showing carbon d ioxide  and r a r b m  monoxide d i s t r i b u t i o n  a r e  
shown i n  F igure  X I .  The r a t e s  of react iGn f e r  var ious  temperatures  f o r  
oxygen 8re shown i n  Figure X I 1  and for carbon dioxide i n  F igure  XIII. 

The gas flow r s t e  was mainssirled a t  LCO cc/min. I n  

The a c t i v a t i o n  energy f o r  t h e  . reac t ion  of cxygen and i r r a d i a t e d  and 
non- i r r ad ia t ed  g raph i t e  were ca l cu la t ed  and f w n d  t o  b e  34.6 kcal/mole and 
38.6 kcal/rcole r e spec t ive ly .  
i r r a d i a t e d  and non- i r r ad ia t ed  g raph i t e  samples wi th  carbon dioxide were 
found t o  be 51.5 kcal/mole and 61.5 kcal/mole r e spec t ive ly .  

The a c t i v a t i o n  energ ies  f o r  t h e  r e a c t i o n  of 

I n  gene ra l  t h e  r e a c t i o n  r a t e s  increased  a s  t h e  o i i d a t i o n  proceeded. 
During t h e  i n i t i a l  p a r t  of t h e  ox ida t ion  runs ,  cons iderable  abnormal i t ies  
were encountered i n  t h e  carbon d ioxide  s t u d i e s .  However, t h e  subseqtlent 
i nc rease  i n  r a t e  was observed as  t h e  oxida t ion  proceeded and it was f e l t  
that t h i s  was t h e  r e s u l t  of a p r e f e r e n t i a l  cxidati .on of the b inde r  ma te r i a l  
i n  the g r a p h ' t  nd t h e  subsequent i nc rease  i n  su r face  a r e a .  S tudies  of 
su r f ace  a rea  t18)h-9) by t h e  B.E.T. technique us ing  n i t rogen ,  tended t o  confirm 
t h e s e  p o s t u l a t i o n s .  
increased  markedly upon s l i g h t  ox ida t ion .  F u r t h e r ,  a comparison of the change 
of surface area  of s o l i d  g r a p h i t e  samples and coke f l o u r  which had received 
t h e  same g r a p h i t i z i n g  hea t  t r ea tmen t  a s  t h e  s o l i d  samples showed that t h e  
su r face  area of the coke f l o u r  was r e l a t i v e l y  unchanged, This tends t o  

It  was found t h a t  t h e  su r face  a r e a  of t h e  gTaphite samples 

confirm the p r e f e r e n t i a l  a t t a c k  concept .  
X I V  . These r e s u l t s  a r e  s h o w  i n  Figure 

A nanber of i n - r e a c t o r  s t u d i e s  were made to determine t h e  e f f e c t  of 
r e a c t o r  r a d i a t i o n  on t h e  chemical r eac t ions  of g r a p h i t e  and oxid iz ing  gases .  
The e x p e r i a e n t e ~  a t  Hanford i s  cursed o r  S l e s s e d ,  depending upon your po in t  
of view, wi th  t h e  f a c t  t h a t  t h e  i r r a d i a t i o n  f a c i l i t i e s  a r e  i n  product ion 
r e a c t o r s .  The f a c i l i t i e s  f o r  s tudying gas-graphi te  r eac t ions  were 
p a r t i c u l a r l y  compromised by t h e  g o a l  of opera t ions ;  namely t o  produce 
plutor,ium. Nevertheless ,  most of t h e  engineer ing d a t a  on graph t e  oxida t ion  
was s o  obtained.  Three p e r t i n e n t  s t u d i e s  v e r e  made. One studyt2O) involved 
t h e  exposupe of s t a t i c  systems, contained i n  quar tz  ampules, i n  a water  
cooled f e c i l i t y .  The systems s txdied  were graphite-oxygen, graphi te-carbon 
d ioxide ,  g raphi te -water  vapor ,  arid pure car3on d ioqide .  The complete s tudy 
i s  contained i n  an u n c l a s s i f i e d  r e p o r t  - HW-10142.\21) B r i e f l y ,  t h e  r e s u l t s  
i nd ica t ed  1) a very s l a w  r e a c t i o n  of C02 and g raph i t e  w i t h . t h e  formation of 
carbon monoxide which decornposes t o  form a suboxide of carbon which i n  t u r n  
polymerizes,  2 )  a r e a c t i o n  of o r j g e n  and g r a p h i t e  which appears t o  be 
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about t h r e e  t imes a s  f a s t  as  t h e  C02 r e a c t i o n ,  t o  
3 )  a r e a c t i o n  of water  vapor and g r a p h i t e  t o  form car3on dioxide and 
hydrogen; t h e  ex ten t  of t h e  r e a c t i o n  i s  dependent u p n  t h e  q u a n t i t y  of 
water  vapor,  and h )  pure carbon dioxide decomposes very rap id ly  t o  an 
ex ten t  of about one percent  t o  form carbon monoxide. 

fo rm carbon d iox ide ,  

A s i m i l a r  s tudy was made i n  t h a t  s t a t i c  systems were exposed t o  t h e  
i n t e n s e  gamma r a d i a t i o n  of t h e  Mater ia l s  T e s t  Reac tor  spent  f u e l  elements 
a t  about room temperature .  The systems s tud ied  were g r a p h i t e  carbon 
d iox ide ,  g r a p h i t e  oxygen, and pure carbon monoxide. he complete s tudy 
i s  contained i n  a d e c l a s s i f i e d  repor t  - Rw-3192c) The r e s u l t s  
a r e  b r i e f l y  summarized: 1) t h e  r eac t ion  of oxygen and g raph i t e  t o  form 
carbon dioxide went e s s e n t i a l l y  t o  completion; 2 )  tr,e r e a c t i o n  of carbon 
d ioxide  and g r a g h i t e  was very small, and appears  t o  be l imi t ed  t o  sv r face  
absorp t ion ;  3 )  carbon monoxide decomposes t o  form carbon dioxide and a 
solid PolTPer of carbon suboxide wi th  an ernpir icai  formula C403.  
no tab le  d i f f e r e n c e  i n  t h e  r e s u l t s  of t h e s e  s t u d i e s  i s  t h a t  i n  t h e  g raph i t e -  
carbon dioxide system, r e a c t o r  r a d i a t i o z  Induces a su)":: -rltial r e a c t i o n  with 
t h e  formation of carbon monoxide and subsequent su3oxid,,: while the g a m s  
r a d i a t i o n  does no t .  

A 

The t h i r d  s tudy was t h e  exposure of g r a p h i t e  samples i n  a reac  o r  

The samples Contained i n  aluminum tubes were suppl ied  v i t h  independent gas 
systems on a s i n g l e  pass b a s i s ,  Typ ics l  r e s u l t s  from t h e s e  runs aye shown 
i n  t h e  fol lowing Table .  

f lowing gas  w i t h  the  temperature maintained i n  t h e  range 370-423"C. 1 23 to 24 ( 2 5 )  

TABU I 

IN-REACTOR OXIDATION OF GRAPHITE SAMPLES 
AT TEMPERATURE RAIGE 370-425"C 

Ga s - 
c02 

02 

%O vapor i n  N2 

Reac t ion  Rate i n  $/lo00 Days 
Uni r r a d i a  t ed P*:*eviously I r r a d i a t e d  

-1*02$ 

-27 9 

-2.1 

-1.78% 

-58.4 

-3.1 

It is t o  b e  nGted t h a t  t hese  r a t e s  a r e  cons iderably  h igher  t han  those  
obtained i n  ex - reac to r  runs a t  t hese  temperafures ,  

From t h e s e  experiments and from measurements taken on t h e  r e a c t o r s ,  
it was apparent  t h a t  g raph i t e  ox ida t ion  and the r e s u l t a n t  loss of mechanical 
s t r e n g t h  posed a r ea l  problem t o  r e a c t o r  ope ra t i cn .  
problem was r e a c t o r  temperature  c o n t r o l .  F w t h e r  it was evident  t h a t  only 
i n - r e a c t o r  experiments o r  r e a x a r  operaZion ofi a t e s t  s o n t r o l l e d  basis 
wouid y i e l d  appropr i a t e  da ta  for e s t a b l i s h i n g  proper  l i m i t s  f o r  r e a c t o r  
ope ra t ion ,  One approach t o  t h e  problem of ox d a t i c n  was extens ive  
monitoring of t h e  a c t u a l  o x i d a t i m  o c c u r r i n g ,  t 2 5 1  T h i s  was done by 
p l ac ing  samples i n  b a r e  process  c h a m e i s  and o>servicg t h e  sample weight 

Again the key t o  t h e  



loss  w i t h  r e a c t o r  ope ra t i an .  While t h i s  was a n  " a f t e r  t h e  f a c t "  spproach,  
it d id  and s t i l l  i s  y i e l d i n g  cons iderable  p r a c t i c a l  information.  The f u l l  
r e a c t o r  experimental  approach was also used.  (27)(28) 
3pera t ing  a r e a c t o r  under condi t ions which a r e  somewhat i n  advance of t h e  
process  l imits  i n  order  t o  obta in  operat . ing information which w i l l  permit 
a f u r t h e r  d e f i n i t i o n  o r  refinement of process  l i m i t s .  The ne t  e f f e c t  of 
such an  ayproach i s  t o  ob ta in  more information on g r a p h i t e  ox ida t ion  t h a n  
would be poss ib l e  by running t e s t s  i n  sir,gle or mul t ip l e  process  channels 
so  t h a t  react .or  mcderator temperature may 5e optimized f c r  product ion and 
r e a c t o r  l if 'e .  

This  c o n s i s t s  of 

As a corol lar ; ;  t o  t h e  a 3 w e  d i scuss i cns  Gf' d i s t o r t i o n ,  s t o r e d  energy,  
and ox ida t ion ,  it i s  e s s e n t i a l  t o  r e a c t o r  ope ra t ion  t h a t  t h e  g r a p h i t e  
temperature  be adequately monitored w i t h i n  t he  e n t i r e  moderator s t a c k .  (*9) 
Since  t h e  o r i g i n a l  r e a c t o r s  were eqixipped wi th  only s i x  thermocouples 
loca t ed  wi th in  t h e  a c t i v e  zoxe, it was necessary  t o  devise  an ex tens ive  
monitoring system. This  was accomplished Sy p l ac ing  e s p e c i a l l y  cons t ruc ted  
g r a p h i t e  thermocouple s t r i n g e r  i n  e n  empty process  channel.  The s t r i n g e r  
contained eleven thermocouples appropr i a t e ly  pos i t ioned  along t h e  channel .  
The number of s t r i n g e r s  requi red  vary w i t h  each r e a c t o r ;  i n  gene ra l  seven 
s t r i n g e r s  a r e  used i n  t h e  o r i g i n a l  Hanford r e a c t o r s .  The s t r i n g e r s  are 
loca ted  i n  a r i n g  i n  t k e  process  channel p a t t e r n  and each s t r i n g e r  i s  
approximately t e n  l a t t i c e  u n i t s  from t h e  c e n t r s l  channel.  An i n d i v i d u a l  
thermocouple mounting and t h e  gene ra l  l o c a t i o n  of t h e  s t r i n g e r s  a r e  shown 
i n  F igure  XV. 

When the newer r e a c t o r s  were cons t ruc t ed ,  t h e  importance of moderator 
temperature  was recognized and adequate in s t rumen ta t ion  was incorpora ted  i n  
t h e  s t a c k  s t r u c t u r e .  However, through one cause o r  another ,  t h e s e  thermo- 
couples  a r g  f a i l i n g  and aga in  t h e  thermocouple s t r i n g e r  approach i s  t o  be 
used t o  maintain adeTdate monitoring. 

E .  General  Monitoring 

A s  has been i n d i c a t e d  i n  t h e  above d i scuss ion ,  r e a c t o r  monitoring p l ays  
an  important  r o l e  i n  Hanford r e a c t o r  ope ra t ion .  D i s t o r t i o n  of t h e  g r a p h i t e  
s t a c k  i s  r o u t i n e l y  monitwed by measuring the e l e v a t i o n  of t h e  top  process  
tubes  r e l a t i - J e  t o  t h e i r  r e spec t ive  front f a c e  l o c a t i o n s .  The measurement 
i s  made by a mercurj  manometer device which u t i l i z e s  a l e v e l i n g  technique .  
The g r a p h i t e  ox ida t ion  i s  rou t ine ly  monitored by p lac ing  weighed samples 
i n  an  empty process c h a n m i  (and thereby  ambient. r e a c t o r  temperature and 
gas  atmosphere) and observing t h e  sample weight; loss pe r  u n i t  t ime of 
r e a c t o r  opera t ion .  S to red  energy conten t  i s  monitored by t h e  per iodic  
removal of s o l i d  core  samples from var ious  l o c s t i o n s  i n  t h e  r e a c t o r .  The 
measurement of o t h e r  phys i ca l  p r o p e r t i e s  of t h e s e  core  samples a c t s  as a 
secondary check on d i s t o r t i o n  and oxida t ion .  Core samples have been 
found t o  y i e l d  much mwe mear-iip.p?ul da ta  than scrap ings  o r  powder because 
proper ty  s r a d i e n t s  can b e  m s s u r e d .  
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C ONCLUS I ONS 

From t h i s  d i scuss ion ,  s eve ra l  conclusions can be  made, 

S tack  d i s t o r t i o n ,  which a t  me time seemed t o  thyea ten  t h e  continued 
ope ra t ion  of Hanford r e a c t o r s ,  i s  a minor pro5lem a t  t h e  o r i g i n a l  
r e a c t o r s  and does not  appear t o  be a prchlem a t  t h e  newer r e a c t o r s .  

S tored  energy content. i n  t h e  Zanford reacfuors i s  fairly l a rge  b u t  
o f f e r s  no problem t o  operat . ion o r  nuc lear  s a f e t y ,  A s u b s t a n t i a l  r e -  
l e a s e  of s to red  energy could o t l y  5 e  accomplished i n .  t h e  event of a 
complete coolant  f a i l x r e .  

Graphi te  ox ida t ion  i s  c o n t r o l l e d  v i t h i n  e s t a b l i s h e d  l imits by adequate 
monitoring and by a n  ex tens ive  opera t ing  knowledge of t h e  moderator 
tempers ture .  

Graphi te  temperature  ins t rumenta t ion  and monitoring programs are 
e s s e n t i a l  and provide f i r s t  hand da ta  on t h e  r e a c t o r  moderator i n t e g r i t y .  
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