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FOREWORD 

The Atomic Energy Commission, through Fuels and Ma te r i a l  s, D i r e c t o r a t e  

o f  Licensing, es tab l  i shed a  c o n t r a c t  w i  t h  t he  B a t t e l l  e-Northwes t Laboratory 

t o  conduct a  s tudy on "Considerat ions i n  t h e  Assessment o f  t h e  Consequences 

o f  E f f l u e n t s  f rom Mixed-Oxide Fuel Fab r i ca t i on  P lan ts . "  The r e s u l t s  o f  t h i s  

study are  contained i n  t h i s  r e p o r t .  
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I. INTRODUCTION 

The purpose o f  t h i s  s t u d y  was t o  p r o v i d e  i n f o r m a t i  on and i d e n t i f y  

parameters r e l e v a n t  t o  assess ing  t h e  consequences t o  man and h i s  e n v i r o n -  

ment o f  l a r g e  s c a l e  mixed p l  u ton ium-uran ium o x i d e  f u e l  f a b r i c a t i o n  p l a n t s  

wh ich  w . i l l  be needed - in t h e  n e x t  1 0  t o  15 y e a r s .  The r e p o r t  i d e n t i f i e s  t h e  

p e r t i n e n t  parameters,  va lues,  f a c t o r s  and methods which Iilay be used i n  

e v a l u a t i n g  t h e  env i ronmenta l  consequences o f  r o u t i n e  p l a n t  o p e r a t i o n  as 

w e l l  as p o s t u l a t e d  a c c i d e n t s .  T h i s  s t u d y  p r o v i d e s  a base f o r  t h e  deve lop-  

ment o f  s i t i n g  c r i t e r i a  and s a f e t y  ana lyses f o r  mixed o x i d e  f u e l  f a b r i c a -  

t i o n  f a c i l i t i e s .  

11. SUMMARY 

A p l u t o n i u n l  f u e l s  f a b r i c a t i o n  p l a n t  some 1 0  t o  15 y e a r s  i n  t h e  f u t u r e  

was c h a r a c t e r i z e d .  The " r e f e r e n c e  f a c i l i t y "  manu fac tu re rs  U02-Pu02 f u e l  

f o r  l i g h t  w a t e r  r e a c t o r s  and has a d e s i g n  c a p a c i t y  o f  1 m e t r i c  t o n  (MT) o f  

f u e l  p e r  day. The f u e l  c o n t a i n s  2-4 wtX Pu02 i n  n a t u r a l  o r  d e p l e t e d  U02. 

Uranium i s  n o t  s p e c i f i c a l l y  cons idered,  excep t  i n c i d e n t a l l y  when i n  combina- 

t i o n  w i t h  p lu ton ium,  because t h e  r a d i o l o g i c a l  c o n s i d e r a t i o n s  o f  uran ium a r e  

overshadowed by t h o s e  of p lu ton ium.  The p l u t o n i u m  t o  be processed i n  t h e  

p l a n t  has an i s o t o p i c  compos i t i on  t y p i f i e d  by  a Yankee f u e l  assembly d i s -  

charged a t  abou t  35,000 MWd/MT. T h i s  i s  a c o n s e r v a t i v e  e s t i m a t e  of  t h e  

average i s o t o p i c  m i x t u r e  wh ich  w i  11 be exper ienced  d u r i n g  f a b r i c a t i o n  i n  



t h e  n e x t  decade and beyond. The h i ghe r  exposure p l u ton ium represen ts  t h e  

g r e a t e s t  r a d i o 1  o g i c a l  hazard ; the  " re ference m ix tu re "  maximizes t h e  con- 

sequences o f  t h e  p o s t u l a t e d  p l  u t o n i  um source terms. 

The " r e fe rence  p l a n t "  possesses des ign  fea tu res  c o n s i s t e n t  w i t h  t h e  

minimum c r i t e r i a  f o r  new AEC p lu ton ium f a c i l i t i e s .  I n  a d d i t i o n  t o  t h e  

glovebox f i l t e r s ,  t h e  b u i l d i n g  f i n a l  f i l t e r  system has two s tages o f  h i g h  

e f f i c i e n c y  f i l t e r s .  

M a t e r i a l  re leased  f rom t h e  f a c i l i t y  i s  assumed t o  be d ispersed  t o  t h e  

env i rons  i n  e i t h e r  o f  two ways; cont inuous re1  eases (normal o p e r a t i o n )  

based on me teo ro l og i ca l  data f r om  26 nuc lea r  f a c i l i t y  s i t e s  o r  s h o r t  dura- 

t i o n  r e 1  ease ( a c c i d e n t s )  accord ing  t o  acc i den t  d e s c r i p t i o n  guide1 i nes i n  

USAEC Regu la to ry  Guide 1.3. 

I n h a l a t i o n  o f  p l u ton ium aeroso ls  and subsequent d e p o s i t i o n  i n  t h e  

c r i t i c a l  organs i s  t h e  most impo r tan t  exposure pathway t o  man. The c r i  ti- 

c a l  organs f o r  p l u ton ium a r e  t h e  bone f o r  s o l u b l e  compounds and t h e  l u n g  

f o r  i nso l  ub l  e  compounds. 

Dose c a l c u l a t i o n s  f o r  m a t e r i a l  depos i ted  i n  t h e  c r i t i c a l  organs a r e  

made us i ng  parameters recommended by ICRP P u b l i c a t i o n  2  and P u b l i c a t i o n  19. 

To ta l  dose commitments f o r  t h e  l ung  and 50 y e a r  dose commitment f o r  t h e  

bone a re  g i ven  f o r  acu te  and cont inuous re l eases  of t h e  i n d i v i d u a l  i so topes  

as w e l l  as t h e  r e fe rence  m ix tu re .  Comparisons a r e  made between t h e  ICRP 

Pub1 i c a t i o n  2  l ung  model and t h e  ICRP Pub1 i c a t i o n  19 model (TGLM). 

Source terms a r e  developed f o r  normal o p e r a t i o n  and f o r  f i v e  p o s t u l a t e d  

acc i  dents.  Normal o p e r a t i o n  o f  t he  ec ted  t o  r e s u l t  

i n  a  source te rm o r  annual p lu ton ium For  t h e  a c c i -  

dents analyzed, a  maximum o f  g  was assumed t o  

be em i t t ed  from t h e  two s tage h i g h  e f f i c i e n c y  f i l t e r  systems. Both s o l u b l e  

and i n s o l u b l e  p l u ton ium o f  t h i s  magnitude was deemed c r e d i b l e .  S ince  t h e  

acc i den t s  examined were n o t  i n c l u s i v e  o f  a l l  o f  t h e  c r e d i b l e  events  l e a d i n g  

t o  re leases  f r om t h e  f a c i l i t y ,  a d d i t i o n a l  i n f o rma t i on  germane t o  e s t i m a t i n g  

source terms r e s u l t i n g  f rom acc iden ts  i s  i nc l uded  i n  t h e  t e x t  and i n  

Appendix A. 



Probabi 1  i t i e s  o f  re1  easing r a d i o a c t i v e  m a t e r i a l  f rom t h e  re fe rence  

p l a n t  were developed. They were de r i ved  by propagat ing acc iden t  occurrence 

and equipment f a i l u r e  r a t e  s t a t i s t i c s  f rom f u e l  f a b r i c a t i o n  f a c i l i t i e s  and 

from r e l a t e d  i n d u s t r i e s .  Care was exerc ised  i n  d i s c e r n i n g  t h e  d i f f e r e n c e  

between t h e  p r o b a b i l i t y  o f  events  l e a d i n g  d i r e c t l y  t o  re leases  and t h e  

p r o b a b i l i t y  o f  events which r e q u i r e  t h e  simultaneous occurrence of o t h e r  

events i n  o rde r  t o  cause a  re lease .  

I n  t h e  f i n a l  ana l ys i s ,  an a t tempt  i s  made t o  q u a n t i f y  t h e  r i s k s  a  

p lu ton ium f u e l  f a b r i c a t i o n  f a c i l i t y  imposes on t h e  environment. Due t o  

t ime  l i m i t a t i o n s ,  t h e  i n f o r m a t i o n  on occurrences and f a i l u r e  r a t e s  were n o t  

exhaust ive.  For t h i s  reason and due t o  t h e  na tu re  o f  s t a t i s t i c s ,  t h e  

r e s u l t s  developed i n  t h i s  s tudy should be viewed as p r e l i m i n a r y .  I f  these 

r e s u l t s  a r e  " c a s t  i n  concrete"  and t h e  l i m i t e d  na tu re  o f  t h e i r  o r i g i n s  f o r -  

got ten,  t hey  have dubious value. 

The 50-year dose t o  t h e  c r i t i c a l  organs o f  an i n d i v i d u a l  a t  1000 meters 

f rom the  f a c i l i t y  was est imated f o r  t h e  5  pg annual r e l ease  r a t e  o f  t h e  mix- 

t u r e  o f  p lu ton iun i  and americium. Using t h e  ICRP Pub1 i c a t i o n  2  lung  model 

and CAMS atmospheric d i s p e r s i o n  model, t h e  50 yea r  dose t o  t he  l ung  ( i n s o l u -  

b l e )  and t o  t h e  bone ( s o l u b l e )  f rom i n h a l a t i o n  o f  t h e  m i x t u r e  cont inuous 

re leased  a t  ground l e v e l  i s  0.06 mrem and 4  mrem, r e s p e c t i v e l y .  These 

va lues a r e  about 0.006% and 0.4%, r e s p e c t i v e l y ,  o f  t h e  l i m i t s  proposed i n  

t h i s  r e p o r t  f o r  r o u t i n e  p l a n t  emissions. 

Exposures t h a b  cou ld  r e s u l t  f rom hcu te  i n h a l a t i o n  f o l l o w i n g  acc iden ts  

were est-iniated f o r  an i n d i v i d u a l  a t  1000 meters from t h e  f a c i l i t y .  Using 

t h e  ICRP P u b l i c a t i o n  2  l ung  Model and t h e  USAEC Regulatory  Guide 1.3 f o r  

atmospheric d i s p e r s i o n  (8 hour curve) ,  dose commitment t o  t h e  l ung  ( i n s o l u -  

b l e )  and t h e  50 yea r  dose corr~mi tment t o  t h e  bone ( s o l u b l e )  f rom acu te  i n h a l a -  

t i o n  f o l l o w i n g  a  ground l e v e l  r e1  ease o f  lo-' g  o f  t h e  re fe rence  m i x t u r e  

i s  0.06 rem and 9.4 rem, r e s p e c t i v e l y .  S ince t h e  p r o b a b i l i t y  o f  r e l e a s i n g  

t h i s  amount o f  m a t e r i a l  i s  est imated t o  be lo- '  pe r  year  ( i n s o l u b l e )  and 

l o m 3  per  yea r  ( so lub le ) ,  t h e  r i s k  f o r  t h i s  t ype  o f  acc iden t  i s  about 0.6 mrem 

t o  t h e  l ung  and 9.4 mrem t o  t h e  bone. The t o t a l  r i s k  t h a t  t h e  f a c i l i t y  

imposes on t h e  env i rons  i s  expressed as a  sun~niation o f  t h e  p roduc t  o f  t h e  



consequences and t h e  p r o b a b i l i t y  o f  t h e  r e l e a s e  f o r  each c r e d i b l e  a c c i d e n t  

and normal ope ra t i on .  For t h e  acc i den t s  and normal o p e r a t i o n  d iscussed i n  

t h i s  r e p o r t ,  t h e  annual "dose commitment" r i s k  t o  an i n d i v i d u a l  a t  

1000 meters  f rom t h e  f a c i l i t y  i s  es t imated  t o  be l e s s  than  16 mrem t o  t h e  

bone, 1.5 mrem t o  t h e  lung,  1.7 mrem t o  t h e  t h y r o i d ,  and 0.4 mrem t o  t h e  

whole body. I t  i s  expected t h a t  t h e  remain ing spectrum o f  acc i den t s  w i l l  

n o t  s i g n i f i c a n t l y  i nc rease  these va lues.  The a n a l y s i s  c l e a r l y  i n d i c a t e s  

t h a t  t h e  dose t o  t h e  bone i s  t h e  ma jo r  cons ide ra t i on  i n  e v a l u a t i n g  t h e  

environmental  impact  o f  a  p lu ton ium fue l  s  f a b r i c a t i o n  f a c i  1  i ty. 

L i m i t s  a r e  proposed f o r  p l u ton ium su r f ace  con tamina t ion  and f o r  t h e  

annual dose r a t e  t o  t h e  genera l  p o p u l a t i o n  from t h e  cont inuous r e l e a s e  o f  

p l u ton ium f rom a  f a b r i c a t i o n  p l a n t .  An area was judged t o  be "contaminated" 
2 w i t h  p l u ton ium i f  t h e  a c t i v i t y  exceeded 10  nCi/m . It i s  proposed t h a t  t h e  

50 yea r  dose corr~mitnient t o  t h e  l u n g  and bone o f  t h e  average i n d i v i d u a l  i n  

t h e  p o p u l a t i o n  should  n o t  exceed 0.85 rem and 1  rem, r e s p e c t i v e l y ,  f o r  

r o u t i n e  p l a n t  emissions. 

The main chemical  contaminants f rom t h e  f a c i l i t y  w i l l  be compounds o f  

f l u o r i n e  and n i t r o g e n .  The a n t i c i p a t e d  re l eases  of these  chemicals r e p r e -  

sen t  l i t t l e  concern t o  t h e  env i rons;  t hey  a r e  w e l l  below recommended 

s tandard and thresh01 d  1  i m i  t v a l  ues. 



S i t i n g  guides a r e  needed f o r  a l l  o f  t h e  f a c i l i t i e s  connected w i t h  t h e  

fue l  cyc le .  Wi th  t h e  emphasis t h a t  t h e  Commission and t h e  p u b l i c  a r e  

p l a c i n g  on plutonium, i t  was concluded t h a t  t h i s  s tudy should deal  o n l y  

w i t h  t h e  paranleters germane t o  t h e  s i t i n g  o f  mixed ox ide  f u e l  f a b r i c a t i o n  

p l a n t s .  Extens ion o f  t h i s  s tudy t o  uranium and thor ium f u e l  f a b r i c a t i o n  

p l a n t s  as a second phase would be r e l a t i v e l y  s imple s i nce  ml~ch o f  t h e  e f f o r t  

would over1 ap. The development o f  s i t i n g  i n f o r m a t i o n  f o r  f u e l  reprocess ing 

would a l s o  be a ided  by much o f  t h e  i n f o r m a t i o n  presented i n  t h i s  r e p o r t .  

The e f f e c t s  o f  e f f l u e n t  re leases  r e s u l t i n g  froni i n - p l a n t  acc iden ts  as 

we1 1 as normal ope ra t i on  a r e  considered. Both r a d i o a c t i v e  and nonradio-  

a c t i v e  e f f l u e n t s  a r e  reviewed, bu t  t h e  emphasis has been placed on p l u t o -  

nium because i t  appears t o  be t h e  most l i m i t i n g  cons ide ra t i on  i n  p l a n t  

s i t i n g .  

A wide v a r i e t y  o f  p lu ton ium con ta in i ng  f u e l  types have been proposed. 

These i n c l u d e  ox ides,  carb ides,  n i t r i d e s ,  carboni  t r i d e s ,  bor ides ,  s u l f i d e s ,  

metal  and va r i ous  a l l o y s .  Each o f  these i n v o l v e  d i f f e r e n t  p repa ra t i on  

techniques and d i f f e r e n t  s a f e t y  c h a r a c t e r i s t i c s .  The f u e l  f a b r i c a t i o n  

p l a n t  se lec ted  f o r  t h i s  s tudy  i s  a  p roduc t i on  f a c i l i t y  manufactur ing power 

r e a c t o r  f u e l  10 t o  15 years  i n  t h e  f u t u r e .  It i s  f e l t  t h a t  e x i s t i n g  f u e l  

f a b r i c a t i o n  f a c i l i t i e s  o f  t h e  " j o b  shop" t ype  should be ab le  t o  handle t h e  

r e l a t i v e l y  minimal demand f o r  t h e  exper imenta l  assemblies f o r  power r e a c t o r s  

and t h e  spec ia l  f u e l  f o r  R&D reac to r s .  We a n t i c i p a t e ,  however, t h a t  por-  

t i o n s  o f  t h e  s tudy w i l l  be o f  va lue  i n  s i t i n g  cons ide ra t i ons  f o r  any t ype  

o f  p lu ton ium fuel  f a b r i c a t i o n  p l a n t .  

Fuel management exper ts  p r e d i c t  t h a t  p lu ton ium f u e l s  f o r  LWR's and 

FBR's w i l l ,  f o r  t h e  nex t  decade, be e s s e n t i a l l y  i n  t h e  form o f  mixed 

plutonium-uranium ox ides.  Rout ine use o f  ca rb ide  f u e l s  w i l l  occur a t  sollie 

l a t e r  t ime.  P lu ton ium f u e l  f o r  HTGR's w i l l  be i n  t h e  form o f  Pu02-Tho2 o r  

PuC-ThC. It i s  f e l t  t h a t  p lu ton ium f u e l  requi rements f o r  HTGR's w i l l  be 

minimal f o r  a t  l e a s t  t h e  nex t  decade. Add i t i o r i a l  c r e d i b i l i t y  f o r  these 
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c h a r a c t e r i s t i c s  o f  t h e  r e a c t o r  system t o  which t h e  f u e l  was exposed. As 

t h e  f u e l  exposure inc reases ,  t h e  percentage of t h e  h i g h e r  i s o t o p e s  of p l u -  

t o n i  um inc rease .  Because t h e  r e 1  a t i  ve q u a n t i t y  of 241 Pu inc reases  w i t h  

f u e l  exposure, t h e  s p e c i f i c  a c t i v i t y  and t h e r e f o r e  t h e  r a d i o l o g i c a l  hazard 

o f  a  u n i t  q u a n t i t y  o f  p l u t o n i u m  inc reases  w i t h  f u e l  exposure. 

W i t h i n  t h e  n e x t  10 t o  15 years ,  t h e  b u l k  of t h e  p l u t o n i u m  used f o r  

mixed o x i d e  f u e l  f a b r i c a t i o n  w i l l  be o b t a i n e d  from reprocessed uranium f u e l  

w i t h  sma l l  q u a n t i t i e s  coming f r o m  r e c y c l e d  p lu ton ium.  The r e c y c l e d  amounts 

a r e  sma l l  m a i n l y  because of t h e  r a p i d  growth of t h e  n u c l e a r  i n d u s t r y  p r o -  

j e c t e d  f o r  t h e  n e x t  severa l  decades and t h e  t i m e  l a g  between success ive  

r e c y c l e .  For  t h i s  reason, t h e  average p l u t o n i u m  i s o t o p i c  m i x t u r e  seen a t  

t h e  f a b r i c a t i o n  p l a n t  w i l l  be o n l y  s l i g h t l y  h i g h e r  i n  h e a v i e r  i s o t o p e s  o f  

p l u t o n i u m  than  t h e  p l u t o n i u m  i s o t o p i c  m i x t u r e  from an a1 1  uran ium i r r a d i a t i o n .  

For t h e  dose c a l c u l a t i o n  i n  t h i s  s tudy ,  a  s p e c i f i c  i s o t o p i c  d i s t r i b u -  

t i o n  o f  p l u t o n i u m  was chosen as t h e  " re fe rence  m i x t u r e . "  I t  was o b t a i n e d  

f r o m  a  Yankee f u e l  sample d ischarged  a t  about  35,000 MWdIMT. T h i s  i s  

above t h e  i s o t o p i c  m i x t u r e  f o r  t h e  p l u t o n i u m  p r e s e n t l y  b e i n g  processed and 

thus  i s  a  c o n s e r v a t i v e  e s t i m a t e  o f  t h e  i s o t o p i c  m i x t u r e  which w i l l  be expe- 

r i e n c e d  d u r i n g  f a b r i c a t i o n  i n  t h e  n e x t  decade and beyond. 

Bone and l u n g  dose curves have been i n c l u d e d  ( i n  Appendix B )  f o r  spe- 

c i f i c  u n i t  r e 1  eases o f  p l  u t o n i  um i s o t o p e s  (i .e. , bone dose p e r  gram o f  2 3 8 ~ u  

r e l e a s e d )  i n  a d d i t i o n  t o  t h e  curves f o r  t h e  re fe rence  m i x t u r e  which a r e  i n  

S e c t i o n  V I  ( i  .e., bone dose p e r  gram o f  Pu r e l e a s e d ) .  These i s o t o p i c  curves 

were i n c l u d e d  f o r  those who w ish  t o  determine doses f o r  o t h e r  i s o t o p i c  com- 

p o s i t i o n s  o f  p lu ton ium.  

The i s o t o p i c  compos i t i on  o f  t h e  r e f e r e n c e  m i x t u r e  of p l u t o n i u m  i s  

shown i n  Tab le  2. 

TABLE 2. Reference M i x t u r e  o f  P lu ton ium 

I so tope 

2 3 8 ~ u  



The p lu ton ium w i l l  a1 so c o n t a i n  some 2 4 1 ~ m  ( f r om  t h e  be ta  decay o f  

t h e  13 yea r  h a l f - 1  i f e  241 PU) .  Approx imate ly  5% o f  t h e  2 4 1 ~ u  w i l l  decay 

t o  2 4 ' 1 ~ m  i n  1  year .  One year  was chosen as r e p r e s e n t a t i v e  of t h e  elapsed 

t i m e  between f u e l  process ing and use i n  a  f u e l  f a b r i c a t i o n  p l a n t .  

4. P lu ton ium I n v e n t o r y  

For  a  p l a n t  produc ing 1  MT of LWR fue l  pe r  day, t h e  t o t a l  p l a n t  p l u t o -  

nium i n v e n t o r y  w i l l  be o f  t h e  o rde r  o f  1000 t o  3000 kg. 

5. Design L i m i t a t i o n s  Imposed by C r i t i c a l i t y  Sa fe t y  Cons idera t ions  

One c o n s i d e r a t i o n  t h a t  w i l l  l i m i t  t h e  amount o f  p lu ton ium i n  a  process 

area i s  c r i t i c a l i t y .  C r i t i c a l i t y  s a f e t y  cons ide ra t i ons  w i l l  e i t h e r  l i m i t  

t h e  p lu ton ium t o  a  s a f e  mass under s p e c i f i e d  c o n d i t i o n s  o r  t h e  mass w i l l  be 

e f f e c t i v e l y  u n l i m i t e d  (e.g., i f  a  p lu ton ium s o l u t i o n  i s  con ta ined  i n  a  

c y l i n d e r  whose d iameter  i s  l e s s  than  t h e  min-imum c r i t i c a l  d iameter,  then  

t h e  l e n g t h  o f  t h e  c y l i n d e r  i s  n o t  l i m i t e d  and i t  can c o n t a i n  an i n f i n i t e  

amount o f  m a t e r i a l ) .  Safe masses o f  p lu ton ium and mixed p lu ton ium-uran ium 

a r e  g i ven  i n  Table  3. Because of i t s  hygroscopic  n a t u r e  and t h e  p o s s i b i l i t y  

o f  t h e  a d d i t i o n  o f  b i nde rs  i n  process ing,  t h e  r e d u c t i o n  of t h e  safe masses 

o f  Pu02 i s  shown f o r  water  u n i f o r m l y  d i s t r i b u t e d  i n  t h e  powder and t h e  

pe l  l e t s .  Values f o r  1  wt% and 5  w t% water  a r e  g iven.  

6. Fuel F a b r i c a t i o n  Process 

a. General D e s c r i p t i o n  

(1  ) Fuel P repara t ion .  I t i s  assumed t h a t  t h e  p lu ton ium w i l l  be 

r ece i ved  i n  t h e  form o f  p lu ton ium n i t r a t e  s o l u t i o n s  t h a t  must be conver ted 

t o  Pu02. However, i t  i s  noted t h a t  t h e  p lu ton ium may be rece i ved  i n  t h e  

form o f  Pu02 which would a l l o w  e l i m i n a t i o n  o f  t h e  convers ion  s teps .  

The s tandard techniques f o r  p lu ton ium f u e l  p r e p a r a t i o n  a re :  (1  ) r on -  

v e r s i o n  o f  P u ( N O ~ ) ~  t o  Pu02, f o l l o w e d  by mechanical m i x i ng  w i t h  U02 t o  

o b t a i n  Pu02-U02 powder and ( 2 )  c o - p r e c i p i t a t i o n  o f  U  and Pu f rom t h e  n i t r a t e ,  

fo l l owed by r e d u c t i o n  t o  Pu02-U02 powder. The Sol Gel technique which i s  

a  spec ia l  case o f  p r e c i p i t a t i o n  shows promise b u t  has been demonstrated 
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o n l y  f o r  smal l  b a t c h  f u e l  p r e p a r a t i o n .  It i s  n o t  c e r t a i n  how much d i f f i -  

c u l t y  w i l l  be i n v o l v e d  i n  s c a l i n g  up t h i s  process,  t h e r e f o r e ,  i t  has n o t  

been cons ide red  i n  t h i s  a n a l y s i s .  

( 2 )  Fuel Shape F a b r i c a t i o n .  The f u e l  shape f a b r i c a t i o n  techn ique  

c u r r e n t l y  used a lmost  e x c l u s i v e l y  f o r  power r e a c t o r  f u e l  i s  pe l  1  e t i z a t i o n .  

A l though  v i b r a t o r y  compact ion i s  a  developed f u e l  l o a d i n g  techn ique,  i t  i s  

c u r r e n t l y  r e c e i v i n g  o n l y  l i m i t e d  use. I t  does, however, have advantages 

t h a t  may r e s u l t  i n  more e x t e n s i v e  use i n  t h e  f u t u r e .  (293) 

( 3 )  Scrap Recovery. Whenever p o s s i b l e  o x i d e  scrap w i l l  be r e c y c l  ed 

t h r o u g h  t h e  process w i t h o u t  c h e ~ i i i c a l  process ing.  For scrap and wastes 

where t h i s  i s  n o t  p o s s i b l e ,  a  t y p i c a l  r e c o v e r y  process i s  l each ing ,  o r  

d i s s o l u t i o n ,  f o l l  owed by r e d u c t i o n  and i o n  exchange y i e l d i n g  P u ( N O ~ ) ~ .  

b. Reference Process 

i n  o r d e r  t o  a l l o w  d e t a i l e d  i n v e s t i g a t i o n  i n  t h e  s t u d y  a  s p e c i f i c  p ro -  

cess was chosen f o r  examinat ion.  The process s e l e c t e d  has been c a l l e d  t h e  

" r e f e r e n c e  process.  " I t  i n c l u d e s  convers ion  o f  p l u t o n i u m  n i t r a t e  t o  Pu02, 

f o l l o w e d  by p e l l e t i z i n g  o f  t h e  m e c h a n i c a l l y  mixed Pu02-U02 A  f l o w  diagram 

f o r  t h e  r e f e r e n c e  process i s  g i v e n  i n  F i g u r e  1.  A  t a b u l a r  d e s c r i p t i o n  o f  

t h e  c h a r a c t e r i z e d  p rocess ing  1  i n e  i s  presented i n  Appendix A. The chemical  

form, p h y s i c a l  form, and mass o f  p l u t o n i u m  i n  t h e  v a r i o u s  areas o f  t h e  

p l a n t  have been i n c l u d e d  i n  t h e  d e s c r i p t i o n  s i n c e  t h e y  a r e  i m p o r t a n t  i n  

d e t e r m i n i n g  r e l e a s e  parameters.  

7. A d d i t i o n a l  Cons ide ra t ions  

V a r i a t i o n s  i n  P o t e n t i a l  Release I n v e n t o r y  

For  i n - p l a n t  a c c i d e n t s  (e.g. ,  f i r e ,  e x p l o s i o n )  t h e  p o t e n t i a l  r e l e a s e  

i n v e n t o r y  i s  dependent on t h e  i n v e n t o r y  i n  t h e  component (e.g. ,  fu rnace ,  

g lovebox, process a rea)  i n  which t h e  a c c i d e n t  occurs .  There a r e  severa l  

a d d i t i o n a l  c o n s i d e r a t i o n s  g i v e n  i n  t h e  f o l l o w i n g  s e c t i o n s  t h a t  c o u l d  r e s u l t  

i n  an in -p rocess  i n v e n t o r y  s i z e  and d i s t r i b u t i o n  d i f f e r e n t  f rom t h a t  assumed 

i n  t h e  r e f e r e n c e  p l a n t .  As an exarr~ple o f  t h e  p o t e n t i a l  e f f e c t  o f  these 

c o n s i d e r a t i o n s ,  a  conceptua l  s t u d y  by Merker e t  a1 . ( 4 )  o f  a  1  MT/day. 
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Pu02-U02 f u e l  f a b r i c a t i o n  p i a n t  d e s c r i b e s  a  l i n e  t h a t  operates w i t h  l e s s  

t h a n  2 kg o f  p lu ton iu ln  a t  each p rocess ing  s t a t i o n .  The l o w  s t a t i o n  inven-  

t o r y  i s  ach ieved by use of m u l t i p l e ,  i d e n t i c a l  s t a t i o n s  and semi-cont inuous 

i n f l  o w - o u t f l  ow o f  ~ i i a t e r i a l  on conveyors.  

C o n s i d e r a t i o n s  which c o u l d  a f f e c t  t h e  in -p rocess  i n v e n t o r y  i n c l u d e :  

(1  ) Chron ic  R a d i a t i o n  Exposure o f  Opera t ing  Personnel .  The r e 1  a t i v e l y  

h i g h  neu t ron  and gamma r a d i a t i o n  l e v e l s  f rom h i g h  exposure p lu ton ium c o u l d  

i n f l u e n c e  process changes i n  o r d e r  t o  reduce t h e  c h r o n i c  r a d i a t i o n  exposure 

o f  o p e r a t i n g  personnel  . ( 5 )  These changes c o u l d  t a k e  s e v e r a l  forms. One 

would be s h i e l d i n g  o f  t h e  gloveboxes and r e d u c t i o n  o f  t h e  q u a n t i t y  o f  p l u -  

ton ium a t  t h e  s t a t i o n .  T h i s  would r e q u i r e  an i n c r e a s e  i n  t h e  number o f  

s t a t i o n s  and/or a  con t inuous  i n f l o w - o u t f l o w  o f  m a t e r i a l  a t  t h e  s t a t i o n  i n  

o r d e r  t o  p r e v e n t  t h e  accumulat ion o f  l a r g e  q u a n t i t i e s  o f  p lu ton ium.  I f  

t h e s e  s t a t i o n s  a r e  i s o l a t e d  f rom one ano ther  by some b a r r i e r  t h e  p o t e n t i a l  

r e l e a s e  i n v e n t o r y  f o r  g lovebox s c a l e  a c c i d e n t s  c o u l d  be reduced. 

Another  p o s s i b i l i t y  would be t o  use t h e  above s t r a t e g y  f o r  some opera- 

t i o n s ,  b u t  t o  ( h e a v i l y )  s h i e l d  o t h e r s  such t h a t  t h e  c r i t i c a l i t y  cons ide ra -  

t i o n s  r a t h e r  t h a n  personnel  exposure l i m i t  t h e  q u a n t i t y  o f  p l u t o n i u m  used 

i n  those  s e l e c t  o p e r a t i o n s .  

A t h i r d  p o s s i b i l i t y  would be t o  employ t o t a l l y  remote, h e a v i l y  s h i e l d e d  

f a b r i c a t i o n  o p e r a t i o n s .  I f  t h i s  method i s  used, personnel  exposure c o n s i d -  

e r a t i o n s  w i  11 have 1  i ttl e  e f f e c t  on process des ign.  

(2 )  Equipment L i m i t a t i o n s  (Capac i t y  and Re1 i a b i l  i t y ) .  Equipment 

c a p a c i t y  l i m i t a t i o n s  c o u l d  l i m i t  t h e  q u a n t i t y  o f  f e e l  processed i n  a  p a r -  

t i c u l a r  enc losure  (e.g., i f  -:;he l a r g e s t  s i n t e r i n g  f u r n a c e  a v a i l a b l e  has a  

c a p a c i t y  o f  116 t o n  o f  "uel pe r  day, t h e n  s i x  fu rnaces  would be r e q u i r e d ) .  

T h i s  would reduce t h e  amount o f  m a t e r i a l  which i s  a v a i l a b l e  f o r  r e l e a s e  i n  

a  f u r n a c e  a c c i d e n t  by  a  f a c t o r  o f  s i x  over  what i t  would be w i t h  a  1  

ton/day furnace.  

Equipment r e 1  i a b i l  i t y  c o n s i d e r a t i o n s  a f f e c t  t h e  q u a n t i t y  o f  p l u t o n i u m  

a v a i l a b l e  f o r  r e l e a s e  i n  an a c c i d e n t .  A  f a b r i c a t o r  may w ish  t o  p r o t e c t  h i s  

p l a n t  f rom complete  p r o d u c t i o n  stoppage i n  t h e  event  o f  equipment f a i l u r e  



6. FACILITY 

There a r e  severa l  f a c i l i t y  des ign and ope ra t i ona l  f ea tu res  i n c l u d i n g  

t h e  process con f  i nement system, c o n t r o l  o f  process i n v e n t o r y  , and b u i  1  d i n g  

i n t e g r i t y  t h a t  i n f l u e n c e  o r  l i m i t  t h e  p o t e n t i a l  f o r  r e l e a s e  o f  p lu ton ium 

f rom a  f u e l  f a b r i c a t i o n  p l a n t .  The process conf inement system, which f o r  

t h e  purpose o f  t h i s  s tudy s h a l l  be des ignated t h e  p r imary  b a r r i e r ,  i s  con- 

s idered  t o  i n c l u d e  tanks and p i p i n g  i n  t h e  wet process areas, t h e  gloveboxes 

and assoc ia ted  exhaust systems i n  t h e  powder s teps o f  t h e  process, and t h e  

c l add ing  a f t e r  encapsu la t ion  o f  t h e  s i n t e r e d  f u e l  p e l l e t s .  Any p lu ton ium 

f a c i l i t y  r e q u i r e s  an e f f e c t i v e  and r e l i a b l e  p r imary  conf inement system i f  

o n l y  f o r  t h e  p r o t e c t i o n  o f  ope ra t i ng  personnel.  Obvious ly  t h i s  r e q u i r e d  

system p l a y s  an impo r tan t  r o l e  i n  m in im iz i ng  re l ease  o f  m a t e r i a l  t o  t h e  

environment.  

A second f a c i l i t y  des ign fea tu re  which has s i g n i f i c a n t  bear ing  on t h e  

p o t e n t i a l  r e l ease  o f  m a t e r i a l  i s  t h e  i n t e g r i t y  o f  t h e  b u i l d i n g  s t r u c t u r e  

and t h e  assoc ia ted  b u i l d i n g  exhaust system. For t h i s  s tudy t h i s  f e a t u r e  

i s  des ignated as t h e  f i n a l  b a r r i e r .  

M in im iz i ng  t h e  f u e l  i n v e n t o r y  which i s  a t  r i s k  i s  another  des ign  

f ea tu re .  It inc ludes  decoupl ing va r i ous  s teps i n  t h e  process r e l a t i v e  t o  

a  g i ven  acc iden t  mechanism e i t h e r  by means o f  i s o l a t i o n  by d i s tance  o r  

b a r r i e r s  o r  by employing p a r a l l e l  p roduc t i on  l i n e s  t o  m in im ize  t h e  normal 

process i nven to ry .  I n  some f a c i l i t i e s ,  s i m i l a r  processes a r e  con f i ned  

w i t h i n  separate rooms o r  areas which p rov ide  an a d d i t i o n a l  f a c t o r  i n  con- 

t r o l l i n g  t h e  r e l e a s e  of r a d i o a c t i v e  m a t e r i a l .  T h i s  f e a t u r e  i s  r e f e r r e d  t o  

as a  secondary b a r r i e r .  

E l a b o r a t i o n  o f  some o f  t h e  p r imary  and f i n a l  des ign f e a t u r e  f o l l o w .  

1. The Pr imary B a r r i e r  

For purposes o f  t h i s  study, i t  i s  assumed t h a t  t h e  tankage and p i p i n g  

systems have s u f f i c i e n t  i n t e g r i t y  t o  assure t h a t  t h e  system i s  capable o f  

w i t hs tand ing  moderate s t r e s s  above normal requi rements w i t h o u t  r u p t u r e .  

Fu r the r ,  a l l  p o i n t s  of p o t e n t i a l  leakage (e.g., f langes and va l ves ) ,  a r e  

conta- i  ned w i t h i n  enc losures t o  p reven t  spread o f  con tamina t ion  t o  t h e  room 



i n  t h e  event o f  m inor  l eaks  t h a t  may be expected t o  occur  p e r i o d i c a l l y .  

Whi le t h e  con ten t s  o f  t h e  system may rep resen t  a  l a r g e  i n v e n t o r y  f o r  d i s -  

pe r sa l  i n  a  severe acc i den t  i n v o l v i n g  c a t a s t r o p h i c  f a i l u r e  o f  t h e  vesse ls  

o r  p i p i n g ,  i t s  c o n t r i b u t i o n  t o  t h e  normal ope ra t i ons  source term i s  expected 

t o  be ve ry  smal l .  

A l l  powder ope ra t i ons  a r e  assumed t o  be c a r r i e d  o u t  i n  d i s c r e t e  g love-  

boxes o r  glovebox systems t h a t  have s u f f i c i e n t  s t r e n g t h  t o  w i t hs tand  opera- 

t i o n a l  p ressure  w i t h o u t  s t r u c t u r a l  f a i l u r e .  The g loves rep resen t  t h e  

p r i n c i p a l  weakness i n  t h e  p r ima ry  conf inement b a r r i e r  s i n c e  t hey  a r e  s u b j e c t  

t o  a t t a c k  by chemical agents used i n  t h e  glovebox, t o  phys i ca l  damage f rom 

abras ion  o r  c u t t i n g  o r  puncture,  and s i nce  t hey  w i l l  l i k e l y  f a i l  i n  case o f  

an exp los i on  o r  p r e s s u r i z a t i o n  w i t h i n  t h e  glovebox. Hood g loves w i l l  

p e r i o d i c a l l y  f a i l ,  however, o n l y  t r a c e  con tan i ina t ion  w i l l  no rma l l y  be 

observed o u t s i d e  t h e  hood. I n  t h e  event o f  a  f i r e  o r  exp los i on  w i t h i n  t h e  

g l  ovebox system, s u b s t a n t i a l  q u a n t i t i e s  o f  p lu ton ium cou ld  be re1  eased from 

t h i s  b a r r i e r .  

The powder ope ra t i ons  no rma l l y  a r e  c a r r i e d  o u t  i n  a i r  w i t h i n  a  g l ove -  

box t h a t  has e i t h e r  a  s i n g l e  pass o r  r e c i r c u l a t i n g  a i r  system. Because o f  

t h e  p o s s i b i l i t y  o f  p ropaga t ing  fumes throughout  t h e  system, i t  i s  assumed 

t h a t  a i r  i n  a  glovebox i s  r ece i ved  th rough  an HEPA f i l t e r  and exhausted 

th rough  another  HEPA f i l t e r  t o  an exhaust system. The HEPA f i l t e r s  a t  each 

glovebox exhaust a re  h i g h l y  d e s i r a b l e  i n  t h a t  they min imize t h e  accumulat ion 

o f  p lu ton ium i n  t h e  exhaust duc t  system. 

Once f i l t e r e d  glovebox a i r  may be r o u t e d  th rough  a d d i t i o n a l  f i l t e r s  

p r i o r  t o  r e l e a s e  from t h e  b u i l d i n g ,  o r  may be combined w i t h  t h e  genera l  

room exhaust stream p r i o r  t o  r e l e a s e  th rough  t h e  f i n a l  b u i l d i n g  f i l t e r s .  

Glovebox exhaust a i r  t y p i c a l l y  i s  f i l t e r e d  th rough  two o r  t h r e e  HEPA f i l t e r s  

be fo re  r e l e a s e  t o  t h e  atmosphere. The i n t e g r i t y  o f  t h e  glovebox system(s) 

and assoc ia ted  exhaust f i 1 t e r  system(s) throughout  t h e  powder process ing 

stages i s  c l e a r l y  a  ma jo r  c o n s i d e r a t i o n  i n  l i m i t i n g  t h e  re l ease  f rom normal 

ope ra t i on .  



2. The F i n a l  B a r r i e r  

The f i n a l  b a r r i e r  i s  assumed t o  be a  s t r u c t u r e  o f  s u f f i c i e n t  s t r e n g t h  

t o  w i t h s t a n d  severe s t r e s s  (such as earthquake, tornado, i n t e n s e  f i r e  o r  

process exp los i on ) .  I t  i s  f u r t h e r  assumed t h a t  a l l  b u i l d i n g  exhaust a i r  i s  

re leased  t o  t h e  env i rons  th rough  a  b u i l d i n g  f i n a l  f i l t e r  system capable  o f  

w i t hs tand ing  t h e  same severe s t r esses  as t h e  b u i l d i n g .  

The number o f  HEPA f i l t e r s  i n  s e r i e s  r e q u i r e d  i n  t h e  b u i l d i n g  f i n a l  

f i l t e r  system i s  n o t  g e n e r a l l y  agreed upon; some f a c i l i t i e s  opera te  w i t h  

one stage, some w i t h  two, and i n  one case f i v e  stages were deemed neces- 

sary .  ( 6 )  T h i s  apparent  disagreement stems l a r g e l y  f r om  t h e  f a c t  t h a t  w h i l e  

t h e  c a p a b i l i t y  o f  a  s i n g l e  s tage i s  w e l l  known, t h e  b e n e f i t  t o  be d e r i v e d  

' f r o m  a d d i t i o n a l  stages o f  f i l t r a t i o n  has n o t  been w e l l  es tab l i shed .  One 

extreme p o s i t i o n  would be t h a t  i f  one HEPA f i  1  t e r  i s  demonstrated t o  be 

99.95% e f f e c t i v e  by c o l d  DCIP t e s t ( 7 )  and t h e r e f o r e  has a  t r ansm iss i on  f a c -  

t o r  o f  5  x  lom4,  t hen  two HEPA f i l t e r s  i n  s e r i e s  wi 11 have a  t r ansm iss i on  
4  7  f a c t o r  o f  ( 5  x  10- ) x  ( 5  x  = 2.5 x  10- . The a l t e r n a t e  extreme v iew 

would be t h a t  t h e  p a r t i c u l a t e s  t h a t  can pass th rough  t h e  f i r s t  f i l t e r  have 

demonstrated t h e i r  c a p a b i l i t y  f o r  pass ing through a  HEPA f i l t e r  and t he re -  

f o r e  w i l l  con t i nue  t o  do so, thus  a  two f i  1  t e r  corr~bined t r a n s ~ i i i s s i o n  f a c t o r  

i s  5  x  The t r u t h  p robab ly  l i e s  somewhere between. Based on AEC HEPA 

f i l t e r  gu ide  l i n e s  as re fe renced  i n  P r e l i m i n a r y  Sa fe t y  Ana l ys i s  Report  f o r  

t h e  P lu ton ium Recovery and Waste Treatment F a c i l i t y  a t  t h e  Rocky F l a t s ,  ( 8 )  

t he  f i r s t  s tage  i s  assumed t o  be 99.9% e f f e c t i v e  and a l l  success ive s tages 

99.8% e f f e c t i v e .  Thus t h e  combined t ransmiss ion  f a c t o r  f o r  two stages 

would be (1  x  x  ( 2  x  = 2  x  l om6 .  

I n  t he  p r a c t i c a l  case, t h e  second s tage  a t  l e a s t  f i l t e r s  t h a t  p o r t i o n  

o f  t h e  exhaust  s t ream t h a t  bypassed t h e  f i r s t  f i l t e r  because o f  sea l  l eaks  

t h a t  may p e r i o d i c a l l y  develop o r  d u r i n g  changing o f  t h e  f i r s t  f i l t e r .  Two 

s tages o f  b u i  1  d i n g  exhaust stream f i 1 t r a t i o n  a re  f r e q u e n t l y  p rov i ded  f o r  

t h i s  reason alone. 

One eng ineer ing  s tudy  o f  b u i l d i n g  f i l t e r  c a p a b i l i t i e s  determined, on 

t h e  bas i s  o f  ac tua l  measurements made on f o u r  stages o f  HEPA f i l t e r s ,  t h a t  



-7 ( 9 )  f o u r  stages a r e  r e q u i r e d  t o  ach ieve a t ransmiss ion  f a c t o r  o f  1  x  10 . 
Based l a r g e l y  on t h i s  eng ineer ing  study, i t  w i l l  be assumed t h a t ,  i n  p r a c t i c e ,  

t h e  f o l l o w i n g  b e n e f i t  may be expected t o  be achieved by m u l t i p l e  f i l t e r  banks. 

Removal Transmission Fac to rs  
E f f i c i e n c y  S p e c i f i c  Aggregate 

F i r s t  Stage 99.9% 1 1 

Second Stage 99% 1 x  1  

T h i r d  Stage 94% 6 x  1  o - ~  6 x  

Four th  Stage 83% 1.7 10- I  1  - 0  

For purposes o f  t h i s  study, t h e  m a t e r i a l  p resen t  i n  t h e  i n t a c t  g love-  

boxes o r  w i t h i n  vented p i p i n g  systems w i l l  be assumed t o  be separated f rom 

t h e  p l a n t  env i rons  by t h r e e  stages o f  HEPA f i l t e r s ,  and m a t e r i a l  elsewhere 

w i t h i n  t h e  b u i l d i n g ,  by two stages o f  HEPA f i l t e r s  as f o l l o w s :  

The glovebox a i r  f i l t r a t i o n  system: 

Ove ra l l  E f f i c i e n c y  ( 3  HEPA) 99.99994% 

Aggregate Transmission Factor*  6  x  

The room a i r  f i l t r a t i o n  system: 

Ove ra l l  E f f i c i e n c y  ( 2  HEPA) 99.999% 

Aggregate Transmission Factor*  1  

*Aggregate Transmission Fac to r  i s  t he  r a t i o  o f  t h e  
grams o f  m a t e r i a l  t r a n s m i t t e d  t o  t h e  grams imping ing 
on t h e  f i r s t  stage. 

A c h a r a c t e r i s t i c  o f  f i l t e r  media which makes t h e  f ~ r e g o i n g  t ransmis-  

s i o n  f a c t o r s  f u r t h e r  conse rva t i ve  (h i ghe r  than  ac tua l  ) i s  t h e  improved 

e f f i c i e n c y  w i t h  l oad ing .  A l though l i t t l e ,  if any, da ta  a r e  a v a i l a b l e  on 

t h e  increased e f f i c i e n c y  due t o  d u s t  load ing ,  one observa t ion  showed t h a t  

approx imate ly  250 g of d u s t  w i t h  an aerodynamic equ i va len t  d iameter  (AED) 

o f  2.6 pni r e s u l t e d  i n  a  3  i n c h  pressure d rop  f o r  a  12 i n c h  by  12 i n c h  by 

6 i n c h  deep f i l t e r .  ('O) A1 though a pressure d rop  of 3  inches i s  n o t  exces- 



s i v e  i n  some i n s t a l l a t i o n s ,  i t  i s  regarded as a  nominal pressure drop which 

when exceeded would c a l l  f o r  a  f i l t e r  change. It i s  l i k e l y  t h a t  the  e f f i -  

c iency i s  s i g n i f i c a n t l y  h igher  a t  t h i s  p o i n t  i n  the  l i f e  o f  the  f i l t e r  than 

f o r  t he  newly i n s t a l l e d  f i l t e r .  I n  an i n s t a l l a t i o n  r e q u i r i n g  100 HEPA f i l -  

t e r s  (100,000 cfm) each o f  which were loaded w i t h  p lutonium t o  reach a  

pressure drop o f  3  inches o f  water, t he  t o t a l  load ing  would be o f  t he  order  

o f  200 kg o f  Pu i n  t he  f i l t e r  bank, a  r a t h e r  r i d i c u l o u s l y  l a r g e  amount. 

Even w i t h  t h i s  u n r e a l i s t i c  assumption, t he  amount o f  p lutonium which would 

have penetrated t h e  f i l t e r  up t o  t h a t  p o i n t  would have been no more than 

about 2  g  (2000 x  1  x  x  100 f i  1  t e r s ) .  This  would i n d i c a t e  t h a t  there  

i s  a  r e a l i s t i c  upper boundary t o  the  amount o f  f u e l  ma te r i a l  t h a t  can pass 

a  HEPA f i 1  t e r .  

While t h e  above example cannot be t o t a l l y  supported, based on exper i -  

ence i t  appears t o  j u s t i f y  an assumption t h a t  about 1  t o  5  g  i s  t h e  maximum 

re lease which can be postu lated from the  most severe i n - p l a n t  acc ident  t h a t  

does not  compromise e i t h e r  t he  b u i l d i n g  o r  t he  two stages of HEPA f i l t r a t i o n .  

Evidence t h a t  such a  s e l f - r e g u l a t i n g  mechanism i s  a t  work i s  obta ined 

from examination o f  t h e  re1 eases measured from a  wide v a r i e t y  o f  p lutonium 

hand1 i n g  f a c i l  i t i e s ,  c h a r a c t e r i s t i c a l l y  equipped w i t h  two o r  t h ree  stages 

o f  HEPA f i l t e r s  between the  gloveboxes and t h e  environs. Reported re leases 

a t  AEC i n s t a l l a t i o n s  f o r  1971 ( I 1  ) ( w i t h  one notab le  except ion which i s  n o t  

a  mixed ox ide  p l a n t )  a re  i n  t he  range o f  1 t o  75 pCi/year.  

Assuming a  nominal f l o w  r a t e  o f  10' cfm, t h e  75 pCi value i s  equiva- 

l e n t  t o  an average re lease concent ra t ion  o f  5 x  pci/cm3. The r e p o r t -  
3  i n g  o f  " l e s s  than" re lease values o f  1  x  10- I  pCi/cm because o f  

i n s u f f i c i e n t  a n a l y t i c a l  s e n s i t i v i t y  i s  o f t e n  misleading i n  analyz ing p l a n t  

emissions. S i m i l a r  "1 ess than" emission r a t e s  are  repor ted  f o r  t h e  commer- 

c i a l  mixed ox ide f u e l  f a b r i c a t i o n  p lan ts .  Therefore, i t  can be i n f e r r e d ,  

w i t h i n  t h e  present plutoniuni a n a l y t i c a l  c a p a b i l i t i e s  o f  t h e  indus t ry ,  t h a t  

t h e  apparent concentrat ions and annual re lease r a t e s  a re  s i m i l a r  f o r  a  l a r g e  

number o f  plutonium i n s t a l  l a t i o n s  i n v o l v i n g  a  wide v a r i e t y  o f  chemical and 

physical  processes and s i g n i f i c a n t  d i f f e rences  i n  throughput.  



3. F a c i l i t y  Model 

It i s  assumed t h a t  prudent design cons idera t ions  as we l l  as r e g u l a t o r y  

requirements w i l l  r e s u l t  i n  the  design of a  f a c i l i t y  such t h a t  the  s t r u c t u r ?  

and the  f i n a l  f i l t e r  system w i l l  ma in ta in  t h e i r  i n t e g r i t y  aga ins t  t he  a c t i o n  

o f  f i r e s  and na tu ra l  phenomenon (earthquakes, tornadoes, f l oods  , e t c  .) . For 

t he  plrrpose o f  t h i s  study i t  i s  assumed t h a t  t he  f a c i l i t y  design c r i t e r i a  

w i l l  be comparable t o  c r i t e r i a  used i n  t he  design o f  reac to rs  and f o r  ce r -  

t a i n  new AEC p l  u t o n i  urn f a c i  1  i t i e s .  (12) I n  c h a r a c t e r i z i n g  the  reference 

f a c i l i t y ,  t he  design features which cou ld  have s i g n i f i c a n t  e f f e c t  on t h e  

normal opera t ion  and/or acc ident  source terms were examined. The f o l l  owing 

assumptions were made about these fea tures  f o r  t he  p l a n t  "model." 

a. Earthauake 

The f a c i l i t y  w i l l  be designed such t h a t  those elements t h a t  a re  

requ i red  f o r  safe shutdown o f  t ? e  f a c i l  i t y  w i l l  remain opera t iona l  d u r i ? ~  

the  maximum poss ib le  a c c z l e r a t i o n  t h a t  cou ld  occur a t  the  s i t e .  Addi- 

t i o n a l l y ,  t he  f a c i l i t y  i s  designed such t h a t  those elements t h a t  a re  

requ i red  t o  remain func t i ona l  f o r  cont inued sa fe  opera t ion  remain func t i ona l  

du r i ng  the  maximum probable acce le ra t i on  t h a t  cou ld  occur a t  the s i t e .  

b. Tornado 

Sect ions o f  t h e  f a c i l i t y  as de f ined  i n  t h e  Minimum Design C r i t e r i a  

f o r  New P l  u ton i  um Faci 1  i t i e s  w i l l  be hardened t o  wi thstand t h e  e f f e c t s  

o f  t h e  AEC Regulatory Model Tornado. (1 3) 

c. Flood 

The f a c i l i t y  e i t h e r  i s  l oca ted  such t h a t  water f rom the  Probable 

Maximum Flood (PMF) would no t  reach the  f a c i l i t y ,  o r  t he  f a c i l i t y  i s  

a f f o rded  the  necessary p r o t e c t i o n  i n  t he  form o f  d ikes,  d i v e r s i o n  channels, 

e tc . ,  t o  remain unaf fec ted  by the  water f rom t h e  f l ood .  (14) 

d. F i r e  P ro tec t i on  

The f a c i l i t y  design inc ludes  the  necessary alarms and/or e  uipment t o  

prevent, suppress, o r  con ta in  a  f i r e .  I n  a t  l e a s t  one f a c i l i t J 1 5 )  t h e  

f i l t e r s  are requ i red  t o  w i ths tand 180°F cont inuous ly  and 700°F f o r  5  minutes. 



Several t e s t s  have been conducted on the  ef fects  o f  e levated temperatures 

on h i g h  e f f i c i e n c y  f i l t e r s .  ( 15y16y17y18 )  These t e s t s  i n d i c a t e  t h a t  f i l t e r s  

made accord ing t o  AEC minimum s p e c i f i c a t i o n s  w i  11 w i ths tand temperatures o f  

700°F f o r  5 minutes. I n  the  same f a c i l i t y  t he  glovebox system f i n a l  exhaust 

f i l t e r  bank i s  t o  be pro tec ted  by a minimum of a scrubber which ac t s  as a 

l a r g e  heat s ink ,  a c o o l i n g  chamber which coo ls  by deluge spray and a demister  

toge ther  w i t h  t he  necessary heat de tec to rs  and alarms. The room a i r  system 

f i n a l  exhaust f i l t e r  bank w i l l  be p ro tec ted  by a minimum o f  a spark a r r e s t e r ,  

a c o o l i n g  chamber and a demister  toge ther  w i t h  the  necessary heat de tec to rs  

and alarms. 

The design o f  the  process and the process equipment a re  extremely impor- 

t a n t  i n  d e f i n i n g  the  p r o t e c t i o n  necessary t o  assure the  i n t e g r i t y  o f  t he  

b u i l d i n g  and t h e  f i n a l  f i l t e r .  

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

The f a c i l i t y  i s  designed t o  remain subcr i  t i c a l  under a l l  ope ra t i ng  

circumstances. This  i s  assured by e i t h e r  mass c o n t r o l  o f  t he  f i s s i l e  

ma te r i a l  (double batch p r i n c i p l e )  o r  by engineered s a f e t y  fea tures .  Safe 

geometry, backf low p r o t e c t i o n ,  poisoned systems, etc . ,  a re  inc luded i n  t h e  

design whenever f e a s i b l e  t o  assure s a f e t y  w i t h  a minimum o f  a d m i n i s t r a t i v e  

c o n t r o l s .  Rapid p r e s s u r i z a t i o n  o f  a hood o r  enclosure as a r e s u l t  o f  a 

c r i t i c a l i t y  acc ident  cou ld  be s u f f i c i e n t  t o  breach the  pr imary b a r r i e r .  It 

i s  n o t  c r e d i b l e  t h a t  t h i s  f o r c e  would comproniise the  f i n a l  b a r r i e r ,  t h e  

b u i l d i n g  s t r u c t u r e  o r  t he  f i n a l  f i l t e r  system. 

The generat ion o f  a f i r e  as a r e s u l t  o f  t he  energy re leased d u r i n g  a 

c r i t i c a l  i t y  event i n  t he  reference f a c i l  i t y  i s  n o t  considered c r e d i b l e .  

C r i t i c a l i t y  acc idents a re  most l i k e l y  t o  be i n i t i a t e d  i n  so lu t i ons .  A l l  

o f  t he  c r i t i c a l i t y  acc idents t h a t  have occurred i n  p lutonium recovery sys- 

tems have i nvol  ved s o l u t i o n  . 
f. L i q u i d  Waste 

Th i s  f a c i l i t y  i s  assumed t o  have th ree  separate l i q u i d  waste systems 

considered i n  f a c i  1 i t y  design. These i nc l  ude systems f o r  contami nated wastes, 

c l  ean process wastes, and s a n i t a r y  wastes. Po ten t i a l  l y  contaminated wastes 



norma l l y  a r e  c o l l e c t e d  a t  t he  p o i n t  where they  a r e  generated o r  i n  a 

hold-up tank.  It i s  assumed t h a t  t h e r e  i s  no cont inuous l i q u i d  e f f l u e n t  

f l o w  f rom areas o f  the p l a n t  where t h e r e  i s  p o t e n t i a l  f o r  l i q u i d  e f f l u e n t s  

becoming contaminated w i t h  p lu ton ium.  Thus, w i t h  t h i s  t ype  of pass ive system, 

acc iden ta l  o r  r o u t i n e  re l ease  o f  p lu ton ium i s  ext remely  low. 

The s a n i t a r y  sewer system i s  mainta ined separate f rom the  process 

system w i t h  automat ic  sampl ing prov ided f o r  the  process system. Thus, 

t h i s  system should n o t  c o n t r i b u t e  t o  environmental  contaminat ion.  

Areas where water  f rom f i r e  f i g h t i n g  c o u l d  become contaminated a r e  

assumed t o  be equipped so t h a t  t h e  p o t e n t i a l l y  contaminated water i s  pre-  

vented f rom reach ing  t h e  env i rons .  



TABLE 4. Sample Data  Sheet f o r  Maximum Sector  D e r i v a t i o n  

CONNECTICUT YANKEE 

100 FT WIND DATA ANNUAL (314163-3/6/64) 

STABLE 
DELTA T LESS THAN t1.5 BUT GREATFR THAN OR EQUAL TO -0.5 DEG C/100 M 

WIND WIND SPEED (MPH) 
FROM 1-3 4-7 8-12 13-18 19-24 25-31 32-38 39+ ALL 

NNE 8 3 0 0 0 0 0 0 11 
( 1 )  3.3 1.2 0.0 0.0 0.0 0.0 0.0 0.0 4.5 
( 2 )  0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.2 

ENE 19 20 0 0 0 0 0 0 39 
( 1 )  7.0 7.4 0.0 0.0 0.0 0.0 0.0 0.0 14.4 
( 2 )  0.3 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.7 

E 33 45 5 0 0 0 0 0 83 
(1 )  10.5 14.3 1.6 0.0 0.0 0.0 0.0 0.0 26.4 
( 2 )  0.6 0.8 0.1 0.0 0.0 0.0 0.0 0.0 1.5 

ESE 47 70 13 0 0 
( 1 )  13.0 19.4 3.6 0.0 0.0 
( 2 )  0.9 1.3 0.2 0.0 0.0 

SSE 7 21 9 2 3 
( 1 )  2.5 7.6 3.3 0.7 1.1 
(2)  0.1 0.4 0.2 0.0 0.1 

S 6 18 18 10 2 
( 1 )  2.1 6.3 6.3 3.5 0.7 
( 2 )  0.1 0.3 0.3 0.2 0.0 

SSW 4 12 5 2 1 
(11 1.6 4.7 2.0 0.8 0.4 

SW 8 16 11 2 0 0 0 0 37 
( 1 )  3.0 6.0 4.1 0.7 0.0 0.0 0.0 0.0 13.8 
( 2 )  0.1 0.3 0.2 0.0 0.0 0.0 0.0 0.0 0.7 

WSW 5 8 9 5 2 0 0 0 29 
( 1 )  1.9 3.1 3.5 1.9 0.8 0.0 0.0 0.0 11.2 
( 2 )  0.1 0.1 0.2 0.1 0.0 0.0 0.0 0.0 0.5 

W 9 7 22 26 12 2 0 0 78 
( 1 )  2.9 2.3 7.1 8.4 3.9 0.6 0.0 0.0 25.2 
( 2 )  0.2 0.1 0.4 0.5 0.2 0.0 0.0 0.0 1.4 

WNW 1 0 0 256 
( 1  9 2 @ 0.2 0.0 0.0 52.6 
( 2 )  0.8 1.1 0.0 0.0 0.0 4.7 

3 0 2 0 0 0 271 
(1 16.3 19.5 11.8 6.0 0.4 0.0 0.0 0.0 54.0 

1:; 0.5 0.0 0.0 0.0 0.0 4.9 ( 2 )  1 .  
NNW 26 18 0 0 0 0 0 0 44 

(1 )  9.5 6.5 0.0 0.0 0.0 0.0 0.0 0.0 16.0 
( 2 )  0.5 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.8 

N 16 6 0 0 0 0 0 0 22 
( 1 )  6.3 2.4 0.0 0.0 0.0 0.0 0.0 0.0 8.7 
(2 )  0.3 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.4 

VRBL 14 2 0 0 0 0 0 0 16 

[ l j  5:7 
0.8 0.0 0.0 0.0 0.0 0.0 0.0 6.5 

2 0 3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3 

ALL 360 447 240 131 41 5 0 0 1224 
(1 )  24.7 30.7 16.5 9.0 2.8 0.3 0.0 0.0 84.1 
( 2 )  6.5 8.1 4.4 2.4 0.7 0.1 0.0 0.0 22.3 

(1 )  = PERCENT FOR THIS STABILITY AND WIND DIRECTION 
( 2 )  = PERCENT OF ALL GOOD OBS 

8568 TOTAL PSBL HRS 1455 HRS THIS PAGE (26.4 PCT) 
231 HRS o f  CALM (4.2 PCT) 3047 HRS OF MSG WINDS/DELTA T 



sec to r .  The mean meteoro log ica l  c o n d i t i o n  f o r  a l l  of t h e  sec to rs  around a  

f a c i l i t y  i s  represented by t he  mean sec to r  va lue.  Normalized average a i r  

concen t ra t ions  were then c a l c u l a t e d  as a  f u n c t i o n  o f  d is tance .  The aver-  

ages o f  these mean curves f o r  a l l  s i t e s  a r e  r e f e r r e d  t o  as t he  nlean sec to r  

curves. F igures 2  and 3 c o n t a i n  the  CAMS and mean sec to r  curves o f  aQO 
as a  f u n c t i o n  o f  d i s t ance  f o r  a l l  s i t e s  f o r  t h e  ground l e v e l  and 100 meter 

re leases,  r e s p e c t i v e l y  . 
The CAMS curves were developed t o  be used as i n i t i a l  est imates o f  t he  

annual average y/QO values t h a t  m igh t  occur  a t  any s i t e .  Comparisons w i t h  

independent ly  c a l c u l a t e d  $ Q O  values (24)  has shown t h a t  t he  CAMS curves may 

be used as r e a l i s t i c  b u t  conserva t i ve  est imates o f  y/QO i n  the  absence o f  

a c t u a l  s i t e  c l i m a t o l o g i c a l  data.  

It i s  necessary t o  cons ider  t he  a p p l i c a b i l i t y  o f  meteoro log ica l  da ta  

de r i ved  f rom nuc lea r  power p l a n t  s i t e s  t o  a  s i t e  f o r  a  p lu ton iu l i i  f u e l  fab-  

r i c a t i o n  p l a n t .  The r e s u l t s  can o n l y  be as good as t he  s i m i l a r i t y  o f  t he  

s i  tes .  Moreover, p lu ton ium f u e l  p l a n t s  may be l o c a t e d  under d i f f e r e n t  

s i t i n g  c r i t e r i a ,  and may we1 1  have d i f f e r e n t  l o c a l  topograph ica l  f ea tu res .  

As noted e a r l i e r ,  t he  a t tempt  t o  d i v i d e  d i f f u s i o n  regimes by apparent l o c a l  

topographica l  d i f f e r e n c e s  showed t h a t  s i m i l a r  v a r i a t i o n s  occurred i n  a l l  

groups. There were n e a r l y  e q u i v a l e n t  extremes i n  a l l  groups, suggest ing 

t h a t  whatever makes a  s i t e  "good" o r  "bad" cannot be expressed s imp ly  i n  

terms of apparent topograph ica l  d i f f e r e n c e s .  

A1 though t he  most conserva t i ve  s e c t o r  (CAMS) has been used i n  t h i s  

study, i t  i s  d e s i r a b l e  t o  g i v e  c r e d i t  f o r  l o c a l  s i t e  c h a r a c t e r i s t i c s  i n  

s p e c i f i c  a p p l i c a t i o n s .  Conversely, i t  should be recognized t h a t  even 

though CAMS has been shown t o  be conserva t i ve  i n  t h i s  study, i t  i s  n o t  

expected, i n  a  s t a t i s t i c a l  sense, t h a t  t he  CAMS curves w i l l  enc lose t he  

popu la t i on  o f  T/QO values. 

I n  o r d e r  t o  p r o p e r l y  i n t e r p r e t  t he  T/QO values c a l c u l a t e d  f o r  t he  

extreme d is tances  presented here in ,  i t  must be understood t h a t  an upper 

l i m i t  has n o t  been p laced on v e r t i c a l  d i f f u s i o n .  Such a  l i m i t  does 

n a t u r a l l y  occur  and i s  duscussed by Holzworth.  ( 2 5 )  For t h e  Un i t ed  S ta tes  



e a r l i e r .  However, t h i s  va lue  i s  open t o  some ques t i on  based on e x p e r i -  

mental evidence. Ac tua l  measurements a t  a  p lu ton ium f u e l  p l a n t  showed 

t h e  r a d i o a c t i v e  p a r t i c l e s  downstream from HEPA f i l t e r s  were an o rde r  o f  

magnitude g r e a t e r  i n  s i ze . (28)  Th i s  i n  t u r n  would r e s u l t  i n  increased 

d e p o s i t i o n  v e l o c i t i e s  and increased importance of d r y  d e p o s i t i o n .  

The range o f  maximum d e p o s i t i o n  on ground l e v e l  surfaces near t h e  

p l a n t  per imete r  may be est imated us ing  t h e  ground l e v e l  CAMS curves and a  

reasonable d e p o s i t i o n  v e l o c i t y  f o r  t he  re leased  p a r t i c l e s  of  0.05 cm/sec 

a t  300 meters.  An annual r e l ease  o f  y grams produces maximum annual 
2  

d e p o s i t i o n  r a t e s  o f  y x  9 x  1  o - ~  glm . 
Depos i t ion  r a t e s  f o r  an acc iden t  w i  11 have t o  be c a l c u l a t e d  on a  case 

by case bas is ,  t a k i n g  i n t o  account t h e  ac tua l  s i t u a t i o n .  The p o s s i b l e  

cases i n c l u d e  n e a r l y  complete d e p o s i t i o n  w i t h i n  a  f a i r l y  s h o r t  range up 

t o  a lmost  no d e p o s i t i o n  a t  a l l .  

More s t a b l e  atmospheric c o n d i t i o n s  , a1 though hav ing a  lower  d e p o s i t i o n  

v e l o c i t y ,  g e n e r a l l y  have h ighe r  a c t u a l  d e p o s i t i o n  as a  r e s u l t  of t h e  

dominat ing e f f e c t  of h i ghe r  a i r  concen t ra t ions  under s t a b l e  c o n d i t i o n s .  

An o n s i t e  measurement of atmospheric s t a b i l i t y  w i l l  be r e q u i r e d  as one o f  

t h e  i n p u t s  if t h e  d e p o s i t i o n  from an acc iden ta l  r e l ease  i s  t o  be ca l cu la ted .  

The magnitude of t h e  change i n  d e p o s i t i o n  between a  very  uns tab le  case and 
3  a  very  s t a b l e  case i s  about a  f a c t o r  of two, a t  10 meters.  

A  s i m i l a r  es t imate  may be made f o r  the acc iden t  case us ing  t he  curves 

f rom Sa fe t y  Guides 3  and 4. For an acc iden ta l  r e l ease  t he  maximum ground 

l e v e l  d e p o s i t i o n  a t  300 meters may be expected t o  be i n  t he  range o f  
2  y' x  3  x  l o m 6  and y' x  6 x  g/m /hour where y' i s  t he  acc iden ta l  

r e l ease  r a t e  i n  grams per  hour.  

A t  any p rospec t i ve  s i t e ,  t h e  p o t e n t i a l  f o r  scavenging by p r e c i p i t a t i o n  

should be considered. Assuming a  un i form d i s t r i b u t i o n  o f  p r e c i p i t a t i o n  i n  

t h e  reg ion ,  t h e  maximum d e p o s i t i o n  from r o u t i n e  re leases  should occur a t  

o r  -in t h e  im~i ied ia te  v i c i n i t y  of t he  s i t e .  The washout c o e f f i c i e n t  i s  

d e f i n e d  as t he  cons tan t  of  t h e  time-dependent exponent ia l  decay 

X  = Xo e x ~ ( - A t )  



where x i s  the  a i r  concen t ra t i on  a t  t ime t, x0 i s  t h e  i n i t i a l  a i r  

concen t ra t ion ,  and A i s  t he  washout c o e f f i c i e n t .  (29)  

Experimental  and t h e o r e t i c a l  evidence has shown the  washout c o e f f i  - 
c i e n t  i s  about l o e 4  t o  sec-' f o r  uranium p a r t i c l e s  t h a t  have 

median mass d iameter  of between 6 pm and 15 pm, r e s p e c t i v e l y .  (30) Th i s  
i m p l i e s  t h a t  f o r  a  f i v e  minute r a i n f a l l ,  between 26% and 3% of a  p l a n t  

r e l ease  would be deposi ted w i t h i n  1500 meters o f  t h e  p l a n t  assunling a 

5 m/sec wind speed. The v a r i a t i o n  i s  p r i m a r i l y  t he  r e s u l t  o f  d i f f e r e n t  

r a i n f a l l  r a t e s ;  t h e  washout c o e f f i c i e n t  i s  approx imate ly  p r o p o r t i o n a l  t o  

t he  r a i n f a l l  r a t e .  The main e f f e c t  of t he  wind speed i s  i n  t he  d i s p e r s i o n  

of t he  re lease .  The washout r a t e  i s  a l s o  a f u n c t i o n  o f  t he  p a r t i c l e  s i ze .  

Theo re t i ca l  models based on i n e r t i a l  e f fects  a lone p r e d i c t  sma l l e r  washout 

c o e f f i c i e n t s  f o r  sma l l e r  p a r t i c l e s .  S l i n n  has p rov ided  a t heo ry  t h a t  
p r e d i c t s  h i ghe r  washout c o e f f i c i e n t s  f o r  smal l e r  p a r t i c l e  s i zes .  (30931 

Fu r the r  research  i s  needed i n  t h i s  area t o  develop t h e  t heo ry  and data 

f o r  p r e d i c t i o n  of t h e  p o t e n t i a l  e f f e c t s  o f  scavenging a t  a  s i t e  based on 

p r e c i p i t a t i o n  c l ima to logy .  

Any m a t e r i a l  t h a t  i s  depos i ted  on a surface can be resuspended t o  t h e  

atmosphere by n a t u r a l  processes. Most exper iments have been p r i m a r i l y  

concerned w i t h  resuspended p a r t i c l e s  over  a  contaminated area. The 
p rob l  em of downwind concent ra t ions  w i  t h  non rad ioac t i ve  m a t e r i a l s  have been 

cons idered by Sehmel . (32) 

Resuspension r a t e s  f o r  m a t e r i a l  deposi ted on t h e  ground a re  t-inle 

dependent and tend  t o  decrease w i t h  i nc reas ing  t ime  a f t e r  i n i t i a l  

depos i t i on .  Local  c o n d i t i o n s  can be expected t o  s t r o n g l y  a f f e c t  t h e  ra te ;  

r a i n f a l l ,  winds, and sur face  c h a r a c t e r i s t i c s  be ing  predominant. The exac t  

r e l a t i o n s h i p s  a re  n o t  w e l l  enough understood a t  t h i s  t ime t o  account  f o r  

these e f f e c t s .  The na tu re  o f  t he  process, as p r e s e n t l y  understood, 

suggests t h a t  i n i t i a l l y  t he  resuspension may be r e l a t i v e l y  h igh ,  b u t  then  

becomes sma l l e r  as t h e  p a r t i c l e s  weather i n t o  t he  s o i l .  
Th i s  suggests 

t h a t  a  long- term b u i l d u p  can be reasonably  expected, b u t  a t  some r a t e  l e s s  

than  t he  d e p o s i t  r a t e .  
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i n h a l a t i o n  ra te ,  pCi /d 

e f f e c t i v e  e l i m i n a t i o n  r a t e  constant, dm' 

X + Xb 

rad ioac t i ve  decay constant,  dm' 

b i o l o g i c a l  e l i m i n a t i o n  r a t e  constant, d - '  

du ra t i on  o f  release/exposure, d 

v e n t i l a t i o n  r a t e  f o r  standard man, m3/d 

20 m3/d (24 hour average r a t e )  

attilospheric re lease ra te ,  Ci/sec 
3 sec tor  average d i l u t i o n  r a t e  a t  ground l e v e l  ; sec/m as de f ined 

i n  Sect ion V-A. 

2. Accident Model 

The dose t o  the  organ o f  i n t e r e s t  v i a  i n h a l a t i o n  again using the  ILM, 

from a rad ionuc l i de  acc iden t l y  released t o  the  atmosphere i s  g iven by: 

where : 

D - dose t o  organ of i n t e r e s t  de l i ve red  over t ime t, rem 

f r a c t i o n a l  uptake, v i a  i n h a l a t i o n  by organ o f  i n t e r e s t  

dose conversion f a c t o r  f o r  organ o f  i n t e r e s t ,  rem per  pCi i n  organ 

q u a n t i t y  inhaled, pCi 

e f f e c t i v e  e l i m i n a t i o n  r a t e  constant, d-' 

dose time, d 
3 v e n t i l a t i o n  r a t e  f o r  standard man, cm /sec 

350 cm3/sec (8 hour working r a t e s )  
3 230 cm /sec (24 hour d a i l y  r a t e )  

atmospheric re lease ra te ,  Ci/sec 

du ra t i on  o f  re lease exposure, sec 
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VII. SOURCE TERMS 

In order to evaluate the r isk t o  individuals in the environs of a 

fabrication plant, releases from normal operation and for  various acci- 

dents have been estimated. The source term from normal operation resul ts  

from having material in process. Theoretically small quantities of pluto- 

nium can, without equipment or operator error ,  find i t s  way out of the 

confined systems into the plant environs. This type of release would be 

nearly continuous. Normally, the re1 ease would be marginal ly detectable 

in the environs. However, due t o  i t s  high probabil i ty  of occurrence, i t s  
consequences and subsequent environmental risk must be evaluated relat ive 

to less frequent source terms resulting from accidents. 

Postulated accidents have been characteri zed according to consequences 

and probability or estimated frequency of occurrence. The accidents range 

from those with t r iv ia l  of f -s i te  consequences t o  those which could cause 

significant of f -s i te  consequences. The assignment of occurrence rates for 
accidents resulting from equipment malfunction or operator error in fuel 

fabrication f a c i l i t i e s  i s  d i f f i cu l t  due to lack of s t a t i s t i c s .  The 

limited s t a t i s t i c s  are  a resul t  of the relatively small number of these 

types of plants and their  excel 1 ent safety records. However, accident 
data from non-nuclear f a c i l i t i e s  have been assembled in an effort  to  

extrapolate to a plutonium plant. Due to the special emphasis on safety 

a t  fuel f a c i l i t i e s ,  i t  i s  expected that these data will be conservative by 

a t  least  an order of magnitude. In addition, general statements can be 

made about the occurrence frequency of accidents. 

Accidents resulting in t r iv ia l  o f f s i t e  consequences will occur more 

frequently than those resulting in significant offs i  t e  consequences. 

Accidents will occur more frequently in non-routine operation than 

routine operations. 

Accidents will occur less frequently where safety i s  achieved by 

engineered features rather than administrative control s .  



r i s k s  o f  r e l eases  f r om these  p o s t u l a t e d  acc i den t s  i n t o  p e r s p e c t i v e  w i t h  t h e  

e f f e c t s  o f  normal ope ra t i on ,  t h e  c a l c u l a t e d  e f f e c t s  o f  t h e  acc i den t s  shou ld  

be sca led  by t h e i r  es t imated  f requency o f  occurrence. The p roduc t  o f  

consequence and f requency o f  occurrence p rov ides  an "env i ronmenta l  r i s k  

f a c t o r "  f o r  each o p e r a t i n g  f u n c t i o n ,  whether i t  be normal o p e r a t i o n  o r  an 

acc i den t  s i t u a t i o n .  

I n  examining t h e  va r i ous  acc i den t s  deemed c r e d i b l e  i n  t h e  r e f e r e n c e  

f a c i l i t y ,  i t  became obv ious t h a t  t h e  environmental  e f f e c t s  would be incon-  

sequen t i a l  un l ess  t h e  f i n a l  conta inment  b a r r i e r  was compromised. Wi th  t h e  

amount o f  f u e l  m a t e r i a l  l i m i t e d  i n  each process area, t h e  t y p i c a l  opera- 

t i o n a l l y  induced acc i den t s  r e s u l t e d  o n l y  i n  inconven ien t  i n - p l a n t  cond i -  

t i o n s  w i t h  n e g l i g i b l e  environmental  e f f e c t s .  For t h i s  reason, t h e  conse- 

quences o f  acc i den t s  c o i n c i d e n t  w i t h  t h e  pos tu l a ted  p a r t i a l  f a i l u r e  o f  t h e  

f i n a l  f i l t r a t i o n  system have been examined. P r o b a b i l i t i e s  f o r  these  f i l t e r  

f a i l u r e s  have been assigned t o  a1 1  ow comparat ive a n a l y s i s .  

Acc iden ts  a r e  un ique occurrences. T h e i r  consequences depend f o r  t h e  

most p a r t ,  upon t h e  sequence o f  events  l ead ing  t o  and f o l l o w i n g  t h e  i n i t i a l  

m a l f u n c t i o n  and t o  t h e  amount and cha rac te r  o f  f u e l  m a t e r i a l  i n i t i a l l y  

p resen t .  For t h i s  reason, n o t  every  conce ivab le  acc i den t  can be d iscussed .  

E f f o r t s  were concen t ra ted  on ana l yz i ng  t h e  acc i den t s  and t h e i r  parameters 

i n  t h e  process areas hav ing t h e  p o t e n t i a l  f o r  t h e  g r e a t e s t  env i ronmenta l  

consequences. C r i t e r i a  f o r  s e l e c t i o n  o f  these acc i den t s  were: amount o f  

p lu ton ium present ,  f r a c t i o n  o f  p lu ton ium p a r t i c l e s  i n  t h e  r e s p i r a b l e  range, 

d i f f i c u l t y  genera t ing  p l  u ton ium aeroso l  s, p r o b a b i l  i ty  o f  occurrence and 

exposure by o t h e r  means (e.g. ,  c r i t i c a l i t y ) .  Based on t h i s  s e t  o f  c r i t e r i a ,  

i t  was obv ious t h a t  t h e  a t t e n t i o n  should be focused on f o u r  process areas 

o r  s teps i n  t h e  f a b r i c a t i o n  process. These areas a r e  f u e l  s torage,  con- 

ve r s i on ,  powder t rea tment ,  and scrap recovery .  I n  t h e  o t h e r  areas,  t h e  

f u e l  m a t e r i a l  i s  n o t  e a s i l y  d i s p e r s i b l e ,  i t  i s  d i l u t e d  by U02 and/or con- 

ta ined ,  was p resen t  o n l y  i n  smal l  q u a n t i t i e s  o r  t h e  m a j o r i t y  o f  t h e  pa r -  

t i c l e s  a r e  n o t  i n  t h e  r e s p i r a b l e  range.  A  l a r g e  q u a n t i t y  o f  d i s p e r s i b l e  

p l u ton ium i s  i n  t h e  homogenizat ion t ank  du r i ng  b lend ing  o f  t h e  n i t r a t e  

s o l u t i o n .  Th i s  s o l u t i o n ,  which i s  mixed i n  c r i t i c a l i t y  sa fe ,  i n t e r c o n n e c t  



ing tanks, will typically be 1000 l i t e r s  or greater.  For the reference 

f a c i l i t y ,  th is  blending operation occurs in an area with a high degree of 

protection or a hardened f a c i l i t y  l ike a vault. 

Source terms were developed for  the following types of accidents: 

c r i t i c a l i t y ,  explosion, localized f i r e ,  glovebox damage and major faci l  i  t y  

f i r e .  

1 . Cri t ica l i ty  Accident 

One of the major safety considerations i n  a fuel fabrication plant i s  

c r i t i c a l i t y .  The occurrence of a c r i t i c a l i t y  event can have severe in- 

plant consequences i f  process shielding and emergency procedures are not 

adequate. To date four nuclear excursions have occurred in United States 
fuel fabrication and scrap recovery f a c i l i t i e s .  ( 5 3 )  None have occurred 

since 1964. All of these involved f i s s i l e  solutions entering "unsafe" 
containers. Although there has never been any significant environmental 

consequences resulting from th is  type of accident, the considerations in 

evaluating the environmental effect  of nuclear excursions are s t i l l  
exami ned. 

Since an accident i s  a unique event, i t  i s  impossible to conceive 

a p r i o r i  the exact mechanism(s) which could cause i t  or to re la te  the 

exact steps which i t  will follow. Knowing th is  in approaching a safety 

analysis, i t  i s  more important to  examine the parameters in c r i t i c a l i t y  

events which have bearing on the final analysis. These parameters include: 

The total  number of fissions - determines the amount of f iss ion 
products generated . 

The "steady s ta te"  power level - defines the radiation exposure rate  
and determines the fission product and energy release ra te .  Probably 
a second order effect .  

The "peak power" pulse - defines the in i t i a l  radiation exposure and  

the in i t i a l  energy release which i s  primary to terminating the event 

and dispersing the radioactive material. 

In examiniog these parameters, one must also consider the potential 

exposure pathways in the environment from a c r i t i c a l i t y  event; prompt gamma 



and neu t ron  r a d i a t i o n  exposure, e x t e r n a l  and i n t e r n a l  exposure f rom re leased  

f i s s i o n  products ,  and i n t e r n a l  exposure f rom p lu ton ium re leased  as a  r e s u l t  

of t h e  c r i t i c a l i t y .  As an example o f  a  c r i t i c a l i t y  event  i n  t h e  re fe rence  

f a c i l i t y ,  we have assumed a  c r i t i c a l  i t y  event  i n  an "unsafe" tank  o f  p l u -  

tonium n i t r a t e .  S i m p l i f y i n g  assumptions have been made i n  a  conse rva t i ve  

manner f o r  t h e  l a c k  o f  a  s p e c i f i c  f a c i l i t y  des ign o r  process procedure. 

I n  a l l  cases, t h e  assumptions maximize t h e  environmental  consequences and 

a re  impor tan t  o n l y  i n  t h e  mechanism(s) and t h e  r a t e  o f  t e r m i n a t i n g  t h e  

c r i t i c a l i t y .  For t h i s  s tudy,  i t  has been assumed t h a t  t h e  event  was caused 

by exceeding t he  c r i t i c a l  volume by 10 l i t e r s  d u r i n g  t he  f i l l i n g  of t h e  

tank  and i t  r e s u l t e d  i n  1018 t o t a l  f i s s i o n s .  Termina t ion  of t h e  event was 

assumed t o  be by evapora t ion  and expu l s i on  o f  t he  10 l i t e r  excess volume 

from t h e  tank.  An 8  i n c h  w a l l  of o r d i n a r y  concre te  was assumed t o  s h i e l d  

t h e  p l a n t  env i rons  f rom t h e  d i r e c t  r a d i a t i o n  f rom the  event .  

The dose t o  an i n d i v i d u a l  f rom t h e  prompt gamma and neu t ron  r a d i a t i o n  

r e s u l t i n g  f rom t h e  c r i t i c a l i t y  acc iden t  was examined as a  f u n c t i o n  o f  d i s -  

tance from t h e  f a c i l i t y .  Table 10 summarizes these c a l c u l a t i o n s .  Even 

though exper imenta l  evidence ( 5 4 )  does e x i s t  which i n d i c a t e s  t h a t  t h e  neu t ron  

f l u x  decrease can be approximated by t h e  i nve rse  d i s tance  t o  t h e  f o u r t h  

power f o r  d i s t ances  g r e a t e r  than 100 meters,  i nve rse  squared f o r m u l a t i o n  

was used. A q u a l i t y  f a c t o r  o f  2  was used f o r  c o r r e c t i n g  t h e  absorbed 

neu t ron  dose t o  rem. ( 5 5 y  5 6 y  57 )  The doses i n  t he  t a b l e  have been c o r r e c t e d  

f o r  t h e  assumed s h i e l d i n g .  Values f o r  f r a c t i o n a l  t ransmiss ion  through t h e  

s h i e l d i n g  w a l l  o f  0.17 and 0.22 were used f o r  t he  neut ron and gamma r a d i -  

a t i o n ,  r e s p e c t i v e l y .  (57)  

As a  r e s u l t  o f  t h e  excurs ion,  f i s s i o n  products  a r e  formed and a  l a r g e  

amount o f  energy re leased .  About 85% o f  t he  approximate 200 MeV re leased  

per  f i s s i o n  i s  a v a i l a b l e  f o r  hea t i ng  t h e  s o l u t i o n .  The energy i n p u t  t o  the  

s o l u t i o n  p rov ides  t he  power l i m i t i n g  and u l t i m a t e  t e r m i n a t i n g  mechanism f o r  
6  t h e  acc iden t .  For t h i s  acc iden t  g r e a t e r  than  6  x  10 c a l o r i e s  o f  heat  

energy i s  i n i t i a l l y  a v a i l a b l e  t o  t he  system. The s o l u t i o n  would, more than 

l i k e l y ,  c r i t i c a l l y  pu lse  a t  an " e q u i l i b r i u m "  f i s s i o n  r a t e ,  u n t i l  t h e  so lu -  

t i o n  i s  below t h e  c r i t i c a l  volume. 



TABLE 10. Prompt Gama and Neutron Dose t o  an I n d i v i d u a l  as a  Func t i on  
o f  D is tance  from a  C r i t i c a l i t y  (1018 F i s s i o n s )  

Gamma Dose (a Neutron Dose T o t a l  Dose 
Dis tance,  m Rem Rem Rem 

a. A  t o t a l  f i s s i o n  gamma energy o f  5  MeV per  f i s s i o n .  

Vapo r i za t i on  o f  sollie o f  t h e  s o l u t i o n  d u r i n g  t h e  i n i t i a l  power pu l se  

cou ld  cause a  r a p i d  volume expansion o r  p r e s s u r i z a t i o n  o f  s u f f i c i e n t  magni- 

tude t o  r u p t u r e  t h e  glovebox. Th i s  i s  assumed t o  occur .  

The excurs ion  i s  te rm ina ted  f o l l o w i n g  t h e  evapora t ion  o f  t h e  10  l i t e r s  

o f  excess s o l u t i o n .  A i r b o r n e  r e l e a s e  f r a c t i o n s  f o r  p l u ton ium i n  n i t r a t e  

s o l u t i o n  v a r y  w i d e l y  depending upon temperature and a c t i v i t y  o f  t he  s o l u t i o n ,  

t h e  p lu ton ium concen t ra t i on  and a i r  f l o w  over  t h e  s o l u t i o n .  The hea t  

energy f rom t h e  excu rs i on  would r a i s e  a  1000 l i t e r  s o l u t i o n  about  15 OF if 

t h e  hea t  were u n i f o r n i l y  d i s t r i b u t e d .  However, i t  was c o n s e r v a t i v e l y  assumed 

t h a t  a l l  o f  t h e  hea t  was used t o  c r e a t e  l o c a l  i z e d  b o i l i n g ,  v a p o r i z a t i o n  of 

t h e  excess volume, and su r f ace  f i l m  breakup. A  r e l e a s e  f r a c t i o n  of 0.2% 

was c o n s e r v a t i v e l y  used f o r  t h i s  acc i den t .  Work by Mishima e t  a l .  (58) 

i n d i c a t e s  t h a t  as much as 0.18% o f  t h e  p lu ton ium i n  a  d i l u t e  s o l u t i o n  was 

made a i r b o r n e  d u r i n g  evapo ra t i on  o f  approx imate ly  90% o f  t h e  s o l u t i o n  i n  a  

deep fo rm beaker o f  t h e  s o l u t i o n  a t  a r o l l i n g  b o i l .  The r e l e a s e  f r a c t i o n s  

would be i n  t h e  range o f  lo - '  t o  f o r  l e s s  extreme c o n d i t i o n s .  

Assuming a  s o l u t i o n  c o n t a i n i n g  150 g  o f  Pu pe r  l i t e r ,  a  maximum o f  

3 g  o f  p l u ton ium cou ld  become a i r b o r n e .  The hood f i l t e r  was assumed t o  

have plugged r e l e a s i n g  eve ry th i ng  i n t o  t h e  room and o u t  t h e  f i n a l  f i l t e r  

system. 

5 The source term for t h i s  accident would be: Quantity - 3 x 10- g 
for for0 HEPA f i l t e r s  and 3 x lom3 g fop one HEPA f i l t e r ,  ParticZe Size  - 



TABLE 12. T o t a l  Body and T h y r o i d  Doses t o  an I n d i v i d u a l  Located 
Downwind f r o m  a  C r i t i c a l i t y  (1018 F i s s i o n s )  

Dose. rem 

Downwind D i s t a n c e ,  m T o t a l  Body T h y r o i d  

1  o2 1.4 1.1 x  10 1  

1  o3 3 .1  x  2.0 x  10- I  

1  o4 2.2 4.3 

Hydrogen e x p l o s i o n s  i n  p e l l e t  s i n t e r i n g  f u r n a c e s  have a  l i m i t e d  

amount o f  energy.  The damage t h a t  c o u l d  r e s u l t  f rom t h i s  t y p e  o f  e v e n t  

would l i k e w i s e  r e s u l t  i n  l i m i t e d  consequences. The e x p l o s i o n  would prob-  

a b l y  be d i r e c t e d  o u t  t h e  ends o f  t h e  f u r n a c e .  The g l o v e  box c o u l d  be 

breached and p e l l e t s  and p o s s i b l y  a  sma l l  amount o f  mixed o x i d e  f i n e s  c o u l d  

be spread around t h e  room. It would be v i r t u a l l y  i m p o s s i b l e  t o  produce 

s i g n i f i c a n t  q u a n t i t i e s  o f  p l u t o n i u m  p a r t i c l e s  i n  t h e  r e s p i r a b l e  range  f r o m  

damage t o  t h e  p e l l e t s  o r  d i s p e r s i o n  o f  t h e  f i n e s .  T h i s  t y p e  o f  a c c i d e n t  

would r e s u l t  i n  an i n - p l a n t  c o n t a m i n a t i o n  spread and i s  a  n e g l i g i b l e  

source te rm t o  t h e  e n v i r o n s .  

The r u p t u r e  o f  an a u t o c l a v e  w a l l  d u r i n g  o p e r a t i o n ,  c o u l d  r e s u l t  i n  

t h e  h i g h  speed p r o j e c t i o n  o f  f u e l  p i n s  a t  t h e  b u i l d i n g  w a l l s  o r  c e i l i n g .  

B u i l d i n g  d e s i g n  a g a i n s t  m i s s i l e  p rec ludes  p e n e t r a t i o n  o f  t h e  s t r u c t u r e  

f r o m  t h i s  t y p e  o f  a c c i d e n t .  S i g n i f i c a n t  source terms o f  r e s p i r a b l e  ae ro -  

s o l s  o f  p l u t o n i u m  a r e  n o t  c r e d i b l e  e i t h e r  w i t h i n  o r  o u t s i d e  t h e  b u i l d i n g  

f r o m  t h i s  t y p e  of  e v e n t .  

A chemica l  e x p l o s i o n  i n v o l v i n g  a  p l u t o n i u m  s o l u t i o n  c o u l d  r e s u l t  i n  

t h e  p r o d u c t i o n  o f  a  s u b s t a n t i a l  q u a n t i t y  o f  a i r b o r n e  p l u t o n i u m  p a r t i c l e s .  

I f  t h e  vesse l  i s  open, some l i q u i d  would be pushed o u t  o f  t h e  vesse l  and 

some p l u t o n i u m  p a r t i c l e s  i n  t h e  r e s p i r a b l e  range would be genera ted .  I f  

s u f f i c i e n t  f o r c e  i s  n o t  a v a i l a b l e  t o  cause e x t e n s i v e  f i l m  break-up, i t  

seems p r o b a b l e  t h a t  most of t h e  l i q u i d  would impact  on and adhere t o  

a d j a c e n t  sur faces.  If an e x p l o s i o n  i s  o f  s u f f i c i e n t  magni tude t o  r u p t u r e  

a  heavy wa l led ,  c l o s e d  vesse l ,  a  c o n s i d e r a b l e  number o f  f i n e  p a r t i c l e s  

c o u l d  be generated by t h e  1  i q u i d  pass ing  th rough  t h e  jagged opening . 



I n  any case, t h e  number of p a r t i c l e s  t h a t  p e r s i s t  i n  t h e  a i r  i s  l i m i t e d .  

Swain and Haberman reviewed da ta  from non-nuclear sources and c a l c u l a t e d  

t h a t  33 mg p lu ton ium per  c u b i c  meter was t h e  maximum a i r b o r n e  c o n c e n t r a t i o n  

a  few minutes a f t e r  an acc i den t .  (62)  Castleman, Horn and L indauer  us i ng  an 

., exp lod ing  w i r e  techn ique  t o  generate  ve ry  f i n e  p a r t i c l e s  found concent ra-  

t i o n s  as h i g h  as 71 mg p lu ton ium pe r  cub i c  meter  a  few minutes a f t e r  gen- 

k e r a t i o n .  
6  (63) By c a l c u l a t i o n ,  a  t o t a l  of 10 p lu ton ium p a r t i c l e s  w i t h  an 

aerodynamic e q u i v a l e n t  d iameter  (AED) o f  10 um pe r  cub i c  cen t ime te r  would 

r e s u l t  i n  an a i r b o r n e  c o n c e n t r a t i o n  o f  2  g  o f  p lu ton ium per  cub i c  mete r .  

Cons iderab le  c a r e  and e f f o r t  a r e  r e q u i r e d  t o  generate  monodispersed par -  

t i c l e s .  Gene ra l l y  p a r t i c l e s  generated by a  s i n g l e  mechanism a r e  l og -  

normal 1y  d i s t r i b u t e d .  Thus, t he  a n t i c i p a t e d  we igh t  c o n c e n t r a t i o n  o f  10 pm 

AED p a r t i c l e s  would be much lower  than  t h a t  c a l c u l a t e d  f o r  monodispersed 

p a r t i c l e s .  An upper va l ue  o f  100 mg Pu per  cub i c  meter f o r  p a r t i c l e s  i n  

t h e  r e s p i r a b l e  range appears reasonable .  Because of t h i s  upper mass l i m i t  

f o r  a i r b o r n e  p lu ton ium p a r t i c l e s ,  t h e  consequences f o r  exp los i on  acc i den t s  

appear t o  be l i m i t e d  by t h e  m a t e r i a l  t h a t  can be ma in ta ined  i n  t h e  a i r  and 

n o t  by t h e  t o t a l  volume o r  mass i n i t i a l l y  i n vo l ved .  An exp los i on  w i l l ,  o f  

course, s p l a t t e r  t h e  s o l u t i o n  on t h e  w a l l  and f l o o r  which may l a t e r  become 

a i r b o r n e  as i t  d r i e s .  Th i s  i s  expected t o  be a  small c o n t r i b u t i o n  t o  t h e  

o v e r a l l  source term because o f  t h e  small r e l ease  f r a c t i o n  f rom t h i s  cond i -  

t i o n  w i t h o u t  cons ide r i ng  t h a t  c o r r e c t i v e  a c t i o n  w i l l  be implemented t o  

c o n t a i n  t h e  con tamina t ion  spread. 

The room i n  which t h e  exp los i on  occurs  i s  assumed t o  have a  volume o f  
4 10  cub i c  meters .  A t  a  maximum a i r b o r n e  c o n c e n t r a t i o n  o f  100 mg p lu ton ium 

per  cub i c  meter  o f  a i r ,  t h e  t o t 2 1  amount o f  a i r b o r n e  p lu ton ium which c o u l d  

be sus ta ined  i n  t h e  room f o l l o w i n g  t h e  exp los i on  would be about 1000 g. 

The source term from t h i s  type of accident i s :  Quantity - 10-' g for 

tuo HEPA f i l t e r s  and 1 g for one HEPA f i l t e r ,  Part ic le  S i ze  - a l l  i n  

respirable range, Chemical Form - soluble, Height of Release - ground leve l ,  

Duration of Release - l e s s  than 2 ~ O W S  fan exponential purge r a t e ) .  



3. L o c a l F i r e  

The occurrence o f  a  f i r e  near t h e  n i t r a t e  b lend ing  tanks represen ts  

one o f  t h e  g r e a t e s t  p o t e n t i a l s  f o r  r e l e a s e  of p lu ton ium.  A i rbo rne  re leases  

f rom f i r e  around a  b lend ing  tank can be env is ioned i n  severa l  ways depend- 

i n g  on whether t h e  tanks a r e  vented o r  c losed .  I f  the  b lend ing  vessel  i s  

a  vented con ta ine r ,  t h e  f i r e  cou ld  heat  t h e  l i q u i d  and cause i t  t o  b o i l .  

B o i l i n g  a  d i l u t e  p lu ton ium n i t r a t e  s o l u t i o n  u n t i l  a  90% volume r e d u c t i o n  

i s  a t t a i n e d  cou ld  r e s u l t  i n  an a i r b o r n e  r e l e a s e  no g r e a t e r  than 0.2%. (58)  

F r a c t i o n a l  re leases  f rom concentrated s o l u t i o n s  cou ld  be h igher .  A f t e r  a  

s u b s t a n t i a l  q u a n t i t y  o f  l i q u i d  i s  l o s t ,  t h e  l i q u i d  t h i ckens  and vapor 

t rapped under t h e  su r f ace  tends t o  throw s o l i d s  i n t o  t h e  a i r .  The s a l t  

con ten t  would be h i g h  and t h e  tendency would be f o r  t h e  m a j o r i t y  o f  m a t e r i a l  

t o  fo rm a  coarse cake which i s  s i n t e r e d  t o  t h e  sur face  o f  t h e  vesse l .  Less 

than  0.5% o f  a  uranium n i t r a t e  s o l u t i o n  ( a p p l i c a b l e  t o  p lu ton ium)  as a  t h i n  

f i l m  on a  s t a i n l e s s  s t e e l  su r face  i nvo l ved  i n  a  g a s o l i n e  f i r e  was made a i r -  

borne by a i r  a t  a  nominal v e l o c i t y  o f  2.5 mph passing over  t he  sur face .  (64)  

Approximately 80% o f  t h e  uranium aerosol  was i n  t he  r e s p i r a b l e  s i z e  range. 

A sma l le r  f r a c t i o n  i s  a n t i c i p a t e d  under t h e  acc iden t  c o n d i t i o n s  due t o  t h e  

l a c k  o f  a i r f l o w  and dep th  o f  t h e  vessel .  

I f  t h e  b lend ing  tank  i s  a  c losed  vessel ,  f i r e  i n  t h e  area around t h e  

vessel  would r e s u l t  i n  p r e s s u r i z a t i o n  o f  t h e  vessel .  P r e s s u r i z a t i o n  o f  t h e  

vessel  cou ld  r e s u l t  i n  an a i r b o r n e  r e l e a s e  i n  severa l  ways. The pressure 

w i t h i n  t he  vessel  cou ld  cause t h e  n i t r a t e  s o l u t i o n  t o  be j e t t e d  f rom va r i ous  

openings. I f  t h e  opening i s  l a rge ,  some smal l  p a r t i c l e s  cou ld  be formed by 

f i l m  break-up a long  t h e  edges o f  t he  stream w i t h  subsequent evapora t ion  o f  

t h e  1  i q u i d  t o  form p a r t i c l e s .  I n  t h i s  case, t h e  f r a c t i o n a l  r e l e a s e  i s  

sma l l .  Small p a r t i c l e s  a l s o  cou ld  be formed by f o r c i n g  t h e  l i q u i d  through 

smal l  openings, however, h i gh  pressures a r e  requ i red .  A 10 p m  AED Pu02 

p a r t i c l e  i s  formed by a  41 pm drop o f  n i t r a t e  s o l u t i o n  o f  150 g  p lu ton ium/  

l i t e r  concen t ra t i on .  Each p a r t i c l e  con ta ins  approx imate ly  2  x  1 0 - l o  g  Pu. 
8  3  To generate an a i r b o r n e  concen t ra t i on  o f  20 mg/m3, 10 p a r t i c l e s l m  o f  a i r  

o f  t h i s  s i z e  would be necessary. The number o f  holes r e q u i r e d  t o  produce 

t h i s  number o f  p a r t i c l e s  i n  a  s h o r t  pe r i od  o f  t ime i s  l a r g e  and i t  i s  n o t  

l i k e l y  t h a t  such a  c o n d i t i o n  cou ld  e x i s t .  



I f  t h e  p ressure  i s  h i g h  enough, t h e  vesse l  c o u l d  r u p t u r e .  I f  t h e  

r u p t u r e  o c c u r r e d  above t h e  l i q u i d  l e v e l  some p l u t o n i u m  would become a i r b o r n e  

b u t  n o t  a  s i g n i f i c a n t  q u a n t i t y .  If t h e  r u p t u r e  occurs  near t h e  bot tom o f  

t h e  tank  and i s  l a r g e ,  a  l a r g e  s t ream o f  s o l u t i o n  would pour o n t o  t h e  f l o o r  

and e x t i n g u i s h  p a r t  o r  a l l  o f  t h e  f i r e .  If t h e  f i r e  i s  e x t i n g u i s h e d  t h e  

f r a c t i o n a l  a i r b o r n e  r e l e a s e  i s  l o w  -- l e s s  t h a n  0.003%. (58 )  I f  t h e  f i r e  

c o n t i n u e s  and d r i e s  t h e  n i t r a t e  s o l u t i o n ,  t h e  a i r b o r n e  r e l e a s e  c o u l d  be as 

h i g h  as 0.5%. 

For  t h e  source te rm c a l c u l a t i o n ,  i t  was assumed t h a t  t h e r e  were 150 kg 

o f  p l u t o n i u m  as a  n i t r a t e  i n  1000 l i t e r s  b l e n d i n g  s o l u t i o n .  If t h e  b lend-  

i n g  tank  i s  vented, a  f i r e  t h a t  b o i l s  t h e  vesse l  d r y  c o u l d  r e l e a s e  as much 
5  as 0.7% o f  t h e  p l u t o n i u m  p r e s e n t  - 1.5 x  10 g  x  0.007 = 1050 g  p l u t o n i u m  

i n t o  t h e  a v a i l a b l e  a i r  space. I f  t h e  vessel  i s  c l o s e d  and i s  r u p t u r e d  by 

t h e  i n t e r n a l  pressure,  t h e  n i t r a t e  would s p i l l  on t h e  f l o o r  and be d r i e d  

by t h e  f i r e .  F r a c t i o n a l  a i r b o r n e  r e l e a s e  c o u l d  be as h i g h  as 0.5% - 
5  4 .5  x  10 g  x  0.005 = 750 g  p l u t o n i u m  i n t o  t h e  a v a i l a b l e  a i r  space. An 

i n t e r n a l  d e t o n a t i o n  c o u l d  genera te  a  l a r g e  q u a n t i t y  o f  f i n e  d r o p l e t s  i n t o  

t h e  a v a i l a b l e  a i r  space i f  i t  were o f  s u f f i c i e n t  magni tude t o  r u p t u r e  t h e  

vesse l .  For  a  maximum r e l e a s e ,  a  c o n s e r v a t i v e  e s t i m a t e  would assume an 

ins tan taneous  u n i f o r m  a i r  c o n c e n t r a t i o n .  The a i r b o r n e  c o n c e n t r a t i o n  would 

be approx imate ly  100 mg pl utonium/m%f a i r  f o r  a  few minutes.  

Us ing 1050 g  o f  a i r b o r n e  p l u t o n i u m  as t h e  r e l e a s e  t o  t h e  b u i l d i n g ,  

source terms were c a l c u l a t e d  f o r  t h e  f i r e  a c c i d e n t .  

The source terms would be: Quanti ty  - I .  I s g for two HEPA 

f i l t e r s  and 1.1 g  for one HEPA f i l t e r ,  Particle S i ze  - 80% i n  respirable 

range, Chemical Form - insoluble,  Height of Release - ground leve l ,  Dura- 

t i o n  of Release - l e s s  than two hours. 

4. Glovebox Damage 

An a c c i d e n t  i n v o l v i n g  t h e  l o s s  o f  p r i m a r y  b a r r i e r  has been examined 

f o r  t h e  powder t r e a t m e n t  a reas .  The s i z e d  Pu02 powder p r i o r  t o  t h e  U02 

b l e n d i n g  r e p r e s e n t s  one o f  t h e  g r e a t e s t  sources o f  r e s p i r a b l e  p l u t o n i u m  
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i n  a  f a b r i c a t i o n  f a c i l i t y .  For t h i s  reason, an acc i den t  has been exp lo red  

t o  focus  a t t e n t i o n  on some o f  t h e  c h a r a c t e r i s t i c s  o f  t h i s  m a t e r i a l .  

It was assumed t h a t  mechanical damage occurs  i n  t h e  area o f  t h e  Pu02 

powder l i n e  r u p t u r i n g  t h e  glovebox and b reak ing  an ad jacen t  compressed . 
a i r  l i n e .  The l i n e  sags and d i r e c t s  a  j e t  o f  a i r  i n t o  an open c o n t a i n e r  r 

ho ld i ng  t h e  Pu02 powder. It i s  a l s o  assumed t h a t  t h e  m a t e r i a l  i s  a w a i t i n g  

b lend ing  and i n v o l v e s  t h e  e n t i r e  ba tch  1  i m i t  o f  11.3 kg o f  Pu. Under such r 

c o n d i t i o n s ,  g r e a t e r  than 50% o f  t h e  powder cou ld  be made a i r b o r n e .  Mishima, 

e t  a1 , found t h a t  60 t o  70% o f  r e l a t i v e l y  coarse  o x a l a t e  powder (Median 

Mass Diameter o f  50 m )  cou ld  be made a i r b o r n e  by a i r - d rawn  t a n g e n t i a l l y  

ac ross  t h e  powder. (65 )  Royster  and F i s h  found approx imate ly  80% o f  5 pm 

p a r t i c l e s  w i l l  be made a i r b o r n e  f rom a  s t a i n l e s s  s t e e l  su r f ace  by a i r  a t  

a  v e l o c i t y  o f  g r e a t e r  t han  60 m per  sec imp ing ing  on t h e  su r f ace  a t  va r i ous  

angles.  (66 )  Most o f  t h e  p lu ton ium powder f o r  t h e  o p e r a t i o n  i s  assumed t o  

be i n  t h e  r e s p i r a b l e  range (a Pu02 sphere l e s s  than 3.3 pm). Deagglomer- 

a t i n g  a  powder composed o f  such f i n e  p a r t i c l e s  i s  n o t  a  t r i v i a l  t ask .  Bu t  

making a  " conse rva t i ve "  assumption t h a t  t h e  m a t e r i a l  a i r b o r n e  i s  deaggl om- 
4 e ra ted  and u n i f o r m l y  d i s t r i b u t e d  i n  a  room o f  10 cub i c  meters,  t h e  maxi-  

mum amount o f  p l u t on ium whicl i  cou ld  be made i ns tan taneous l y  a i r b o r n e  i n  

t h e  room would be 1000 g. Con t inuous ly  app l y i ng  t h e  j e t  o f  a i r  on t h e  

powder over  an extended p e r i o d  would, o f  course, p u t  more pluton- ium i n  t h e  

a i r  b u t  i t  i s  expected t h a t  t h e  s i t u a t i o n  would be c o r r e c t e d  immediate ly .  

The glovebox f i l t e r  i s  assumed t o  p l ug  caus ing  a l l  f l ow of m a t e r i a l  t o  

be o u t  of t h e  glovebox, the reby  bypassing t h e  hood f i l t e r  system. 

The source term for t h i s  accident s i tua t ion  would be: Quantity - 

1 0 - ~ ~  for two HEPA f i l t e r s  and 1 g for one HEPA f i l t e r ,  Particle S i ze  - 
a l l  i n  respirable range, Chemical Form - insoluble,  Height of Release - 
ground leve l ,  Duration of Release - l e s s  than two hours (an exponential 

purge r a t e ) .  

5. Major  F a c i l i t y  F i r e  

It would r e q u i r e  a  major  d i s a s t e r  t o  breach f a c i l i t y  conf inement  and 

re l ease  u n f i l t e r e d  p lu ton ium t o  t h e  env i rons .  'There a r e  o n l y  a  few acc i den t s  



i n  t h i s  " p l a n t  d i s a s t e r "  c l a s s  t h a t  can t h e o r e t i c a l l y  produce damage o f  

s u f f i c i e n t  magnitude t o  compromise t h e  f i n a l  conf inement  b a r r i e r s .  S p e c i f i c  

p l a n t s  w i l l ,  as a  minimum, be s t r u c t u r a l l y  designed and b u i l t  t o  s a t i s f y  

c r i t e r i a  r e l a t i v e  t o  earthquakes and tornadoes. However, f-ini t e  poss i  b i l -  

i t i e s  e x i s t  t h a t  t h e  f a c i l i t y  c o u l d  be s t ressed  by f o r c e s  beyond those used 

f o r  des ign.  Major  f a c i l i t y  f i r e s  a l s o  seem i n c r e d i b l e  i n  b u i l d i n g s  where 

combust ib les  a r e  l i m i t e d ,  b u t  exper ience i n d i c a t e s  t hey  can occur .  I n  

summary, p l a n t  d i s a s t e r  acc i den t s  t h a t  can cause ma jo r  f a c i l i t y  damage a r e  

n o t  " i n c r e d i b l e "  b u t  h i g h l y  improbable.  

The b u l k  o f  p lu ton ium i n  t h e  f a c i l i t y  w i l l  be i n  s to rage  i n  a  hardened 

area 1  i ke a  vaul  t . For  t h e  r e fe rence  f a c i  1  i ty, o n l y  a  few hundred kg o f  

p lu ton ium w i l l  be in-process,  w i t h  about one -ha l f  i n  d i s p e r s i b l e  form. 

A  p l a n t  f i r e  t h a t  c o u l d  cause c a t a s t r o p h i c  breaching o f  t h e  f i n a l  

b a r r i e r  c o u l d  n o t  be conceived. M i  t h  t h e  expected concre te  c o n s t r u c t i o n  

o f  a  f a c i l i t y  o f  t h i s  type, t h e  low f i r e  load ing ,  and t h e  expected a i r -  

t i g h t  nature,  t o t a l  bu rn ing  i s  i n c r e d i b l e .  For ana l ys i s ,  t h e  f i n a l  b a r r i e r  

was assumed t o  remain i n t a c t  a f t e r  a  f a c i l i t y  f i r e  i n v o l v i n g  t h e  g love-  

boxes and o t h e r  combust ib les  i n  process and t he  de luge system was assumed 

t o  remain operab le .  It was es t imated  t h a t  l e s s  t han  1% o f  the  in-process 

d i s p e r s i b l e  i n v e n t o r y  c o u l d  become a i r b o r n e  w i t h i n  t h e  f a c i l i t y .  

Asswning two stages of f i l t r a t i o n  the source term would be: Quantity- 

lo-" g, Particle S i ze  - a l l  i n  respirable range, Chemical Form - insoluble,  

Height of Release - elevated, Duration of Release - extended (greater than 

two hours and Zess than eight  hours) .  

6. Other Acc iden t  Cons idera t ions  

From t h e  p rev ious  acc i den t  d iscuss ions ,  i t  should be obv ious t h a t  

t h e r e  a r e  many o t h e r  acc i den t s  t h a t  can be hypothes ized f o r  a f u e l  f a b r i -  

c a t i o n  f a c i l i t y .  However, f o r  l a c k  o f  s p e c i f i c  des ign  d e t a i l s  i n  t h e  

r e fe rence  f a c i l i t y ,  t h e  acc i den t s  focused on t h e  process areas and opera- 

t i o n s  o f f e r i n g  t h e  g r e a t e s t  p o t e n t i a l  environmental  consequences. Less 

dramat ic  events  such as small l i q u i d  o r  powder s p i l l s  and r u p t u r e d  drybox 



g loves  occur  more f r e q u e n t l y  than  t h e  a c c i d e n t  cases examined, b u t  t h e  

env i ronmenta l  consequences would be i n s i g n i f i c a n t  and t h e  c o n s i d e r a t i o n s  

would be f a r  l e s s  i n s t r u c t i v e .  For  t h i s  reason, a d d i t i o n a l  i n f o r m a t i o n  

r e l a t i n g  t o  t h e  gene ra t i on  o f  p lu ton ium ae roso l s  f o r  o t h e r  a c c i d e n t  con- 
' %  

d i t i o n s  has been i nc l uded  i n  Table  13 and i n  Appendix C .  The r e l e a s e  va lues  

i n  t h e  t a b l e  were se lec ted  as maximum va lues from t h e  da ta  a v a i l a b l e ,  w i t h  , 

round ing  toward t h e  h i g h e s t  va lues found. Jud i c i ous  appl  i c a t i o n  o f  r e 1  ease 4 ,  

f r a c t i o n s  should  i n c l u d e  a  c a r e f u l  r ev i ew  o f  t h e  c o n d i t i o n s  under which t h e  

re l ease  va lues  were obta ined.  Pos tu la ted  acc i den t s  may n o t  conform we1 1  t o  

t h e  exper imenta l  c o n d i t i o n s ;  hence, t h e  a n a l y s i s  must recogn ize  d isc repan-  

c i e s  between p o s t u l a t e d  and exper imenta l  c i rcumstances.  A b s t r a c t s  o f  most 

o f  t h e  t e c h n i c a l  r e p o r t s  r e l a t i n g  t o  p lu ton ium re l eases  a r e  presented i n  

Appendix C.  The reader  charged w i t h  t h e  r e s p o n s i b i l i t y  o f  assess ing 

acc i den t  consequences should  be t ho rough l y  f a m i l i a r  w i t h  t h e  d e t a i l s  o f  

t h e  exper imenta l  measurements descr ibed  i n  t h e  o r i g i n a l  documents. 



TABLE 13. Sumnary of Experimentally Determined and Estimated Airborne 
Release Fractions of Plutonium Under Various Thermal and 
Aerodynamic Stresses 

Stress Imposed 

F i r e  

% o f  Source 
I n i t i a l l y  A i rborne 

Metal - I g n i t e d  a i r f l o w  l e s s  than 100 cm/sec 0.01 (a )  
(2.2 mph) 

P a r t i a l  d i s r u p t i o n  o f  molten metal ,  1  . o ( ~ )  
a i r f l o w  g rea te r  than 100 cm/sec 

Diox ide 
Powder - A i r f l o w  less  than 100 cm/sec 

A i r f l o w  100 cm/sec 1.5 

A i r f l o w  g rea te r  than 100 cmlsec 15 

Invo lved w i t h  flammable m a t e r i a l  0.05 
na tu ra l  convect ion 

Invo lved w i t h  flammable mate r ia l  40 
forced d r a f t  

Oxalate 
Powder - A i r f l o w  l e s s  than 100 cm/sec 

F luo r ide  
Powder - A i r f l o w  l e s s  than 100 cm/sec 

N i t r a t e  
So lu t ion  - A i r f l o w  l e s s  than 100 cm/sec 

A i r f l o w  g rea te r  than 100 cm/sec 1 .O 

Gasoline f i r e ,  s t a i n l e s s  s t e e l  
surface, 20 mph 

Invo lved w i t h  flammables, na tu ra l  0.2 
convect ion 

Invo lved w i t h  flammables, forced 10 
d r a f t  

Explosion 

Any exp los ive mechanism o f  s u f f i c i e n t  magnitude t o  completely dest roy 
the  i n t e g r i t y  o f  the  containment i s  assumed t o  make a i rbo rne  a l l  t he  
source mate r ia l  d i r e c t l y  invo lved o r  f i l l  the  a v a i l a b l e  a i r  space 
w i t h  an aerosol  which has a mass concent ra t ion o f  100 mg ~ u / c m 3  a f t e r  
10 minutes. 

Other 

I f  a i r  a t  a  v e l o c i t y  o f  g rea te r  than 10 mph i s  d i r e c t e d  upon o r  through 
a f i n e l y  d i v ided  powder ( p a r t i c l e s  l e s s  than 50 microns AED), 100% o f  
the  powder i s  assumed a i rbo rne .  

a. Percent o f  source a i rbo rne  associated w i t h  p a r t i c l e s  l e s s  than 10 
microns Aerodynamic Equiva lent  Diameter (AED) . 



V I  I I. PROBABILITY OF RELEASES 

There a re  two k i nds  o f  re leases,  ch ron i c  and acc iden ta l .  The ch ron i c  

re leases  occur  as a  r e s u l t  of normal opera t ion .  These re leases  a r e  kep t  

"as low as p r a c t i c a b l e "  by us ing  t he  h i g h e s t  des ign standards and then per -  

fo rming  a  p e r i o d i c  i n s p e c t i o n  and maintenance program. The acc iden ta l  

re leases  a r e  norma l l y  produced by a  sequence o f  events which u l t i m a t e l y  

r e s u l t  i n  a  re lease .  D e l i n e a t i o n  o f  events before,  d u r i n g  and a f t e r  an 

acc iden ta l  re1 ease i n e v i t a b l y  d i s c l o s e  t h a t  p r i c r  t o  t h e  system breakdown, 

w i t h  i t s  r e s u l  t a n t  re lease ,  t h e r e  occurred a  cha in  o f  events i n  which a  

s e r i e s  o r  combinat ion o f  system component f a i l u r e s  o r  d e f i c i e n c i e s  l e d  t o  

a  re lease .  These acc iden ta l  re leases  a r e  u s u a l l y  n o t  t he  r e s u l t  o f  a  s i n g l e  

event.  A l l  t o o  f r e q u e n t l y ,  man-machine i n t e r a c t i o n s  a r e  impo r tan t  c o n t r i b u t o r s  

t o  t h e  acc iden t  cha in .  The causal r e l a t i o n s h i p s  can be ob ta ined  f r om 

o p e r a t i n g  da ta  i f  s u f f i c i e n t  f a c t s  about t he  acc iden t  s i t u a t i o n s  a r e  

reassembled. A f a u l t  t r e e  ana l ys i s  technique i s  t he  bes t  s a f e t y  a n a l y s i s  

t o o l  f o r  showing these causal r e l a t i o n s h i p s .  

The f o l l o w i n g  subsect ions descr ibe  t he  f a i l u r e  modes f o r  bo th  t h e  con- 

ta inment  b u i l d i n g  and t h e  - in te rna l  equipment. The f a i l u r e  p r o b a b i l i t i e s  

f o r  t he  containment s t r u c t u r e  w i l l  be based on t he  p o t e n t i a l  f o r  major 

n a t u r a l  d i s a s t e r s  such as tornadoes, earthquakes, f i r e s  and meteor s t r i k e s .  

The equipment f a i l u r e  data w i l l  be based on t he  personal exper ience o f  t he  

au thors  of  t h i s  r e p o r t ,  f a i l u r e  data f o r  s i m i l a r  equipment i n  r e l a t e d  

i n d u s t r i e s ,  and a l s o  f rom d a t a  t abu la ted  by t he  Nuclear Safety I n f o r m a t i o n  

Center. 

A. PROBABILITY OF MAJOR EVENTS WHICH COULD BREACH CONTAlNMENT 

The acc iden t s  which cou ld  r e s u l t  i n  a  breach o f  t h e  containment a re  

shown -in Table 14. The bas i s  f o r  each o f  t he  numbers w i l l  be g iven  i n  

separate paragraphs which f o l l o w .  

1. Tornado 

The p r o b a b i l  i t y  o f  a  tornado s t r i k i n g  a  f a c i  1  i ty  has been cons idered 

i n  nuc lea r  f a c i l i t y  s a f e t y  a n a l y s i s  r e p o r t s .  A r t i c l e s  by Doan (70)  and 

80 



TABLE 14. Frequencies o f  Major Acc idents  

Event 

Tornado 

Probable Frequency O f  
Occurrence Per P l a n t  - Year Range 

6 4x1 om3 - 6x10- 6 

Earthquake 

I n t e n s i t y  I X  2 l o - 2  - 

10-5 l o m 4  - 10 - 6 A i r p l a n e  Impact 

Me teo r i t es  10 - l o  

Flood 1 o - ~  

F i r e  2 4 x 1 0 ' ~  - 4 x 1 0 - ~  

Dun1 ap and W i  r dne r  (71) summarize t h e  analyses c a r r i e d  o u t  f o r  these 

f a c i l i t i e s .  Doan s t a t e s  t h a t  t h e  wors t  s i t e ,  i n  Oklahoma, has a p r o b a b i l i t y  

o f  a s t r i k e  i n  any yea r  o f  3.62 x The p r o b a b i l i t y  o f  a tornado i n  

t h e  western Un i ted  States,  based on a s tudy  by Smith and M i r a b e l l a  (72 1 i s  

1.3 x 1 0 - ~ / ~ e a r .  A l l  l o c a t i o n s  i n  t h e  U.S. f a l l  w i t h i n  t h a t  range. The 

average f o r  t h e  cont iguous 48 s t a t e s  i s  6.0 x s t r i kes / yea r .  Doan 

s t a t e s  t h a t  "severe tornadoes o f  des ign p ropo r t i ons  have a p r o b a b i l i t y  o f  

occurrence about two decades below the  above f i g u r e s . "  

Dunlap and Weidner d iscuss  tornado d r i v e n  m i s s i l e s  cons idered i n  nuc lea r  

power p l a n t  des ign f o r  t h e  midwest. They are:  

( 1 )  A 4 i n .  x 12  i n .  x 12 f t l o n g  wood p lank  weighing 108 l b  t r a v e l i n g  on 

end a t  300 mph and s t r i k i n g  any p lace,  on t h e  s ides  o f  t h e  r e a c t o r  

b u i l d i n g .  

( 2 )  A 3 i n .  d iameter  schedule 40 p i p e  10 f t l o n g  t r a v e l i n g  on end a t  100 

mph s t r i k i n g  any p lace  over  t he  f u l l  h e i g h t  of t h e  s t r u c t u r e .  

( 3 )  A passenger c a r  weigh ing 4000 1b t r a v e l i n g  on end a t  50 mph w i t h  a 
2 c o n t a c t  area o f  20 ft and a t  a he igh t  n o t  more than 25 f t  above ground 

l e v e l .  



I n  t h e  western s ta tes ,  t h e  m i s s i l e  v e l o c i t i e s  a r e  r a t i o e d  down by t h e  

f a c t o r  o f  2001300 s i nce  t he  h i ghes t  expected v e l o c i t y  i s  200 mph f o r  t h a t  

reg ion .  

I n  a d d i t i o n  t o  t h e  m i s s i l e s ,  t h e  pass ing o f  a tornado g ives  r i s e  t o  an , 
1 

atniospheric p ressure  f l u c t u a t i o n  which niust be cons idered i n  any des ign.  

The lower  pressure i s  expected t o  l a s t  f o r  3 seconds and then  recover  t o  

normal atmospheric pressure i n  t h e  nex t  3 seconds. For t h e  midwest a 

p ressure  t r a n s i e n t  o f  3 p s i  i n  3 seconds i s  c o n s i s t e n t  w i t h  t h e  300 mph 

des ign  bas is  tornado. I n  t he  western U.S. t h e  maximum pressure d rop  i s  

expected t o  be 1.5 p s i  and t h e  r a t e  o f  f l u c t u a t i o n  i s  expected t o  be below 

0.4 ps i l second.  ( 72 )  Thus i t  would t ake  about 4 seconds f o r  t h e  decrease 

o f  1.5 t o  occur  i n  t h e  west. 

I n  t h e  a n a l y s i s  i t  i s  impo r tan t  t o  cons ider  t h e  cumula t i ve  e f f e c t  o f  

t h e  pressure f l u c t u a t i o n s ,  t h e  m i s s i l e s  and t h e  v o r t e x  on t h e  p l a n t  s t r u c -  

t u res .  I f  t h e  i n t e r n a l  b u i l d i n g  pressure a d j u s t s  t o  t he  pressure f l u c t u -  

a t i o n ,  then t he  e f f e c t  o f  t he  pressure f l u c t u a t i o n  on equipment such as 

gloveboxes should be considered. 

A i r c r a f t  Impact 

Another m i s s i l e  source i s  an a i r c r a f t  impact i n t o  t h e  s i d e  of  t h e  

f a c i l i t y .  Che lapa t i ,  Kennedy and Wall (73)  analyzed t h e  a i r c r a f t  hazard 

f o r  nuc lea r  power p l a n t s .  They determined t h a t  t h e  p r o b a b i l i t y  o f  a 

s t r i k e  per  yea r  v a r i e d  f rom 1.4 x f o r  d is tances  g r e a t e r  than  5 m i l e s  

f rom an a i r p o r t  t o  3.4 x l o w 5  f o r  d is tances  l e s s  than 5 m i l e s  f r om t h e  

a i r p o r t .  No v a r i a t i o n  i n  t h e  number o f  f l i g h t s  over  a g iven  r e g i o n  were 

cons idered i n  t h e i r  analyses. Thus ' the  hazard cou ld  v a r y  by a t  l e a s t  a 

f a c t o r  o f  100 about t h i s  mean. 

Che lapa t i  e t  a l . ,  looked a t  t h e  th ickness  o f  concre te  r e q u i r e d  t o  

p reven t  p e n e t r a t i o n  o f  t h e  b a r r i e r .  I f  t h e  b a r r i e r  was r e i n f o r c e d  con- 

c r e t e  1 f t  t h i c k ,  approx imate ly  113 o f  a l l  crashes w i l l  produce m i s s i l e s  

which can pene t ra te  t h e  b a r r i e r .  Most a i r p l a n e  crashes r e s u l t  i n  f i r e  

o f  v a r y i n g  du ra t i on .  The a d d i t i o n  o f  f i r e  can add t o  t h e  s e v e r i t y  o f  t h e  

event.  



3. F i r e  

F i r e  data was de r i ved  from s t a t i s t i c s  o f  t he  chemical i n d u s t r y .  

A1 though t he  p l  u t o n i  um f u e l  f a b r i c a t i o n  i n d u s t r y  has Illany opera t ions  which 

a re  more nea r l y  l i g h t  manufactur ing i n  nature,  t he  scrap recovery,  

co -p rec ip i  t a t i o n ,  and powder b lend ing  opera t ions  have a  g r e a t  deal o f  

s i m i l a r i t y  t o  common chemical processes. 

Hence, t h e  use o f  f i r e  da ta  f rom the  chemical i n d u s t r y  can be j u s t i f i e d  

even though i t  may be conserva t i ve .  Major f i r e s  i n  t he  chemical i n d u s t r y  

f o r  t he  years  1966-70 were 25. ( 7 4 )  It was assumed t h a t  t he  popu la t i on  f rom 

which t h i s  s t a t i s t i c  was de r i ved  was t h e  e n t i r e  number o f  p l a n t s  l i s t e d  

under Chemical I n d u s t r y  (SIC #28) which i s  g iven  i n  t he  1967 i n d u s t r i a l  

census as 11,799. ( 7 5 )  Th i s  r e s u l t s  i n  a  p r o b a b i l i t y  o f  4  x  major  

f i r e s  pe r  p l a n t  per  year .  Recognizing t he  d i f f e r e n c e  i n  i n d u s t r y  charac- 

t e r i s t i c s ,  a lower  range va lue o f  2  x  was a r b i t r a r i l y  assigned. 

4. Earthquake 

The r i s k  f rom se ismic events i s  ve ry  dependent on t h e  geographic 

l o c a t i o n  o f  a  p a r t i c u l a r  f a c i l i t y .  The reg ion  west of  t he  Rockies i s  

cons idered t o  have much g r e a t e r  s e i s m i c i t y  than  t he  r e s t  o f  t he  coun t ry .  

Cal i f o r n i a  i n  p a r t i c u l a r  has very  h i g h  s e i s m i c i t y  because o f  t he  numerous 

a c t i v e  f a u l t s  i n  t he  s t a t e .  Algermissen (76 )  has est imated t he  se ismic 

r i s k  i n  t he  var ious  reg ions  o f  t h e  coun t ry .  Gutenberg and R i c h t e r  (74) 

have summarized t he  s e i s m i c i t y  o f  the  e n t i r e  e a r t h  f o r  t he  1904-1952 t i ~ i i e  

pe r i od .  O f  p a r t i c u l a r  i n t e r e s t  t o  t h i s  study a r e  r e p o r t s  by G. A. 

B o l l  i nger (78)  and a  book by Wiegel . (79 )  The B o l l  i nger a r t i c l e  d iscusses 

t h e  h i s t o r i c a l  and recen t  se ismic a c t i v i t y  i n  South Caro l ina .  I n  t h i s  

a r t i c l e  B o l l i n g e r  s t a t e s  " t h e  g r e a t  Charleston, South Ca ro l i na  earthquake 

o f  August 31, 1886 p rov ides  an example o f  a  major  Un i ted  S ta te  earthquake 

o u t s i d e  t he  P a c i f i c  coas t  r eg ion .  No p r i o r  severe shocks were known t o  

have occur red  i n  t h i s  r e g i o n  s ince  i t s  se t t lement  by t he  Eng l i sh  i n  1670. 

Because o f  t h i s  l o n g  aseismic h i s t o r y ,  t h e  1886 event  i s  o f t e n  c i t e d  as 

an example t h a t  no r e g i o n  i s  complete ly  sa fe  f rom earthquake hazard." The 

es t imated  magnitude of  t h i s  earthquake was 7.7 on t h e  R i c h t e r  sca le .  



On t h e  Mod i f i ed  M e r c a l l i  s ca le  t h i s  earthquake had a maximum i n t e n s i t y  

o f  X and a r e g i o n  o f  about 3,000 square m i l e s  exper ienced damage i n  excess 

o f  I X  on t he  Mod i f i ed  Mercal li sca le .  I n  t h i s  3,000 square m i l es ,  b u i l d i n g s  

were s h i f t e d  o f f  foundat ions,  cracked, thrown o u t  o f  plumb, ground was 

cracked and underground p ipes  broken. For  purposes o f  t h i s  r e p o r t  t he  

r i s k  c a l c u l a t i o n  w i l l  use an i n t e n s i t y  o f  I X  t o  c a l c u l a t e  t he  p r o b a b i l i t y  

o f  an earthquake s t r i k i n g  a f a b r i c a t i o n  p l a n t .  The use o f  t h i s  i n t e n s i t y  

i s  n o t  meant t o  i n d i c a t e  t h a t  t h e  earthquake w i l l  r e s u l t  i n  a  re lease ,  i t  

was used as a p o i n t  o f  re ference.  More severe earthquakes w i l l  have a 

lower  probab-i 1  i t y  o f  occurrence and thus l e s s  se ismic r i s k .  

. B o l l i n g e r  shows t h a t  t h e  p r o b a b i l i t y  o f  an earthquake s t r - i k i n g  a r e g i o n  

o f  3,000 square m i l e s  a long  t h e  e a s t  coas t  i s  about  0.005/year. Assuming 
6 t h e  eas t  coas t  c o n s i s t s  o f  10 square mi les ,  then  t h e  r i s k  o f  an earthquake 

a t  any p o i n t  on t h e  eas t  coas t  i s  approx imate ly  0.005 x  3000 . Thus the 

1 o6 
p r o b a b i l i t y  o f  an earthquake a t  some gener ic  eas te rn  s i t e  would be app rox i -  

mate ly  2  x  1 0 - ~ / ~ e a r .  

I n  C a l i f o r n i a ,  t h e  p r o b a b i l i t y  o f  a  R i c h t e r  magnitude 7.5 earthquake 

i s 0.0761year. (79)  Th is  would r e s u l t  i n  an i n t e n s i t y  o f  g r e a t e r  than I X  

on t he  Mod i f i ed  Merca l l  i sca le  ove r  about 2,000 square n i i l es .  The p r o b a b i l i t y  

o f  an earthquake w i t h  a  magnitude g r e a t e r  than 8.0 i s  0.021 and 6,000 

square m i l e s  can be expected t o  exper ience heavy damage. The p r o b a b i l i t y  

o f  a  magnitude 8.5 earthquake i s  es t imated  t o  be O.OOG/year. Approx i -  

ma te l y  14,000 square m i l e s  can be expected t o  exper ience heavy damage f rom 

t h i s  earthquake. Thus t he  p r o b a b i l i t y  of  an earthquake s t r i k i n g  a random 

p o i n t  i n  C a l i f o r n i a  (150,000 square m i l e s )  i s :  

It should be recognized t h a t  some areas, p a r t i c ~ ~ l a r l y  a long  f a u l t s  , e x p e r i -  

ence a h i ghe r  p r o b a b i l i t y  than be ing  i n v o l v e d  i n  a  severe earthquake once 

every  500 years.  



5. Meteor i tes  

As p a r t  o f  t he  space e f f o r t ,  s i g n i f i c a n t  research has been done on 

t h e  p r o b a b i l i t y  o f  me teo r i t es  impac t ing  t h e  ea r th .  Gera and Jacobs (80 

sumnari zed c u r r e n t  know1 edge on t h e  sub jec t  and conc l  uded t h a t  t h e  proba- 
7 42 2 b i l i t y  o f  a  2  x  10 kg m e t e o r i t e  impac t ing  an area i s  10 /km -yr. The 

frequency o f  f a l l s  i s  i n v e r s e l y  p ropo r t i ona l  t o  t h e  weight  o f  meteors, and 
2 f o r  a  2,000 kg meteor, t h e  p r o b a b i l i t y  i s  1 0 - ~ / k m  -yr. Th is  me teo r i t e  

would c e r t a i n l y  be capable o f  p e n e t r a t i n g  a containment s t r u c t u r e .  However, 

t h e  f a b r i c a t i o n  p l a n t  does n o t  occupy a square km b u t  occupies about 

1  ac re  o f  land.  Thus t h e  p r o b a b i l i t y  o f  a  meteor s t r i k i n g  t h e  f a b r i c a t i o n  

p l a n t  i s  about 4 x  1 0 - ~ ~ / ~ r .  

6. F lood 

Most f a b r i c a t i o n  p l a n t s  a re  designed t o  be above t he  Probable Maximum 

Flood (PMF). I f  t h e  f a c i l i t y  were innundated, t h e  g r e a t e s t  danger would be 

from water seepage. The consequence o f  such seepage was no t  i n v e s t i g a t e d  

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

B. RELEASE PROBABILITY FROM IN-PLANT ACCIDENTS 

1 . Data Sources 

Al though p l u t o n i u ~ n  f a b r i c a t i o n  exper ience i s  l i m i t e d ,  c e r t a i n  amounts 

o f  ope ra t i ng  data a r e  a v a i l a b l e .  Experimental  p lu ton ium bear ing  f u e l  

elements have been manufactured a t  P a c i f i c  Northwest Labora to r ies  and 

Argonne Nat iona l  Labora to ry  f o r  t h e  pas t  15 years .  The hand l ing  o f  p l u -  

tonium f o r  weapons work a t  P a c i f i c  Northwest Labora to r ies ,  Rocky F l a t s ,  

Mound Labora to ry  and Los Alamos a l s o  has y i e l d e d  i n v a l u a b l e  exper ience on 

t h e  hand l ing  and c o n t r o l  o f  p lutonium. S i m i l a r l y ,  t h e r e  has been a s i g n i -  

f i c a n t  amount o f  exper imental  chemis t ry  conducted i n  gloveboxes a t  a l l  o f  

t h e  l a b o r a t o r i e s .  Whi le t h i s  work i nvo l ves  equipment somewhat d i f f e r e n t  

from t h a t  used i n  f u e l  f a b r i c a t i o n ,  t h e  hand l ing  o f  hazardous rad io i so topes  

i n  var ious  chemical regimes c o n t r i b u t e s  va luab le  data f o r  s a f e t y  analyses. 

A1 though s t a t i s t i c s  f rom these opera t ions  a r e  p robab ly  d i r e c t l y  app l i cab le ,  

i t  should be noted t h a t  they were compi led i n  many cases i n  exper imental  



r a t h e r  than  i n d u s t r i a l  f a c l l i t i e s .  The v e r y  na tu re  o f  t h i s  exper imenta l  

work leads  t o  a  cornparat ive ly  h i g h  acc iden t  r a t e .  

Other sources o f  i n f o rma t i on  have been t h e  Sa fe ty  Related Occurrences 

i n  Nuclear F a c i l i t i e s .  (81) The da ta  i n  t h i s  p u b l i c a t i o n  a r e  most a p p l i c a b l e  I 

t o  t h e  problem a t  hand. Un fo r t una te l y ,  t h i s  i s  o f  l i m i t e d  use i n  i t s  

p resen t  form. The c l a s s i f i c a t i o n  o f  t h e  acc iden t s  r epo r ted  i s  n o t  d i r e c t l y  - 
I 

a p p l i c a b l e  and l i t t l e  o r  no work has been done on r e d u c t i o n  o f  t h e  da ta  t o  

acc iden t  f requency. I n  1967, a  Re1 i a b i l  i t y  and M a i n t a i n a b i l i t y  Data- 

Source Guide was prepared f o r  t h e  U. S.  Naval App l ied  Science Laboratory ,  

Brooklyn, New York. (82) The gu ide  1  i s t s  twenty - th ree  Government r e 1  i a b i l  i ty  

and m a i n t a i n a b i l i t y  data sources and over n i n e t y - f i v e  sources o f  t e c h n i c a l  

and s c i e n t i f i c  i n f o r m a t i o n  f o r  r e l a t e d  eng ineer ing  data.  A p r e l i m i n a r y  

rev iew  o f  one o f  t h e  more promis ing r e l i a b i l i t y  and m a i n t a i n a b i l i t y  da ta  

sources (FARADA PROGRAM) i n d i c a t e d  t h a t  t h e  da ta  had been reduced t o  

d i r e c t l y  usab le  form, namely, f a i l u r e  r a t e s  per  k inds  o f  equipment based 

on ope ra t i ng  exper ience.  (83) The F a i l u r e  Rate Data (FARADA) i n f o r m a t i o n  

i s  compi led i n t o  loose-1 eaf handbooks (SP-63-470) o f  f i v e  volumes, which 

a r e  now updated q u a r t e r l y .  These da ta  have some va lue  i n  t h e  s tudy  even 

though i t  i s  o r i e n t e d  e n t i r e l y  t o  t he  Army, Navy, A i r  Force, and NASA. 

I n  summary, i t  i s  b e t t e r  t o  have some data,  used j u d i c i o u s l y ,  than  

none. It should be emphasized t h a t  t h e r e  i s  no s u b s t i t u t e  f o r  ope ra t i ng  

s t a t i s t i c s .  I f  p r e l i m i n a r y  a n a l y s i s  based on l i m i t e d  o r  i n f e r r e d  da ta  a r e  

reexamined w i t h  t ime, t hey  have p o s i t i v e  b e n e f i t s .  I f  they  a r e  " c a s t  i n  

concre te"  and t h e  l i m i t e d  n a t u r e  o f  t h e i r  o r i g i n s  f o r g o t t e n ,  t hey  have 

dubious va lue.  

2. Equipment F a i l u r e  Rates and Acc iden t  Frequencies 

I n  most cases, t h e  f a i l u r e  o f  a  s i n g l e  p i e c e  o f  equipment w i l l  n o t  

r e s u l t  i n  an u ~ c o n t r o l l e d  r e l e a s e  o f  p lu ton ium t o  t h e  env i rons .  However, 

equipment f a i l u r e s  o r  acc iden t s  i n v o l v i n g  r e s i n  columns, gloveboxes, 

c r i t i c a l  i t y ,  and s i n t e r i n g  furnaces,  could,  by themselves, r e s u l t  i n  

smal l  r e l e a s e  through t h e  normal b u i l d i n g  exhaust system. I n  a l l  cases, 

t h e  magnitude o f  acc iden ta l  re leases  as w e l l  as re l ease  f rom normal 



o p e r a t i o n  a r e  h i g h l y  dependent on t h e  e f f i c i e n c y  o f  t h e  b u i l d i n g  f i n a l  

f i l t e r  system. Ana l ys i s  o f  t h e  p r e v i o u s l y  d iscussed f a i l u r e  r a t e  da ta  

source has l e a d  t o  est-imates o f  f a i l u r e  r a t e s  f o r  se lec ted  p ieces o f  equip-  

ment. A d d i t i o n a l l y ,  t he  r e l i a b i l i t y  o f  t h e  HEPA f i l t e r s  f o r  opera t ing  a t  

quoted o r  des ign  e f f i c i e n c i e s  has been developed. Th is  i n f o r m a t i o n  i s  

summarized i n  Table 15 and Table 16. A d i scuss ion  o f  t he  development o f  

some o f  these values f o l l o w s .  The est imated occurrence r a t e  o f  a  c r i t i c a l -  

i t y  i n  a  f u e l  p l a n t  i s  a l s o  inc luded  i n  Table 15. The bas i s  f o r  t h i s  va lue  

i s  s u m a r i z e d  i n  t he  t e x t .  

a. Resin Columns 

Four i n c i d e n t s  have been repo r ted  r e s u l t i n g  i n  a  re l ease  o f  r a d i o -  

a c t i v i t y  i n t o  t h e  f a c i l i t y  as a  r e s u l t  o f  thermochemical i n s t a b i l i t i e s  i n  

an ion-exchange processing. Plutonium s o l u t i o n s  were i nvo l ved  -in t h r e e  and 

a  uranium s o l u t i o n  i n  t h e  o t h e r ,  (85)  

Thermal t r a n s i e n t s ,  i f  n o t  p r o p e r l y  c o n t r o l l e d ,  a r i s e  f rom r a d i o l y t i c  

heat ing,  excess ive a p p l i e d  heat,  o x i d a t i o n  due t o  n i t r a t i o n  under uncon- 

t r o l l e d  cond i t i ons ,  o r  hea t ing  by s t rong  o x i d m t s .  Dur ing  the  excurs ion,  

t he  column heats, becomes p ressur ized ,  and cou ld  r u p t u r e  t o  d ischarge  r e s i n  

and s o l u t i o n .  The acc iden t  has  bee^ s u c c e s s f u l l y  modeled and t h e  ope ra t i ng  

c o n d i t i o n s  r e q u i r e d  t o  avo id  t h e  i n c i d e n t  a r e  w e l l  known. (86) ~ o n s c i e n -  

t i o u s l y  app l i ed  a d m i n i s t r a t i v e  con t ro f s ,  r e l i a b l e  mon i t o r i ng  equipment and 

adequate s a f e t y  f e a t u r e s  wculd presumably s u c c e s s f u l l y  c o n t r o l  t he  process. 

There would s t i l l  e x i s t  son2 f i n i t e  p r o b a b i l i t y  o f  a  s imultaneous 

breakdown o f  t h e  a d m i n i s t r a t i v e  c o n t r o l s  ( o p w a t o r  i n a t t e n t i o n ,  e t c  . ) , 
mon i t o r i ng  equipment f a i l u r e  (thel-inocoupl es and amp1 i f  i e r s )  and i n o p e r a t i v e  

s a f e t y  dev ices ( r u p t u r e  d i s k s  o r  check va l ves ) .  I f  f a i l u r e  r a t e  da ta  can 

be obta ined o r  p ro j ec ted  f rom ope ra t i ng  h i  s t o r y  on equipment i n  r e l a t e d  
(87 opera t ions ,  and t he  c o n t r i b u t i o n  from ope ra to r  e r r o r  adequate ly  evaluated, 

t he  frequency o f  a  r e s i n  column f i r e  a r ~ d  exp los ion  can be developed. 

P r i o r  work, (88) assuming t h a t  t he  column i n v e n t o r y  was about  1400 grams 

and t h a t  t he  glovebox r u p t u r e d  pos tu l a ted  t h a t  t h e  r e s u l t i n g  p lu ton ium 

r e l e a s e  through t he  f i l t e r s  t o  t he  s tack  i s  about  0.00003 g  (30 p g )  f o r  

t h i s  i n c i d e n t .  



TABLE 15. Est imates o f  t h e  Occurrence Frequencies and F a i l u r e  Rates 
o f  Major  Equipment 

F a i l u r e s  
o r  Events 
Per Year 

Res in  Columns (81 > ~ 0 . 1  

Dry Glovebox Operat ions (81 > (0.1 

Au toc lave  (81 > ~ 0 . 0 1  

S i n t e r i n g  Furnaces (84 > c0.  05 

V e n t i l a t i o n  Equipment (83 > 
D i r e c t  D r i ven  Fan .LO. 01 

Be1 t Dr i ven  Fan 0.4 

Con t ro l s  0.08 

C r i t i c a l  i ty  8 .6  x  

TABLE 16. E f f i c i e n c y  o f  a  Two Stage B u i l d i n g  Exhaust F i l t e r  System 
Under Var ious Cond i t ions  

Most Probable  
C o n d i t i o n  F i  1  t e r  Transmiss ion 

F i l t e r s  n o t  t e s t e d  p r i o r  t o  i n s t a l l a t i o n  o r  
i n  p lace,  8% o f  f i l t e r  o p e r a t i n g  l e s s  than  (a > 
des ign  e f f i c i e n c y  7 

F i l t e r s  t e s t e d  p r i o r  t o  i n s t a l l a t i o n  and i n  
p lace,  r o u t i n e  i n s p e c t i o n  and replacement 
program 1 

a .  Assumes a f i l t e r  e f f i c i e n c y  o f  .0.95 f o r  t h e  d e f e c t i v e  f i l t e r s .  

b. G l  ovebox Expl  os ions  

S ince  1967, f o u r  glovebox exp los ions  o r  f i r e s  have been r e p o r t e d  i n  

which s i g n i f i c a n t  amounts o f  m a t e r i a l s  were re leased .  One i n v o l v e d  a hood, 

a t lo ther  an exp los i on  i n  a  vacuum d r y  box, a  t h i r d  was a g lovebox 

exp los i on  and f i r e  i n v o l v i n g  2 3 8 ~ u  and t h e  f o u r t h  was t h e  Rocky F l a t s  



p lu ton ium f a c i l i t y  f i r e .  The l a s t  i n vo l ved  p l u ton ium meta l  and i s  n o t  

r e p r e s e n t a t i v e  o f  a  process i n  a  f u e l  f a b r i c a t i o n  p l a n t .  

The sa fe ty  problem f r om a  glovebox exp los i on  and f i r e  aga in  would 

be expu l s i on  o f  p l u ton ium compounds i n t o  t h e  work area and p o s s i b l e  c a r r y i n g  

o u t  of p lu ton ium th rough  t h e  exhaust system t o  t h e  env i rons .  

There a r e  severa l  pass ive  and a c t i v e  s a f e t y  a c t i o n s  used i n  t he  p l a n t  

t o  p reven t  g l  ovebox f i r e s  and c o n t a i n  them. Normal ope ra t i ng  procedures 

would s p e c i f y  t h a t :  

Flammable so l ven t s  w i t h  f l a s h  p o i n t s  below 140 OF be n o t  

p e r m i t t e d  i n s i d e  t h e  boxes. 

I n e r t  atmospheres be used i n  boxes where heat  i s  present .  

Trash (such as wipes)  be kep t  t o  a  minimum i n s i d e  boxes and 

s to red  i n  covered meta l  con ta i ne rs .  

Pu02 and U02 n o t  a c t u a l l y  i n  process i n s i d e  t h e  gloveboxes be 

kep t  i n s i d e  meta l  con ta i ne rs .  

The d r y  o p e r a t i o n  i n v o l v e s  Pu02 and U02 which a r e  n o t  

f l a m a b l e  m a t e r i a l s .  

Wel l -designed gloveboxes c o n t a i n  hea t  d e t e c t o r s  and f i r e  e x t i n g u i s h e r s  

mounted i n s i d e  t h e  boxes w i t h  dev ices  f o r  a u t o m a t i c a l l y  i n i t i a t e d  f i r e  

suppression. F i l t e r s  a r e  preceded by f i b e r g l a s s  p r e f i l  t e r s ,  and t h e  f i n a l  

f i l t e r  bank i s  p r o t e c t e d  f r om h o t  o r  burn ing  d e b r i s  a u t o m a t i c a l l y  by a  

temperature a c t i v a t e d  de l  uge system. 

The p r o b a b i l i t y  o f  a  glovebox exp los i on  and f i r e  i s  low, b u t  aga in  a 

f i n i t e  and a  t e n t a t i v e  number has been assigned based on a v a i l a b l e  - in ' for -  

mat ion.  The acc i den t s  analyzed i n  t h i s  s tudy i n v o l v i n g  a f i r e  and an 

exp los i on  i n  a  glovebox a r e  extreme examples o f  t h i s  t ype  o f  acc i den t .  

It i s  expected t h a t  these types  o f  acc i den t s  would have a  p r o b a b i l i t y  o f  

occurrence a t  l e a s t  a  f a c t o r  o f  100 l e s s  than t h e  l i s t e d  va lue  i n  Tabye 15. 

c .  S i n t e r i n g  Furnace 

Pub1 i shed ope ra t i ng  f a i  1  u r e  r a t e  da ta  ( exp los i ons )  were n o t  a v a i l  a b l e  

f o r  s i n t e r i n g  fu rnaces  a l t hough  i t  appears t h a t  t h e  numbers o f  s i n t e r i n g  



furnaces i n  f u e l s  f a b r i c a t i o n  f a c i  1  i t i e s  a r e  a v a i l a b l e .  A  major  vendor 

f o r  exarr~ple, has 30 u n i t s  i n  s e r v i c e  a t  uranium p l a n t s  and one a t  a  

p lu ton ium f a c i l i t y  and f o u r  vendors f u r n i s h  over  95% o f  t h e  l a r g e  u n i t s  

commerc ia l ly  i n  use. 

Acc iden ts  have occurred a t  s i n t e r i n g  furnaces r e s u l t i n g  f rom detona- 

t i o n s  of exp los i ve  m ix tu res  o f  oxygen f rom a i r  and hydrogen, t h e  reduc ing  

gas. The exp los i ve  m ix tu res  develop u s u a l l y  f rom: 

1. Incomplete removal o f  a i r  (oxygen) f rom a  c o l d  fu rnace  a t  

s t a r t u p  be fo re  i n t r o d u c i n g  t h e  fo rming  gas c o n t a i n i n g  hydrogen. 

2. In- leakage o f  a i r  (oxygen i n t o  t h e  fu rnace  d u r i n g  o p e r a t i o n  

w i t h  t h e  fu rnace  a t  temperature) .  

3. In- leakage o f  a i r  (oxygen) i n  t h e  l i n e  exhaust ing t h e  

fo rming  gas m i x t u r e  (Hz >12%) w i t h o u t  f i r s t  d i l u t i n g  t h e  

Hz c o n t e n t  t o  l e s s  than a  non-explos ive con ten t  (about  5% H z )  

Basic s a f e t y  f e a t u r e s  on a l l  s i n t e r i n g  furnaces i n c l u d e  an automat ic  

n i t r o g e n  f l u s h  w i t h  hydrogen i s o l a t i o n  u n t i l  t h e  f l u s h  i s  complete ( t imed 

o u t )  f o r  fu rnace  s t a r t u p ,  and, f o r  p r o t e c t i o n  when t he  fu rnace  i s  a t  

temperature,  and automat ic  t r a n s f e r  from Hz t o  N2 make-up i f  t h e  hydrogen 

pressure f a i l s  o r  a  power f a i l u r e  develops. 

Forming gas m ix tu res  a r e  es tab l i shed  i n  some s i n t e r i n g  furnaces 

e n t i r e l y  by v a l v i n g  and mon i t o r i ng  i n d i v i d u a l  gas f l o w  streams. The 

p r o b a b i l i t y  f o r  opera to r  e r r o r  t h a t  would r e s u l t  i n  t h e  fu rnace  f i l l i n g  

w i t h  He i s  f i n i t e .  When m ix i ng  gases a u t o m a t i c a l l y  a t  t h e  fu rnace  w i t h  

a  meter ing  dev ice,  o r i f i c e s  have become plugged and t h e  gas m i x t u r e  can 

suddenly r e v e r t  t o  100% Hz. Flow alarms a r e  recommended b u t  appa ren t l y  

seldom used. T h e i r  r e d u c t i o n  o f  t h e  r i s k  i s  dependent upon t h e i r  own 

re1  i a b i l i t y .  

A  reasonable assessment o f  t h e  p o t e n t i a l  f o r  an a c c i d e n t  i n  a  s i n t e r -  

i n g  fu rnace  would be est imated f rom comp i l i ng  ope ra t i ng  exper ience,  i f  

poss ib l e ;  by app l y i ng  f a i l u r e  r a t e s  t o  t h e  s a f e t y  equipment and t o  con- 

t r o l l e r s ;  and by assess ing t he  c o n t r i b u t i o n  o f  ope ra t i ng  e r r o r s .  



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

The o b j e c t i v e  o f  t h i s  s e c t i o n  i s  t o  es t imate  t h e  p r o b a b i l i t y  o f  a  

c r i t i c a l i t y  acc iden t  i n  f u e l  f a b r i c a t i o n  f a c i l i t i e s .  Th is  p robab i l  i t y ,  

'ca , w i l l  be est imated as: 
A, 

where Af = Number o f  c r i t i c a l i t y  acc iden ts  i n  Fuel 
F a b r i c a t i o n  r e l a t e d  p l a n t s  t o  da te  

Qf = Q u a n t i t y  o f  f u e l  processed through Fuel 
F a b r i c a t i o n  r e l a t e d  p l a n t s  t o  da te  

The number o f  c r i t i c a l i t y  acc iden ts  t o  d a t e  i s  f o u r .  (89) These 

acc iden ts  have a l l  occurred i n  ope ra t i ng  f a c i l i t i e s  i n  t h e  Un i ted  S ta tes  

f rom a c t i v i t i e s  t h a t  c o u l d  be r e l a t e d  t o  f u e l  f a b r i c a t i o n  i f  t h e  scrap 

recovery  opera t ion  i s  inc luded,  as a l l  f o u r  occur red  d u r i n g  scrap recovery .  

Two i nvo l ved  plutonium, two h i g h l y  enr iched uranium, and a l l  f o u r  occurred 

du r i ng  wet chemis t ry  opera t ions .  No c r i t i c a l i t y  acc iden t  has occurred i n  

t h e  Un i ted  S ta tes  d u r i n g  t h e  process ing o f  d r y  m a t e r i a l  and no c r i t i c a l i t y  

i n c i d e n t  has occurred i n  t he  process ing o f  wet o r  d r y  m a t e r i a l  o f  low 

enrichment. The l o c a t i o n s ,  dates, and personnel exposures r e s u l t i n g  f rom 

these acc iden ts  a r e  summarized i n  Table 17. 

Four acc iden ts  i n  25 years  i s  obv ious l y  very  l i m i t e d  exper ience and 

does n o t  g i v e  a  comprehensive p i c t u r e  o f  t h e  ways c r i t i c a l i t y  acc iden ts  

can occur .  A  more proper  appra isa l  perhaps would be t o  i n c l u d e  "near- 

misses"; b u t  q u a n t i t a t i v e  i n f o r m a t i o n  o f  t h i s  t ype  i s  n o t  a v a i l a b l e .  

Nonetheless, i f  a l l  f a c i l i t i e s  s i m i l a r  t o  those i n  which t h e  above a c c i -  

dents  have occurred a r e  inc luded  in' t h e  assessment of Q, t h e  p r o b a b i l i t y  

es t imate  should be v a l i d  f o r  t h e  i n t e n t  o f  t h i s  study. 

The scope o f  t h e  p r o b a b i l i t y  es t ima te  thus inc ludes  f a c i l i t i e s  t h a t  

process, f a b r i c a t e ,  recover ,  o r  o therw ise  handle n o n - i r r a d i a t e d  plutonium, 

s l  i g h t l y  enr i ched  uranium, and f u l l y  enr iched uraniicni. Fuel reprocess- i  ug 

f a c i l i t i e s  and f a c i l i t i e s  f o r  processing U-233 and Pu-238 a r e  n o t  i nc l uded  

a t  t h i s  t ime.  



TABLE 17. Summary o f  C r i t i c a l i t y  Acc iden ts  Inc luded  i n  Th i s  Study 

F i s s i l e  Form o f  Personnel 
M a t e r i a l  F i s s i l e  Exposures, 

Loca t i on  Date Invo lved  M a t e r i a l  Deaths Rem 

Y-12 P l a n t  6/58 ~ ( 9 3 ) ' ~ )  S o l u t i o n  0  461 298 
428 86 
413 86 
341 29 

LASL 12/58 P l u t o n i u ~ n  S o l u t i o n  1  12,000 
134 

5  3  

Hanf o r d  4/62 Plu ton ium S o l u t i o n  0  110 
43 
19 

U  IVC 7/64 U  (93) Sol u t i o n  1  10,000 
80  
8  0  

a.  U(93) means uranium whose 235-U enr ichment  i s  93 w t % .  

The cho i ce  o f  " p l a n t  years "  f o r  Q i s  recogn ized  as n o t  t h e  b e s t  bas is ,  

b u t  i t  i s  t h e  o n l y  bas i s  t h a t  cou ld  be es t imated  q u a n t i t a t i v e l y  a t  t h i s  

t ime.  A  b e t t e r  b a s i s  would be t o t a l  f ue l  throughput ,  w i t h  a l lowance  f o r  

d i f f e r e n c e s  i n  t h e  f u e l  forms and f u e l  r e a c t i v i t i e s  processed. Such f i g u r e s  

o f  f u e l  processed through USAEC p l a n t s ,  of course, a r e  n o t  a v a i l a b l e .  So a  

d i f f e r e n t  bas i s  must be used. Cons ide ra t i on  was g i ven  t o  p l a n t  f l o o r  area, 

number o f  employees, p l a n t  des ign  c a p a c i t y  and s imp ly  yea rs  o f  ope ra t i on ,  

f o r  t h e  bas i s .  These f i g u r e s ,  too,  a r e  d i f f i c u l t  t o  o b t a i n  and l ead  t o  

va r i ous  degrees of inaccuracy.  Consequently, f o r  t h e  purposes o f  t h e  pr: sent 

s tudy,  i t  was dec ided t o  use " p l a n t  yea rs "  f o r  t h e  p r o b a b i l i t y  es t ima te .  

The "number o f  p l a n t  yea rs "  of o p e r a t i o n  t o  t h e  p resen t  i s  es t imated  t o  

be - 432. T h i s  es t ima te  was ob ta ined  by summing p l a n t s '  years  o f  ope ra t i ons  

s i n c e  1942, as shown on Table  18. (90 - 93) 

Imbalances i n  p roduc t i on  r a t e s  should be p a r t i a l l y  compensated by t h e  

l a r g e  number of smal l  s c a l e  p l a n t s  t h a t  a r e  i nc l uded  i n  t h e  t a l l y .  It i s  



TABLE 1 8 .  E s t i m a t e  o f  P lan t -Years  o f  P r o d u c t i o n  S i n c e  1942 
I n v o l v i n g  Uranium and Plutonium Fuel F a b r i c a t i o n  

Pl a n t  

Hanf o r d  
Savannah Rive r  L a b o r a t o r y  
Los Alamos S c i e n t i f i c  L a b o r a t o r y  
Nat ional  Lead Company o f  Ohio 
Oak Ridge Na t iona l  Labora to ry  
Lawrence R a d i a t i o n  Labora to ry  
Argonne Nat ional  Labora to ry  
A e r o j e t  General Nuclear  
Atomics I n t e r n a t i o n a l  
Babcock & Wilcox 
C l e v i t e  Research C o r p o r a t i o n  
Combustion Eng inee r ing  
C u r t i s s - W r i g h t  Davison 
G u l  f General  Atomics 
General E l e c t r i c  
Gulf llni t e d  Nuclear  
M & C Nuc lea r ,  I n c o r p o r a t e d  
Exxon 
Ma1 1 i n c k r o d t  Nuclear  C o r p o r a t i o n  
Mart in  Company 
Kerr-McGee 
Nat ional  Carbon Company 
Na t iona l  Lead Company 
Engel hard I n d u s t r i e s ,  I n c o r p o r a t e d  
Nuclear  Development C o r p o r a t i o n  of 

America 
Nuclear  IYater ia ls  and Equipment 

C o r p o r a t i o n  
Syl vania-Corning Nucl e a r  C o r p o r a t i o n  
Westinghouse E l e c t r i c  C o r p o r a t i o n  
United Nuclear  

Est-iniated Es t ima ted  
Dates P l a n t  Years 

To ta l  432 
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recognized t h a t  some o f  t h e  dates may be o f f  by a  few years;  b u t  o v e r a l l ,  

t h e  es t ima te  i s  cons ide rab l y  b e t t e r  than a  guess. Improvement o f  t h e  

accuracy o f  t h i s  i n f o r m a t i o n  w i l l  be t h e  s u b j e c t  o f  a  l a t e r  s tudy.  

From t h e  foregoing,  t he  p r o b a b i l i t y  o f  a  c r i t i c a l i t y  acc iden t  i n  

uranium and p lu ton ium f u e l  f a b r i c a t i o n  f a c i l i t i e s  i s  es t imated  t o  be as 

f o l  lows: 

- 4  c r i t i c a l i t y  acc iden t s  Pf - 
432 p l a n t  years  

Pf = 9  x  10 -3 C r i t i c a l i t y  acc iden ts  
p l a n t  year  

Th i s  p r o b a b i l i t y  es t imate  can undoubtedly be f u r t h e r  improved by 

cons ide r i ng  g r e a t e r  p roduc t i on  d e t a i l .  Improvements t h a t  cou ld  be con- 

s idered  a t  a  f u t u r e  da te  a r e  as f o l l o w s :  

a. Obta in  more accu ra te  dates o f  p l a n t  s t a r t u p s  

b. Make a1 lowance f o r  r e a c t i v i t y  o f  f u e l s  processed. 

c .  Obta in  a  b e t t e r  bas i s  f o r  q u a n t i t i e s  o f  f u e l  produced t o  da te .  

d. Consider t ypes  o f  f u e l  ope ra t i ons  - wet versus d r y .  

e. High E f f i c i e n c y  F i l t e r  (HEPA) 

I n  f u e l  f a b r i c a t i o n  f a c i l i t i e s ,  t h e  f i l t e r  i n  t he  glovebox and b u i l d -  

i n g  exhaust systems p rov ide  t h e  f i n a l  p r o t e c t i o n  between t h e  b u i l d i n g  

process a i r  and t h e  environment. For  t h i s  reason i t  i s  ve ry  impo r tan t  t h a t  

t h e  f i l t e r s  be w i t h i n  t h e  des ign s p e c i f i c a t i o n s .  On t h e  average, 3% t o  6% 

o f  t h e  HEPA a r e  d e f e c t i v e  upon r e c e i p t  f rom the  vendor w i t h  t h e  percentage 

o f  r e j e c t s  on some shipments b e i n g ' s i g n i f i c a n t l y  h igher .  (943  95)  F i l t e r s  

a r e  judged d e f e c t i v e  f o r  excess ive pene t ra t i on ,  f i l t e r  medium f a i l u r e ,  

frame f a i l u r e ,  gasket  f a i l u r e ,  and damage d u r i n g  shipment. About 35% t o  

45% o f  t h e  d e f e c t i v e  f i  1  t e r s  have f i  1  t e r  e f f i c i e n c i e s  l e s s  t han  des ign 

s p e c i f i c a t i o n s .  (95)  The e f f i c i e n c y  f o r  t h e  f i l t e r s  judged t o  be d e f e c t i v e  

due t o  excess ive p e n e t r a t i o n  i s  i n  t h e  95% t o  99% range. (94 F a i l u r e  o f  

t h e  f i l t e r  medium and frame a r e  t h e  nex t  most impo r tan t  r e j e c t  reasons. 



Failures during instal lation due to improper seating or careless 
handling seem to occur a t  somewhat lower percentages, namely about 1 to  

2%. (96) Hence, i f  testing i s n ' t  done prior to  or following instal la t ion,  
4 t o  8% of a1 1 HEPA f i l t e r s  instal led will leak and be significantly less  

eff icient  than the design value. 

Failures of the f i l t e r s  while they are in service are a function of 

their  environment. Continuous monitoring of the pressure drop across the 

f i l t e r s  should be coupled w i t h  a routine f i l t e r  replacement program to 
insure a rel iable  f i l t e r  system. 

Because of these s t a t i s t i ca l  defects, a fuel fabrication f a c i l i t y  

should have a pre-installation program for exam-ining the HEPA f i l t e r s  to  
assume they meet design specifications. 

3 .  Operating Data Obtained from National Safety Information Center 

The National Safety Information Center (NSIC) organizes i n  several 
ways the incidents that are reported to the AEC by f a c i l i t y  licensees. 

The reporting requirements for  f a c i l i t y  licensees are described in Parts 

20, 40, 50, 70 and 73 of Ti t le  10 of the Code of Federal Regulation. 

Information from reports of abnormal occurrences or unusual events pro- 
vided most of the source material in the compilations developed by NSIC. 

Despite the extensive cataloging and organization of the information, 
more information about each occurrence seems necessary to contribute to 
a study on risk using frequencies of accidents, fa i lure  rates of equipment, 
contributions by design inadequacies and the l ike.  However, several infor- 
mative comparisons are possible-using the data as indicated in the follow- 
ing tabulations. A summary of the reported occurrences i s  shown in 
Table 19. 

To be properly applicable in accident reviews, each of the personnel 

exposure incidents, for  example, should be reviewed to determine the actual 

operational step of the fabrication process in which i t  occurred. This 
should be repeated for  each of the other three categories. 



TABLE 19. Occurrence Frequencies 

NO. f o r  Es t . Frequency, (4 
1970-71 A v g l y r  IVo./plant/yr  

Personnel Exposure ( b )  5 2 2 6 3.2 

C o n t a m i n a t i o n i n t h e W o r k A r e a s  10 5 0.6 

Local  F i r e  3 1.5 0.2 

Contaminat ion Outs ide Work Area 2 1 0.1 

a. I n  o rde r  t o  normal ize t o  a one m e t r i c  t o n  per  day p l a n t ,  e x i s t i n g  
f a c i l i t i e s  were weighted as shown; General E l e c t r i c  ( 3 ) ,  Westing- 
house (2 )  , Babcock & N i l  cox (1 /2 ) ,  Con~bustion Engineer ing (1 /2) ,  
Numec ( 1  1 /2 ) ,  Kerr-McGee ( I ) ,  G u l f  ( I ) ,  Nuclear Fuel Serv ices ( 1  112). 

b. Personnel Exposure r e p o r t s  i nvo l ved  those occurrences r e q u i r e d  by 
10  CFR 20 Sect.  405. 

For  purposes o f  demonstrat ion, t o t a l s  on i n c i d e n t s  f o r  each of t h e  

ca tego r i es  were averaged f r om these p l a n t s  f o r  t h e  l a s t  two years t h a t  

t h i s  i n f o r m a t i o n  was publ ished;  namely, 1970 and 1971, and they  a r e  shown 

i n  column two. From s t r i c t l y  c o n j e c t u r e  and o n l y  f o r  t h e  purposes o f  

i l l u s t r a t i o n ,  i t  was suggested t h a t  i n  t o t a l ,  they were approx imate ly  

equal i n  ou tpu t  t o  e i g h t  f u e l  f a b r i c a t i o n  p l a n t s  o f  one tonne per  day 

capac i t y .  Th i s  was used t o  develop t h e  est imated frequency; number pe r  

p l a n t  per  year .  

The same da ta  has been organized as t o  t h e  cause o f  r e l ease  i n  

Tab le  20. 

TABLE 20. Occurrence Causes 

Equipment F a i l u r e  

Operat ing E r r o r  

A d m i n i s t r a t i v e  Contro l  

Design E r r o r  

Maintenance E r r o r  

I n s t a l  l a t i o n  E r r o r  

No. f o r  Es t . Frequency, 
1970-71 A v g l y r  No. I p l  a n t l y r  



Again, d e t a i l e d  i n f o r m a t i o n  as t o  k inds  of equipment t h a t  f a i l e d  and 

a t  which work s t a t i o n s  must be sought o u t  f o r  proper  ana l ys i s .  These data 

were e x t r a c t e d  from t h e  a b s t r a c t s  summarizing i n c i d e n t s  o n l y  from p l a n t s  

i nvo l ved  i n  f u e l  f a b r i c a t i o n .  

The f o l l o w i n g  t ab le ,  us i ng  s l i g h t l y  d i f f e r e n t  ca tego r i es  than above, 

was gathered from the  same sources, and occurrences from r e l a t e d  i n d u s t r i e s ,  

p r i m a r i l y  t h e  p repa ra t i on  of r a d i o a c t i v e  pharmaceut icals,  were inc luded.  

In fo rmat ion  was u s u a l l y  n o t  a v a i l a b l e  i n  t h e  a b s t r a c t  t o  determine much 

about each occurrence. Therefore,  t h e  i n c i d e n t s  a t  t h i s  t ime a r e  categor-  

i zed  o n l y  i n  general  terms i n  Table 21. 

TABLE 21. Occurrence Frequencies f o r  Fuel F a b r i c a t i o n  P lan t s  Plus 
Related I n d u s t r y  

Est .  Frequerxy 
Event - 70 - 71 A v g l y r  No./Plant/Yr 

S p i l l s  6 19 13 1.3 

F a i l u r e  of Glovebox o r  Hood 23 18 20 2.0 

Exceeded Design L i m i t a t i o n s  10 13 12 1.2 

I f  one knew what t h e  r e l a t e d  i n d u s t r i e s ,  i n  t o t a l ,  c o n t r i b u t e d  t o  t h e  

s t a t i s t i c s ,  acc iden t  occurrence r a t e s  cou ld  be developed cons ide r i ng  a 

w ider  base which i nc l udes  t h e  r e l a t e d  i n d u s t r i e s .  A r b i t r a r i l y  assuming 

t h a t  t h e  a c t i v i t i e s  of t h e  pharmaceut ical  houses and r e l a t e d  i n d u s t r y  

i nc l uded  above were equ i va len t  t o  2  a d d i t i o n a l  f u e l  f a b r i c a t i o n  p l a n t s ,  

acc iden t  occurrence frequencies have been est imated.  To repea t ,  t o  com- 

p i l e  a  meaningful s tudy  of acc iden t  f requencies,  t h e  records f rom which 

t he  da ta  above were summarized must be reviewed i n  d e t a i l .  From t h i s ,  an 

acc iden t  frequency r a t e  per  powder hand l ing  glovebox per  year ;  f o r  example, 

o r  per scrap recovery glovebox per year,  can be developed. Th i s  i s  t h e  

k i nd  o f  comp i l a t i on  needed t o  develop use fu l  concepts of r i s k s  f o r  t h e  

gener ic  one tonnelday fue l  f a b r i c a t i o n  p l a n t .  I t  appears t h a t  records may 

be a v a i l a b l e  t o  o b t a i n  i t  i f  a d d i t i o n a l  e f f o r t  i s  expended. 
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I X .  ASSESSMENT OF ENVIRONMENTAL RISK 

I n d i v i d u a l s  l i v i n g  i n  t h e  e n v i r o n s  of  a  p l u t o n i u m  f u e l s  f a b r i c a t i o n  

f a c i l i t y  w i l l  be exposed t o  emiss ions from normal p l a n t  o p e r a t i o n  and 

those  r e s u l t i n g  f rom a c c i d e n t s .  S ince  a c c i d e n t a l  r e l e a s e s  a r e  n o r m a l l y  

of g r e a t e r  magni tude and occur  i n f r e q u e n t l y ,  t h e y  must be p laced i n  p e r -  

s p e c t i v e  w i t h  r e l e a s e s  f rom normal o p e r a t i o n  b e f o r e  t h e i r  r e l a t i v e  r i s k  

can be assessed. One method o f  d o i n g  t h i s  i s  t o  t a k e  t h e  insu rance  man's 

approach by w e i g h t i n g  t h e  e s t i m ? t e d  consequence o f  a r e l e a s e  by i t s  f r e -  

quency o f  occurrence.  The o u t p u t  o f  t h i s  approach i s  commonly r e f e r r e d  

t o  as " r i s k " .  When t h i s  i s  done, a l l  r e l e a s e  modes can be d i r e c t l y  com- 

pared and t h e  t o t a l  r i s k  o f  t h e  p l a n t  q u a n t i t a t i v e l y  assessed. 

I n  making such a  r i s k  assessment, one must conduct  a  comprehensive 

s a f e t y  a n a l y s i s .  T h i s  a n a l y s i s  must i n c l u d e  es t ima tes  o f  t h e  magni tude 

o f  c r e d i b l e  r e l e a s e  modes; b o t h  f rom a c c i d e n t s  and normal o p e r a t i o n .  A  

t y p i c a l  l o g i c  diagram f o r  an a n a l y s i s  o f  t h i s  t y p e  f o r  a  f u e l s  f a b r i c a t i o r ;  

f a c i l i t y  i s  shown i n  F i g u r e  16. P o t e n t i a l  r e l e a s e  modes a r e  i n p u t  i n t o  

t h e  F a c i l i t y  "Model" which i s  c h a r a c t e r i z e d  by m a t e r i a l  and process para-  

meters  and b u i l d i n g  d e s i g n  c r i t e r i a .  The magni tude o f  t h e  i n p l a n t  r e l e a s e  

arid t h e  f a c i l  i t y  d e s i g n  c h a r a c t e r i s t i c s  d e f i n e s  t h e  q u a n t i t y  o f  m a t e r i a l  

re leased .  The r e l e a s e d  m a t e r i a l  i s  d i s p e r s e d  and a c t e d  upon i n  t h e  p l a n t  

su r round ings  i n  a  manner p r e d i c t e d  by t h e  Environmental  "Model". D i f f e r -  

e n t  a tmospher ic  d i s p e r s i o n  models should  be used f o r  con t inuous  and s h o r t  

d u r a t i o n  r e l e a s e s .  Est imates o f  t h e  dose t o  t h e  organs o f  i n t e r e s t  f o r  

an i n d i v i d u a l  exposed t o  t h e  d ispersed  m a t e r i a l  a r e  made u s i n g  t h e  Dose 

"Model". The r e s u l t s  o f  these  dose c a l c u l a t i o n s  a r e  r e f e r r e d  t o  as  t h e  

"consequences o f  a  r e l e a s e " .  

. - 
Coupl ing t h i s  o u t p u t  w i t h  t h e  p robab ly  of t h e  r e l e a s e ,  one g e t s  a  p re -  . . - 

d i c t i o n  o f  t h e  env i ronmenta l  r i s k  o f  t h a t  p a r t i c u l a r  r e l e a s e  mode. A  - 
summation o f  t h e  " r i s k "  o f  a l l  c r e d i b l e  r e l e a s e s ,  b o t h  f rom normal opera- 

t i o n  and f rom a c c i d e n t s ,  p r o v i d e  a  measure o f  t h e  t o t a l  imposed r i s k  o f  

t h e  f a c i l i t y .  An a n a l y s i s  such as t h i s  p e r m i t s  d i r e c t  r i s k  comparison o f  

d i s s i m i l a r  f a c i l i t i e s .  
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A  summary o f  t he  r i s k  a n a l y s i s  f o r  t h e  re fe rence  f a c i l i t y  i s  presented 

i n  Table 22.  The r i s k  f o r  a l l  o f  t h e  re l ease  modes d iscussed i n  t h i s  r e p o r t  

have been q u a n t i f i e d  i n  t h e  f i n a l  column c a l l e d ,  "Annual Dose Comi tment  

R i sk . "  T h i s  column shows t h e  probable dose t h a t  an i n d i v i d u a l  w i l l  be - . -  
committed t o  on an annual bas is .  U n l i k e  a  r e a c t o r  where "Annual R i sk "  i s  

used as an index, r i s k  f o r  a  p lu ton ium f a c i l i t y  must be assessed on a  "Dose -. 

Commitment" bas is .  T h i s  i s  because t h e  dose t o  t h e  c r i t i c a l  organs from f 

depos i ted  p lu ton ium i s  d e l i v e r e d  over  a  l ong  pe r i od  o f  t ime and t h e r e f o r e  

cannot  be adequate ly  expressed on an annual dose " rece ived"  bas is  as i n  t h e  

case o f  a  r e a c t o r  f a c i l i t y .  

For re leases  f o r  normal ope ra t i on  and acc iden ts  discussed i n  t h i s  

r e p o r t ,  t h e  annual "dose comni tment"  r i s k  t o  an i n d i v i d u a l  1,000 meters  

f rom t h e  f a c i l  i t y  i s  est imated t o  be l e s s  than 16 mrem t o  t h e  bone, 1.5 

mrem t o  t he  lung ,  1.7 mrem t o  t h e  t h y r o i d ,  and 0.4 mrem t o  t h e  whole body. 

It i s  expected t h a t  t h e  remain ing spectrum o f  acc iden ts  w i l l  n o t  s i g n i f i -  

c a n t l y  inc rease  these values. 

For t h i s  f a c i l i t y ,  t h e  a n a l y s i s  c l e a r l y  i n d i c a t e s  t h a t  t h e  dose t o  

t h e  bone i s  t h e  major  c o n s i d e r a t i o n  i n  eva lua t i ng  t h e  environmental  impact 

o f  a  p lu ton ium f u e l s  f a c i l i t y .  Based on t h e  r e s u l t s  shown i n  Table 22, 

t h e  l a r g e s t  annual dose c o m i t m e n t  t o  an i n d i v i d u a l  i n  t he  env i rons  

r e s u l t s  f rom an acc iden t  i n v o l v i n g  p lu ton ium i n  a  s o l u b l e  form. Therefore,  

spec ia l  emphasis should be d i r e c t e d  toward r e f i n i n g  t h e  p r o b a b i l i t y  o f  such 

re1  eases and, as necessary, p rov ide  a d d i t i o n a l  engineered s a f e t y  f e a t u r e s  

and a d m i n i s t r a t i v e  c o n t r o l  f o r  opera t ions  i n v o l v i n g  p lu ton ium i n  t h i s  chem- 

i c a l  form. A d d i t i o n a l l y ,  i f  a  c r i t i c a l i t y  acc iden t  o f  g r e a t e r  magnitude 

can be deemed c r e d i b l e ,  t h e  t hy ro id '  dose f rom r a d i o a c t i v e  i o d i n e  becomes a  

s i g n i f i c a n t  f a c t o r .  The removal e f f e c t i v e n e s s  o f  i o d i n e  f o r  t h e  f a c i l i t y  

f i l t e r  system should be reviewed t o  determine i f  c r e d i t  can be taken f o r  

i o d i n e  removal i n  t h e  s a f e t y  a n a l y s i s .  I f  t h i s  i s  found inadequate, con- 

s i d e r a t i o n  should be g i ven  t o  t h e  a d d i t i o n  o f  f i l t e r s  c o n t a i n i n g  i o d i n e  

re~nova l  media . 
I n  sumary ,  t h i s  r e p o r t  p rov ides  a  comprehensive view o f  t h e  techno- 

l o g i c a l  cons ide ra t i ons  germane i n  ana l yz i ng  t h e  s a f e t y  o f  a  p lu ton ium f u e l  
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f a b r i c a t i o n  f a c i l i t y .  A d d i t i o n a l l y ,  i t  q u a n t i f i e s  t h e  r i s k  f o r  t h e  f u e l  

f a b r i c a t i o n  ope ra t i ons  and more impo r tan t l y ,  i d e n t i f i e s  t h e  areas where 

spec ia l  s a f e t y  emphasis should be placed. E f f o r t  should con t i nue  toward 

develop ing improved s a f e t y  procedures and r e f i n i n g  t he  r e 1  ease probabi  1  - 
i t i e s  f o r  ope ra t i ons  i n v o l v i q g  t h e  g r e a t e s t  r i s k .  



X.  PLUTONIUM DECISION LEVELS ---- 

There a r e  severa l  s tud ies ,  r epo r t s ,  e tc . ,  which c h a r a c t e r i z e  t he  a c c i -  

den t  o r  acc iden t  parameters f o r  r eac to r s .  A d d i t i o n a l l y ,  recognized 

a u t h o r i t i e s  such as FRC, ICRP, NCRP, e tc . ,  have developed popu la t i on  dose 

l i m i t s  which app ly  t o  t h e  enl ission from r e a c t o r  f a c i l i t i e s .  These have 

been a p p l i e d  i n  t h e  r e a c t o r  s i t i n g  g a i d e .  

S i m i l a r  guidance does n o t  appear t o  be a v a i l a b l e  f o r  p lu ton ium o r  

p l  u t o n i  urn f u e l  f a b r i c t i o n  p l a n t s .  I n  f a c t ,  Wr ight  Langham n ~ t e d " ~ )  t h a t  

guides nc rd  t o  be developed f o r  minimum acceptable a c t i o n  i n  the  event  of 

p l  u t o n i  um acc iden ts .  

A. SURFACE CONTAMINATION 

I n  an e f f o r t  t o  a r r i v e  a t  some use fu l  numbers i n  t he  absence o f  any 

es tab l  i shed  l e v e l s ,  an a t tempt  has been made t o  o r i e n t  e x i s t i n g  1  i m i  t s ,  

guides, d e t e c t i o n  l e v e l s ,  e tc . ,  f o r  su r f ace  contaminat ion t o  determine i f  

meaningful  r e l a t i o n s h i p s  e x i s t .  Proposed p lu ton ium sur face  contaminat ion 

d e c i s i o n  l e v e l s  and t h e i r  r e l a t i o n s h i p s  t o  e x i s t i n g  guidance a re  shown i n  
2  F igure  17. The d e f i n i t i o n  o f  "contaminated" was chosen as 10 nCi/m . 

2  
Th i s  i s  equ i va len t  t o  approx imate ly  200 d/m/100 cm o r  "de tec tab le "  l i m i t s  

f o r  a lpha contaminat ion survey i ns t rumen ta t i on .  A  comparison o f  va r ious  

parameters f o r  f o u r  i s o t o p i c  m ix tu res  i s  shown i n  Tab1 e  22. M i x tu re  I 1 1  

i s  t he  n i i x tu re  d iscussed i n  Sec t ion  V-A. The Pluton ium Surface Contamina- 

t i o n  Dec is ion  Levels  shown i n  F igure  17 a r e  app rop r i a te  f o r  a l l  m i x tu res .  

B. POPULATION DOSE DECISION LEVELS 

Several re fe rences  were reviewed t o  cha rac te r i ze  t h e  annual dose 

rece ived  f rom n a t u r a l  background r a d i a t i o n .  A sumnary o f  values found i s  

shown i n  Table 24. 
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TABLE 24. Annual Average Whole Body Dose 
f rom Natura l  Background Rad ia t ion  

(mrem ) 
Table 11-4 

Bei r (98) ~ n s c e a r  ORPICSD 72-1 

Cosmi c-External  44 3  1  4  5  

Terres tri a1 External  40 4  4  60 

T e r r e s t r i a l  I n t e r n a l  18 18 - 2 5 

Tota l  102 9  3  1  30 

Based on t h e  values presented i n  ORPICSD 72-1, t he  annual average 

dose t o  t h e  bone and t o  t he  l ung  from na tu ra l  background r a d i a t i o n  would 

be as shown i n  Table 25. 

TABLE 25. Average Annual Bone and Lung Dose 
f rom Natura l  Background Rad ia t ion  

Bone 
(Endosteal Ce l l  s )  Lung 

Cosmic External  4  5  4  5  

Terres tri a1 External  6  0  60 

T e r r e s t r i  a1 I n t e r n a l  

On t h e  assumption t h a t  t h e  exposure l i m i t s  appropr ia te  t o  t h e  general 

popu la t ion  would be i n  p ropo r t i on  t o  n a t u r a l  background r a d i a t i o n  dose t o  

t h e  var ious  organs o f  i n t e r e s t ,  130 mrem/yr t o  whole body and lung, and 

1952 mrem/yr t o  t he  bone, t h e  general popu la t ion  exposure 1  i m i t s  f o r  man- 

made r a d i a t i o n  o t h e r  than medical would be as shown i n  Table 26. 



The de r i ved  " l i m i t s "  above a re  f o r  a l l  sources o t h e r  than na tu ra l  

background and medical exposure. For the  purpose o f  t h i s  study, i t  i s  

assumed t h a t  on t h e  average no more than 1/10 o f  t h i s  5-year dose comnit-  

ment should r e s u l t  f rom f u e l  c y c l e  a c t i v i t i e s  such as f u e l  f a b r i c a t i o n ;  

there fo re ,  t h e  average person i n  t he  popu la t i on  i n  t he  v i c i n i t y  o f  a  f u e l  

f a b r i c a t i o n  p l a n t  should i n c u r  a  dose corn~iiitment no g rea te r  than the  

Popu la t ion  Dose Decis ion Levels  shown i n  Table 27. 

TABLE 27. Populat ion Dose Eec is ion  Levels  

Incremental  Change 
50-year i n  Dose Rate from 

Dose Commitment Sustained Ex osure 
( rem) (mremlyr! 

Bone (so l  ubl  e )  1  0.8 

Lung ( i  nso l  ubl  e )  0.85 0.7 

The proposed dec i s i on  l e v e l s  a re  about 11750 o f  t h e  dose which would 

be rece ived  by t h e  bone o f  an i n d i v i d u a l  exposed f o r  50 years t o  so lub le  

m a t e r i a l  a t  t h e  occupat ional  MPC, and about 11880 o f  t he  d9se which would 

be rece ived  by t h e  1 ung of an i n d i v i d u a l  exposed f o r  50 years t o  i n s o l u b l e  

m a t e r i a l  a t  t h e  occupat ional  MPC. 

On t h i s  bas is ,  t h e  MPC's app rop r i a te  t o  t he  long- term exposure o f  t h e  

general popu la t i on  t o  t he  i s o t o p i c  mix tu res  assumed i n  Table 28. 

TABLE 28. Derived MPCals 

Sol ub ie  Ma t e r i  a1 I n s o l  ub l  e  Mater i  a1 
M i  x t u r e  MPC,( bone) i n  p ~ i l c m 3  MPCa (1 ung) i n  pCi/cm3 

I LWR Pu 

I1 LWR Fuel 3% Pu 8 x  1 0 - l ~  1 lo -14  
I 1 1  H i  Exposure LWR Pu 4 lo -14  1 x  1 0 - l ~  

I V  Hi  Exposure LWR 
Fuel 3% Pu 4 lo‘14 1 x  1 0 - l ~  



TABLE 26. Der ived Popu la t ion  Exposure 
L i m i t s  f o r  Manmade ~ a d i a t i o n ( a )  

Der ived Organ L i m i t s  
Gen. Pop. L i m i t  Whole Body Bone Lung 

Maximum I n d i v i d u a l  500 585 
(mrem/y r ) 

Average I n d i v i d u a l  1  70 200 
(mrem/yr 

o r  
Average I n d i v i d u a l  8.5 10 

( r e d 5 0  y r s )  

a. exc lud ing  medical exposure 

The assumption i s  general  l y  c o n s i s t e n t  w i t h  t h e  p o s i t i o n  taken 

by t h e  NCRP ) i n t h e i  r r e p o r t  number 39, wherei n  they  say: 

"To l i m i t  t h e  rad ia t i on - i nduced  inc idence  o f  leukemia 
and o t h e r  ser ious  consequences i n  t he  whole popu la t ion ,  a  
dose l i m i t  comparable w i t h  t h a t  f o r  t he  gene t i c  case i s  
des i r ab le .  The two l i m i t s  have been numer i ca l l y  equated 
here by extending t he  organs o f  i n t e r e s t  f rom t h e  gonads t o  
t h e  whole body. I t  i s  expected t h a t  t h i s  w i l l  be a  p r a c t i c a l  
s i m p l i f i c a t i o n ,  e s s e n t i a l l y  r e q u i r i n g  o n l y  one c a l c u l a t i o n  
o f  average popu la t i on  dose i n  m s t  c i rcumstances. It i s  a l s o  
expected t h a t  t h e  dose l i m i t  o f  0.5 rem (500 mrem) per  yea r  
f o r  any c r i t i c a l  organ o f  an i n d i v i d u a l  member o f  t he  p u b l i c ,  
combined w i t h  t h e  average popu la t i on  dose 1  i m i t  o f  0.17 rem 
(1 70 mrem) per  yea r  f o r  t h e  c r i t i c a l  organs, w i l l  have t he  
e f f e c t  o f  c o n t r o l l i n g  t he  ac tua l  popu la t i on  exposures w e l l  
below t h e  st- ipulated l i m i t s .  110 s p e c i f i c  evidence can be 
es tab l i shed  t h a t  would seem t o  war ran t  f u r t h e r  r e d u c t i o n  o f  
average o r  i n d i v i d u a l  dose 1  i m i t s  f o r  members o f  t h e  pub1 i c y  
a t  t h i s  t ime.  The low dose and low dose r a t e  o f  t h e  r a d i a -  
t i o n  expcsure o f  t h e  popu la t i on  s t i l l  p rov ide  adequ2te sa fe ty  
f ac to r s .  The i d e a l i z e d  o b j e c t i v e  o f  having p u b l i c  exposure, 
i n  a d d i t i o n  t o  t h a t  f rom n a t u r a l  r a d i a t i o n ,  3s c l o s e  t o  zero 
as i s  reasonably  poss ib l e ,  o f  course, remains. I n  t h i s  con- 
nec t ion ,  i t  must be po in ted  o u t  aga in  t h a t  a l though these 
l i m i t s  do n o t  i n c l u d e  t h e  c o n t r i b u t i o n s  o f  r a d i a t j o n  from 
t h e  h e a l i n g  d r t s ,  t he re  i s  a  c l e a r  i n t e n t i o n  t o  encourage 
t h e i r  r e d u c t i o n  t o  t h e  lowes t  p r a c t i c a b l e  l e v e l s . "  
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APPENDIX A 

PLUTONIUM FUEL PROCESSING AREAS IN REFERENCE PLANT 

PROCESS AREA I - FUEL STORAGE 

Typical Operations: Plutonium and mixed plutonium-uranium in various forms i s  stored. Plutonium 

ni t ra te  solutions a re  blended in large volume vessels to  achieve isotopic 

uniformity. 

Inventory: 1000-3006 kg Pu  < 5000 kg U (mixed with 4 w t %  P u )  

Chemical Forms: Pu (N03j4, solubl e 

Pu02, i  nsoi ubl e 

Pu02-U02, i  nsol ubl e 

Small quantit ies of mi scel 1 aneous sol ubl e Pu compounds 

Physical Forms: Pu02 powders, dispersible ,  par t ic le  s ize  0.1 -80 I A ~  

Pu02-U02 powders, dispersible ,  par t ic le  s ize  0.1-1400 ~ r n  
Pu02-U02 pel 1 e t s ,  essential ly  nondispersibl e 

Solutions (primarily n i t r a t e )  containing soluble P u ,  d ispersible  

Slurr ies  containing insoluble Pu, dispersible 

PuO -U02 fuel rods and elements, nondispersibl e 2 

Comnents: 1 .  The homogenization tank, or innerconnected tanks, for  blending the 

plutonium n i t r a t e  solution will typically have a volume of 1000 l i t e r s  

or greater.  This tank or tanks will be of heavy wall construction 

which will provide a high degree of protection for  the contents. 



2. The q u a n t i t a t i v e  d i v i s i o n  o f  t he  p lu ton ium between t h e  va r i ous  chemical 

and phys ica l  forms w i l l  va ry  i n  t ime.  

3. A l l  of t he  p lu ton ium i n  t h e  p l a n t ,  except  f o r  t he  in-process i nven to ry  

o f  t h e  order  of a  few hundred k i lograms o f  plutonium, w i l l  be i n  t h e  

fue l  s torage area. T y p i c a l l y ,  about h a l f  o f  t he  in-process i n v e n t o r y  

of p lu tonium w i l l  be i n  t h e  d i s p e r s i b l e  forms o f  s o l u t i o n s ,  s l u r r i e s  

and powders; t h e  remainder w i l l  be i n  t h e  form o f  p e l l e t s  o r  encapsulated 

rods. The decontaminated rod  and f u e l  element s to rage w i l l  be separated 

f rom o the r  s to rage t o  avo id  contaminat ion.  

4. The uranium storage area w i l l  be separate f rom t h e  p lu ton ium and mixed 

plutonium-uranium s to rage area. Typ i ca l  uranium forms w i l l  be UF 6 '  U 0 2 y  

U03, U02(N03)2 and U308 (ye1 lowcake). The t y p i c a l  maximum uranium 

inven to ry  w i l l  be 104- 105 kg. 

PROCESS AREA I 1  - CONVERSION 

Typ i ca l  Operat ions: Plutonium n i t r a t e  so l  u t i o n  i s  p r e c i p i t a t e d  as Pu ( I V )  o x a l a t e  by t h e  a d d i t i o n  

o f  o x a l i c  ac id.  Hydrogen perox ide  i s  sometimes added i n  t h i s  s t e p  f o r  

valence adjustment o f  t h e  p lutonium. The Pu o x a l a t e  i s  f i l t e r e d ,  d r i e d ,  and 

ca l c i ned  t o  Pu02 a t  a  temperature of 650-850°C. The Pu02 powder from t h e  

c a l c i n e r  has p a r t i c l e  s i zes  rang ing  from 0.3 t o  80 pm. The l a r g e r  p a r t i c l e s  

a re  1 oosely  bound aggl omerates. Approximately 95% o f  t h e  p a r t i c l e s  a r e  

l a r g e r  than 1 um and the  average p a r t i c l e  s i z e  i s  6-10 pm. 

I nven to ry :  50 kg Pu 

Chemical Forms: Pu oxa la te ,  s o l u b l e  

Pu02, i nsol ubl  e  



PROCESS AREA I V  - PELLET TREATMENT 

Typ ica l  Operat ions: The green p e l l e t s  a r e  s i n t e r e d  a t  1500-1700 "C i n  a  reduc ing  atmosphere 

(6-15 wt% hydrogen i n  n i t r o g e n ) .  I f  an organ ic  b inde r  was used, t h i s  

opera t ion  may be preceded by p r e s i n t e r i n g .  The s i n t e r e d  p e l l e t s  a r e  center -  

l e s s  ground (up t o  2-4% o f  t h e  m a t e r i a l  i s  removed) t o  a  s p e c i f i e d  diameter,  

washed, d r i e d  and outgassed ( a t  .~600-800 "C i n  h igh  vacuum). 

Inventory :  1700 kg Pu02-U02 (60 kg Pu) i n  pel  l e t s  

1.6 kg Pu i n  s o l u t i o n  o r  s l u r r y  

Chemical Forms: Pu02-U02, i n s o l u b l e  

Physical  Forms : PuO -UO green ( n o t  e a s i l y  d ispersed)  and s i  n te red  ( e s s e n t i a l  l y  nond ispers i  b l  e)  
2  2  

pel 1  e t s  

Pu02-U02 powder i n  s o l u t i o n  o r  s l u r r y ,  d i s p e r s i b l e  

Comnents: The cen te r l ess  g r i n d i n g  ope ra t i on  y i e l d s  Pu02-U02 d u s t  o r  s l u r r y  depending 

on whether t h e  ope ra t i on  i s  performed wet ( t h e  usual case) o r  d ry .  The 

washing ope ra t i on  y i e l d s  a  Pu02-U02 s o l u t i o n  o r  s l u r r y .  

PROCESS AREA V - PELLET LOADING AND FUEL ROD ENCAPSULATION 

Typ ica l  Operat ions: The out-gassed Pu02-U02 p e l l e t s  a r e  loaded i n t o  f u e l  rods. The rods a r e  then 

welded c losed and decontaminated. 

Inventory :  850 kg Pu02-U02 (30 kg Pu) 

Chemical Forms: Pu02-U02, i n s o l  ubl  e  

Physical  Forms: S in tered Pu02-U02 p e l l e t s ,  e s s e n t i a l l y  nond ispe rs ib le  

Fuel rods con ta in ing  s i n t e r e d  Pu02-U02 p e l l e t s ,  nond ispe rs ib le  
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2. Noncontaminated Pu02-U02 p e l l e t s  

3. Chemical ly contaminated Pu02-U02 p e l l e t s  

4. Chemical ly contaminated Pu02-U02 and Pu02 powders 

5. Combustible Pu-contaminated m a t e r i a l s  (e.g., paper, c l o t h i n g  , f i l t e r s )  . 
6 .  "Noncombustible" Pu-contaminated m a t e r i a l s  (e.g., g l o v e  box g loves,  

p l a s t i c s ,  t o o l  s)  

7. Pu-contaminated aqueous and organ ic  s o l u t i o n s  and s l u r r i e s  f rom process 

waste streams (e.g., g r i n d e r  sludge) , 1 abora tory  opera t ions ,  c l  ean-up 

ope ra t i  ons , e t c  . 
The scrap and waste i s  t r e a t e d  i n  va r i ous  ways depending on i t s  charac ter -  

i s t i c s .  The processing f o r  i t e m  one cou ld  be merely  r e c a l c i n i n g  p r i o r  t o  

r e t u r n  t o  t he  powder t rea tment  area. Other opera t ions  t h a t  may be requ i red  

t o  process t h e  waste and scrap i nc lude :  

1. Ca l c in ing  o f  t h e  combust ib le  m a t e r i a l s  i n  an o x i d i z i n g  atmosphere t o  

remove organ ics  

2. D i s s o l u t i o n  i n  HN03 

3. Leaching o f  "noncombustible" m a t e r i a l s  

4. Anion exchange o r  s o l v e n t  e x t r a c t i o n  of chemica l l y  contaminated 

m a t e r i a l s  

5. D i s t i l l a t i o n  t o  inc rease the  f i s s i o n a b l e  m a t e r i a l  concen t ra t i on  i n  

so l  u t i ons  

6 .  Packaging o f  unrecoverable waste f o r  d isposa l  

Inventory :  25 kg Pu, may o r  may n o t  be combined w i t h  U 

Chemical Forms: Diverse, both s o l u b l e  and i n s o l u b l e  

Phys ica l  Forms : Diverse, assume a1 1 a r e  d i s p c r s i  b l  e 
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D I S T A N C E  ( M E T E R S )  

FIGURE B . 1 .  Dose to Bone from Acute Inhalation of Plutonium-238, 
Ground Level Re1 ease 
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D I S T A N C E  ( i i E T E R S )  

FIGURE B.2.  Dose t o  Bone from Acute I n h a l a t i o n  of Plutonium-239, 
Ground Level Release  



D ! S T A ! i C E  ( M E T E R S )  

FIGURE B.3. Dose t o  Bone from Acute I n h a l a t i o n  of Pl utonium-240, 
Ground Level Re1 ease 



FIGURE B.4. Dose t o  Bone f rom Acute I n h a l a t i o n  of Plutonium-241, 
Ground Level Re1 ease 



D I S T A N C E  ( I l E T E R S )  

FIGURE B.5. Dose to  Bone from Acute Inhalation of Americium-241, 
Ground Level Re1 ease 





FIGURE B.7. Dose t o  Bone from Acute I n h a l a t i o n  o f  Plutonium-239, 
Re1 ease Height  100 Meters 



T = D U R A T I O N  OF R E L E A S E  

FIGURE B.8. Dose t o  Bone from Acute I n h a l a t i o n  of Plutonium-240, 
Release He igh t  100 Meters 
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FIGURE B.9. Dose t o  Bone from Acute I n h a l a t i o n  o f  Plutonium-241, 
Release Height 100 Meters 
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FIGURE 8.12. Uose t o  Lung f r om Acute I n h a l a t i o n  o f  Plutonium-239, 
Ground Level  Re1 ease 
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D I S T A N C E  ( M E T E R S )  

FIGURE B.13. Dose t o  Lung f rom Acute I n h a l a t i o n  of Plutonium-240, 
Ground Level Re1 ease 



FIGURE B.14. Dose t o  Lung f r o m  Acute I n h a l a t i o n  of  Plutonium-241, 
Ground Leve l  Re1 ease 
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D I S T A N C E  ( K E T F R S ;  

FIGURE B.15. Dose t o  Lung f rom Acute I n h a l a t i o n  o f  Americium-241, 
Ground Level Re1 ease 



FIGURE 6.16. Dose t o  Lung from Acute Inhala t ion  of Plutonium-238, 
Release Height 100 Meters 



FIGURE 6.17. Dose t o  Lung from Acute I n h a l a t i o n  o f  Plutonium-239, 
Release He igh t  100 Meters 
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FIGllRE B.20. Dose t o  Lung from Acute I n h a l a t i o n  o f  Americium-24.1, 
Release He igh t  100 Meters 
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APPENDIX C 

DATA USEFUL IN  THE EVALUATION OF AIRBORIVE PLUTOIVIUM 

FROM POSTULATED ACCIDENT SITUATIONS 

In fo rma t i on  on t h e  behavior  o f  p lu ton ium t h a t  may be use fu l  i n  eval  u- 

a t i n g  t h e  f r a c t i o n a l  a i r b o r n e  re l ease  o f  p l  u t o n i  um f rom pos tu l a ted  acc iden ts  

has been abs t rac ted .  The da ta  have been c o l l e c t e d  f rom a  v a r i e t y  o f  sources--  

f r om experiments,  ca l cu la ted ,  acc iden t  rev iews,  e tc . - -and encompass a  v a r i e t y  

o f  c i rcumstances. The q u a n t i t y  and c h a r a c t e r i s t i c s  o f  t h e  m a t e r i a l  a i r -  

borne i n  an acc iden t  a re  t h e  r e s u l t  o f  a  complex i n t e r r e l a t i o n s h i p  between 

mechanisms, a i r f l o w ,  and m a t e r i a l  a t  t he  p o i n t  and t ime  o f  re lease .  Each 

acc iden t  i s  a  unique and con'lplex event  and c o n d i t i o n s  surrounding t h e  event  

a re  usual l y  i 11 -de f ined .  D i s c r e t e  p r o p e r t i e s  o f  t h e  m a t e r i a l s  o f  concern 

a r e  seldom known i n  d e t a i l .  Thus, cons iderab le  judgment i s  r e q u i r e d  t o  

app l y  these da ta  drawn f rom experimental  s t u d i e s  t o  l a r g e  sca le  f i r e s ,  

exp los ions ,  e t c .  I n  t h e  absence o f  b e t t e r - d e f i n e d  data, one must use t he  

a v a i l a b l e  data conse rva t i ve l y ,  s e l e c t i n g  re l ease  va l  ues obta ined under labo-  

r a t o r y  c o n d i t i o n s  as much l i k e  those o c c u r r i n g  i n  an acc iden t  as poss ib l e .  

E f f o r t  t o  o b t a i n  exac t  correspondence between acc iden t  c o n d i t i o n s  and e x p e r i -  

mental cond i t i ons  f o r  which re1  ease data a r e  a v a i l a b l e  wi 11 be unrewarding 

and o n l y  approximate re l ease  f a c t o r s  can be se lec ted .  Knowing t h i s ,  one 

must acknowledge t h e  r a t h e r  l a r g e  u n c e r t a i n t i e s  i n  p r e d i c t i n g  a i r b o r n e  con- 

c e n t r a t i o n s  f o l l o w i n g  an acc iden t .  

Much of t h e  bas i c  i n f o r m a t i o n  on t h e  chemis t ry  and phys i ca l  p r o p e r t i e s  

o f  p lu ton ium and compounds has r e c e n t l y  been gathered i n t o  a  s i n g l e  

source . ) S i g n i f i c a n t  q u a n t i t i e s  o f  p l  u t o n i  um do n o t  vapor ize  under con- 

d i t i o n s  pos tu l a ted  f o r  i n d u s t r i a l  acc iden ts .  ~ n f o r m a t i o n  p e r t i n e n t  t o  

t he  a i r b o r n e  re l ease  o f  p lu ton ium pub l i shed  p r i o r  t o  1964 (a lmost  exc lu -  

s i  ve l  y  on metal s )  has been reviewed. ( 3 y 4 y 5 )  Release da ta  pub1 i shed  s i nce  

t h a t  t ime a r e  summarized below. 



Metal - Fresh ly  c leaned p lu ton ium i s  b r i g h t  and has t h e  appearance 

o f  n i c k e l .  S i x  a1 l o t r o p e s  o f  p lu ton ium e x i s t  between room tempera- 

t u r e  and 640 "C, t h e  m e l t i n g  p o i n t  o f  t h e  meta l .  P lu ton ium o x i d i z e s  

s l o w l y  i n  any a i r ,  b u t  r e l a t i v e l y  r a p i d l y  i n  a  mo i s t  atmosphere. ( 1 )  

Stewar t  found t he  o x i d a t i o n  r a t e  and re l ease  o f  ox ide  t o  be con- 

t i nuous  f o r  t he  pure  meta l .  Repeated c y c l i n g  through t h e  a: B 

phase t r a n s i t i o n  appeared t o  cause a  marked inc rease  i n  t h e  ox ida-  

t i o n  r a t e .  ( 6 )  C h a t f i e l d  has p rov ided  a  s e r i e s  o f  graphs f o r  o rde r  

o f  magnitude es t imates  o f  aerosol  genera t ion  from an o x i d i z i n g  

p lu ton ium su r face  where t h e r e  i s  no d is tu rbance  except a i r f l o w .  

Both una l l oyed  and d e l t a  s t a b i l i z e d  metal a r e  cons idered i n  d r y  

and mo is tu re -sa tu ra ted  a i r  a t  temperatures f rom ambient t o  100°C. 
2 The values a r e  g i ven  i n  pCi/cm /sec. If one assumes a  spe- 

c i f i c  a c t i v i t y  o f  6.17 x  C i / g  ( P U ' ~ ~ ) ,  q u a n t i t i e s  o f  

p a r t i c l e s  l e s s  than  10 ~ ~ ( A E D )  generated ranged f rom t o  
2  2  l o m 5  g/cm /sec i n  d r y  a i r  and 6  x  10 - l 2  t o  8 x  g/cm /sec i n  

sa tu ra ted  a i r .  I n  mo i s t  a i r ,  una l loyed  metal  appears t o  generate 

an o r d e r  o f  ~ i iagn i tude  g r e a t e r  q u a n t i t y  o f  p a r t i c l e s  i n  t h i s  s i z e  

range than  a1 1  oyed metal  . ( 7 )  

Mishima found ve ry  1  i t t l e  p l u t o n i  u~n a i r b o r n e  d u r i n g  t h e  o x i d a t i o n  

i n  d r y  a i r  o f  i g n i t e d ,  smal l  specimens o f  una l loyed  meta l .  From 

3 x 1  o - ~  t o  5  x  1  percen t  o f  t h e  p l  utonium was found i n  a i r  

pass ing  through t h e  q u a r t z  tube fu rnace  a t  v e l o c i t i e s  rang ing  f rom 

3.3 t o  5 cm/sec. As much as 0.03% o f  t h e  res idue  was composed o f  

p a r t i c l e s  l e s s  than  15 t~m Aerodynamic Equ i va len t  Diameter (AED) . (8 

Grea te r  amounts of p lu ton ium were found a i r b o r n e  d u r i n g  t h e  ox ida-  

t i o n  o f  l a r g e r ,  i g n i t e d  p ieces o f  metal  (una l loyed  and d e l t a -  

s t a b i  1  i zed) - -up  t o  0.032%. Dur ing some o f  these experiments, con- 

s i d e r a b l e  q u a n t i t i e s  o f  mol ten metal  leaked  f rom 1 arge cracks i n  

t he  ox ide  coat .  The Mass Median Diameter o f  t h e  p a r t i c l e s  a i r b o r n e  

was 4 . 2 t ~ m  C a r t e r  and Stewar t  measured t h e  a i r b o r n e  r e l e a s e  f rom 



i g n i t e d  and m e l t i n g  metal and f rom f a l l i n g  d r o p l e t s  o f  mol ten meta l .  

A va lue a t  t he  95% conf idence l e v e l  of  0.01% f rom i g n i t e d  and mol ten 

metal and 1 % f rom d r o p l e t s  as an aerosol  o f  p a r t i c l e s  1 ess than 10 pm 

AED i s  suggested. ( l o )  Thus under s t a t i c  c o n d i t i o n s  (on l y  d is tu rbance  

i s  a i r f l o w  under 80 cm/sec.) ve ry  small q u a n t i t i e s  o f  aerosol  i n  t h e  

r e s p i r a b l e  s i z e  range a r e  generated-- less than  As t h e  amount 

o f  d is tu rbance  increases (h i ghe r  a i r f l o w  and f l o w  o f  mol ten metal ), 

t h e  q u a n t i t y  o f  aerosol  increased t o  0.01 t o  0.05%. I f  d r o p l e t s  a r e  

formed and mol ten metal f a l l s  through space s p a t t e r i n g  on impact, 

a i r b o r n e  re l ease  can inc rease  t o  1%. 

P l  u t o n i  um Compounds, Powders 

1 . P l  u t o n i  um D iox ide  - P l  u t o n i  um d i o x i d e  i s  formed when p l  u t o n i  um 

and some compounds a r e  heated i n  a i r .  The d i o x i d e  i s  s t a b l e  

and a very  r e f r a c t o r y  m a t e r i a l ,  p a r t i c u l a r l y  when prepared a t  

h i gh  temperatures. Normal ly green, t h e  c o l o r  i s  a  f u n c t i o n  o f  

p u r i t y  and p a r t i c l e  s i z e  and v a r i e s  w i t h  method o f  p repa ra t i on .  (1 

Very 1 i ttl e o f  t h e  m a t e r i a l  becomes a i r b o r n e  i n  s t a t i c  heat ing--  

5  x  1  o - ~ %  o f  a  powder composed o f  p a r t i c l e s ,  15 t o  150  prn AED 

dur-ing an hour a t  900 " C  by an upsweep o f  a i r  a t  10 cm/sec. 

I nc reas ing  t h e  a i r  v e l o c i t y  t o  117 cm/sec increased t he  q u a n t i t y  

a i r b o r n e  t o  as much as 0.56% i n  t h e  apparatus used. As much as 

70% o f  a  powder placed on t he  s t a i n l e s s  s t e e l  p lanche t  cou ld  be 

suspended w i t h  a i r  drawn t a n g e n t i a l l y  across and upwards. (11)  

Mish-ima and Schwendilnan have used a b a l l  -m i l  l e d  uranium d i o x i d e  

powder (30 t o  70% l e s s  than  10 pm AED) as a s imu lan t  f o r  p l u ton ium 

d i o x i d e  i n  a  s e r i e s  o f  experiments. From 6.8 t o  38% of t h e  uranium 

i nco rpo ra ted  i n  var ious  flammable m a t e r i a l s  was a i r b o r n e  d u r i n g  

i t s  burn ing  a t  t he  base o f  a  chimney w i t h  a i r  a t  a  v e l o c i t y  i n  

excess o f  100 cm/sec. (Con f i gu ra t i on  s i m i l a r  t o  f o r ced  d r a f t  

i n c i n e r a t o r .  ) Under s t a t i c  c o n d i t i o n s  ( m a t e r i a l s  made a i r -  

borne by na tu ra l  l y  o c c u r r i n g  phenomena), o n l y  0. C5% was found 

a i r bo rne .  3, Approximately 80% o f  t h e  uranium a i r b o r n e  was asso- 

c i a t e d  w i t h  p a r t i c l e s  l e s s  than  10 pm AED. 



Frac t i ona l  re leases o f  d iox ide  powder was a l s o  measured f rom 

var ious  surfaces a t  two a i r  v e l o c i t i e s  (2.5 and 20 mph) w i t h  

and w i thou t  a gasol ine f i r e .  From bare, sandy s o i l ,  0.003% 

o f  the f r e s h l y  deposited d iox ide  powder was entra ined i n  a 

24-hour pe r iod  by a i r  having a v e l o c i t y  o f  2.5 mph. Approximately 

50% o f  the  maerial  a i rborne was associated w i t h  p a r t i c l e s  l e s s  

than 1OPmAED. I n v o l v i n g  the  powder i n  a gasol i n e  f i r e  under these 

cond i t i ons  increased the  q u a n t i t y  o f  ma te r i a l  a i rborne du r ing  the 

course o f  the  f i r e  (1 t o  2 hours) t o  0.5% o f  which 70% was asso- 

c i a t e d  w i t h  p a r t i c l e s  l ess  than 10PmAED. An equal q u a n t i t y  cou ld  

be ent ra ined from the  res idue a f t e r  the  f i r e  i n  a 24-hour per iod.  

Only 20% o f  t h i s  mater ia l  was under 10rmAED. 

Increas ing  the  wind speed under these cond i t ions  s i g n i f i c a n t l y  

increased the  q u a n t i t y  a i rborne.  A t  20 mph, up t o  15% o f  f r e s h l y  

deposi t e d  ox ide  powder was ent ra ined (40% mate r ia l  under 1 OPm AED) 

du r ing  a 24-hour per iod.  During the  course o f  a gasol i n e  f i r e  

(20 t o  45 minutes) engu l f i ng  the  source mater ia l  on sandy s o i l ,  

0.5% was a i rborne of which 60% o f  the  ma te r ia l  was associated w i t h  

p a r t i c l e s  l e s s  than 10pnAED. As much as 1 .O% could be ent ra ined 

from the  s o l i d  res idue remaining from the f i r e  i n  a 24-hour per iod.  

The presence o f  vegetat ion decreased the  aerodynamic entrainment 

o f  the  d iox ide  powder t o  0.005 and 1.0% a t  2.5 and 20 mph respec- 

t i v e l y  over  a 24-hour period. Engu l f ing  the  source ma te r ia l  i n  

a gasol ine f i r e  re leased 0.01 and 3.1% a t  the  two a i r  v e l o c i t i e s .  

Dioxide powders a re  more r e a d i l y  en t ra ined from smooth, hard 

surfaces ( s ta in less  s tee l  )--0.1% i n  24 hours a t  2.5 mph (85% l e s s  

than 1OPm AED and 5.4% i n  24 hours a t  20 mph (14% l e s s  than 10 p m  

AED). As noted before, as much as 70% o f  the  powder on a s t a i n -  

l ess  s t e e l  sur face could be made a i rborne by a j e t  o f  a i r  d i r e c t e d  

i n t o  a mound o f  ma te r i a l  . Burning gasol ine over t he  sur face 

(15 t o  60 minutes) re leased 0.12 and 0.5% o f  the  d iox ide  powder 

a t  the  two a i r  v e l o c i t i e s .  A t  the lower wind speed, 60% o f  the 



d i o x i d e  was assoc ia ted  w i t h  p a r t i c l e s  l e s s  than  10Pm AED w h i l e  

o n l y  7% was i n  t h i s  s i z e  range a t  20 mph. Approximately 0.1% 

o f  t he  res idue  remain ing a f t e r  t he  f i r e  cou ld  be made a i r bo rne  

i n  5  hours a t  2.5 nlph (85% l e s s  than  l o p  AED)and 0.7% from t h e  

res idue  i n  24 hours a t  20 mph (4.5% l e s s  than 10Pm AED). 

Thus very  1  i t t l e  o f  a  f i n e l y  d i v i ded ,  preformed, ox ide  powder 

i s  made a i r b o r n e  under s t a t i c  c o n d i t i o n s  ( l e s s  than As 

t h e  v e l o c i t y  o f  t he  a i r  pass ing over  t he  powder increases, t h e  

q u a n t i t y  o f  powder a i r b o r n e  increases a l though t h e  sur face  f rom 

which t he  powder i s  en t ra i ned  p lays  some p a r t .  F rac t i ona l  

re leases  ranged fro111 0.004% i n  a 24 hour pe r i od  from sandy 

so- i l  o r  s o i l  w i t h  a  vege ta t i on  cover  t o  0.1 t o  0.5% f rom vegeta- 

t i o n  covered s o i l  t o  15% f rom sandy s o i l  t o  5.4% f rom s t a i n l e s s  

s t e e l .  A t  t he  lower  v e l o c i t i e s ,  ent ra inment  i s  i n i t i a l l y  h i g h  

w i t h  a  gradual r e d u c t i o n  o f  r a t e .  Entrainment appears t o  be 

complete i n  18 t o  20 hours. ( I 2 )  A t  t he  h i ghe r  v e l o c i t y  e n t r a i n -  

ment appears t o  be e s s e n t i a l l y  complete i n  2  hours. (") 1f a i r  

a t  a  v e l o c i t y  o f  g r e a t e r  than 10 mph i s  d i r e c t e d  upon t he  powder, 

as much as 70% can be made a i rborne .  

The presence o f  hea t  ( f i r e )  o n l y  i n f l uences  t h e  q u a n t i t y  o f  

materia.1 a i r b o r n e  by i t s  e f f e c t  on t he  sur face  t h a t  t he  d i o x i d e  

powder i s  depos i ted  on. H e a t i r g  t he  d i o x i d e  powder under s t a t i c  

c o n d i t i o n s  does n o t  s i g n i f i c a n t l y  change t he  f r a c t i o n a l  a i r bo rne  

re1  ease. Engul f i n g  t h e  d i o x i d e  powder i n  a  gasol i n e  f i r e  increased 

t h e  f r a c t i o n a l  re leases a t  2.5 mph t o  0.5 and 0.01% f rom s o i l  

and s o i l  w i t h  a  vege ta t ion  cover.  'The f r a c t i o n a l  re lease  f rom a  

s t a i n l e s s  s t e e l  su r face  d i d  n o t  change s i g n i f i c a n t l y .  A t  an a i r  

v e l o c i t y  o f  20 mph, t h e  f r a c t i o n a l  re leases d u r i n g  a  gasol i n e  

f i r e  were s l  i c j h t l y  h i ghe r  than t h e  values f o r  aerodynamic e n t r a i n -  

ment f rom s o i l ,  w i t h  and w i t h o u t  a  vege ta t i on  cover,  b u t  were 

reduced t o  0.5% f rom a  s t a i n l e s s  s t e e l  su r face .  



When the  d iox ide  powder was invo lved w i t h  flammable ma te r ia l s  

i n  f i r e ,  0.05% was a i rborne under s t a t i c  cond i t ions ,  1% was 

a i rbo rne  a t  low a i r f l o w s  and up t o  40% could be made a i rbo rne  

us ing " fo rced d r a f t " .  

2. Pl utonium Oxalate Powder - Pl utonium ( I V )  oxal a t e  hexahydrate, 

Pu(C 0  ) .6H20, i s  a  yellow-green powder which decomposes t o  2 4 2  
the  d iox ide  when heated i n  a i r .  The p a r t i c l e  s i z e  o f  t he  

ox ide produced by c a l c i n a t i o n  depends upon the  cond i t i ons  which 

t h e  precursor  and ox ide are  prepared. ( I 4 )  Although t h e  s i z e  o f  

t he  basic  ox ide p a r t i c l e s  produced appear t o  increase w i t h  tem- 

pera t u r e  , ( I5 ' '  3, the  s i z e  o f  the  aggregates showed no c o r r e l a -  

t i o n  t o  c a l c i n a t i o n  t e m ~ e r a t u r e  and i nd i ca ted  a  Mass Median 

Diameter o f  8  t o  12pm. (13) Oxide p a r t i c l e s  were 26 t o  68% o f  

t he  s i z e  o f  t h e i r  precursor.  ( I 3 )  These measurements were made 

under l abo ra to ry  cond i t ions  and the  ox ide produced under acc ident  

cond i t i ons  w i l l  probably be coarser.  

M i  shima, Schwendiman and Radasch r e p o r t  f r a c t i o n a l  re1  eases up 

t o  1  % o f  t h e  source when heat ing  e i t h e r  the  oxa la te  o r  p a r t i a l  l y  

ox id i zed  oxa la te  i n  an upsweep o f  a i r . ( ' '  ) The oxa la te  used was 

a  m i s t  powder w i t h  the  co lo r ,  consistency, and physical  appear- 

ance of brown sugar. The MMD of the  powder was determined micro- 

scopical  l y  t o  be 50pm. The p a r t i a l l y  ox id ized oxa la te  was a  tan, 

f i n e l y  d iv ided,  f r e e  f l ow ing  powder composed o f  spheres w i t h  a  

MMD of32prndeterrnined mic roscop ica l l y .  As much as 0.9% o f  t he  

p lutonium used i n  the  source was made a i rbo rne  du r ing  a  1  -hour 

per iod  a t  temperatures up t o  1000 "C and a i r  v e l o c i t i e s  up t o  

100 cm/sec. Frac t iona l  releases tended t o  increase w i t h  teni- 

pera ture  and a i r  v e l o c i t y .  The p a r t i a l  l y  ox id ized ma te r ia l  was 

more r e a d i l y  a i rborne w i t h  s i g n i f i c a n t  f r a c t i o n a l  re leases under 

l e s s  r i go rous  cond i t ions  than requ i red  f o r  f r e s h  oxalate.  Less 

than 0.004% o f  e i t h e r  mater ia l  was a i rborne i n  the  absence o f  

heat. Both meter i  a1 s  produced residues which cou ld  be dispersed 

when heated t o  400 "C o r  less ,  b u t  hard cakes were formed when 

heated t o  700 "C o r  more. 



3. Plutonium Fluoride Powder - Plutonium f l u o r i d e  i s  s t a b l e  i n  

moist a i r  up t o  about 300 " C  with complete conversion t o  the  

dioxide around 600 "C. (1 ) 

Mishima, Schwendiman, and Radasch repor ted  f r ac t iona l  a i rborne  
r e l eases  up t o  0.056% during the  heat ing of  f l u o r i d e  powders t o  

temperatures u t o  1000 "C i n  an upsweep of a i r  u p  t o  
100 cmlsec. (11' The source material  was a green,  f i n e l y  divided 

free-flowing powder composed of spheres and agglomerates w i t h  

a MMD of  38pm. Measurable f r ac t iona l  r e l eases  were only obtained 
a t  e leva ted  temperatures and an a i r  ve loc i ty  of 100 cmlsec. 
Values measured ranged from 0.007% a t  400 "C t o  0.056% a t  1000 "C. 

Easi ly dispersed res idues  were produced a t  a l l  temperatures .  

4. Pl utoni um N i t r a t e  Sol u t ions  - Pl utoni u ~ n  n i t r a t e  pentahydrate,  

P u  (N03)4. 5H20, can be prepared by evaporation of pl utoni um n i t r a t e  

so lu t ions  a t  room temperature and i s  r e l a t i v e l y  s t a b l e  a t  t h a t  

temperature in dry o r  moist a i r .  Decomposition begins around 

40 " C  and conversion t o  the  dioxide i s  rapid and complete above 

250 "C. 

Mi shima, Schwendiman , and Radasch have measured f r ac t iona l  a i r -  

borne r e l eases  during (1 ) low temperature a i r  drying of shallow 

pool s of concentrated plutonium n i t r a t e  sol u t ions ,  (2)  evapora- 

t i o n  of water from d i l u t e  plutonium n i t r a t e  so lu t ions  a t  d i f f e r -  

e n t  heating r a t e s ,  and ( 3 )  heating of t h e  s o l i d  res idues  from 
the  evaporation of shallow pools of concentrated plutonium 

n i t r a t e  sol u t ions . ( '  6, Fract ional  re1 eases ranged from l e s s  than 
during drying a t  room temperature w i t h  an a i r f low of 

100 cm/sec., t o  3 x during drying a t  about 100 "C w i t h  t h e  
same a i r f low.  Sampling periods ranged from 1 .5  t o  24 hours. 
Less than was a i rborne  from t h e  s o l i d  res idues  during a 

24-hour period i n  a 100 cm/sec a i r  stream. As much a s  0.18% of 

the  plutonium in  a d i l u t e  n i t r a t e  so lu t ion  was made a i rborne  

during t h e  evaporation of approximately 90% of the  water i n  a 

deep-form beaker a t  a r o l l  ing boil  . A n  airsweep of 2.9 cmlsec 



was used t o  c a r r y  the  a i rbo rne  ma te r ia l  from the  volume o f  a i r  

near the  top  o f  t he  vessel.  Lesser amounts (as low as 3  x  lo -%)  

were a i rborne a t  lower heat ing  ra tes .  From 0.001 t o  0.15% o f  

t h e  plutonium i n  t h e  s o l i d  residues from the  low temperature 

a i r  d ry ing  experiments was a i rborne when the  residues were b 

heated t o  temperatures up t o  1000 "C i n  a i r  f l ows  up t o  100 cm/sec. 
-. 

Fract iona l  releases have a1 so been measured du r ing  the  heat ing/  
I 

1 

burning o f  ma te r i a l s  contaminated w i t h  p lutonium n i t r a t e  so l  u- 

t i o n .  2'1 7, Some experiments were conducted t o  determine the  

amount o f  plutonium re lease du r ing  the heat ing o f  sand bear ing 

d r i e d  plutonium n i t r a t e .  Small q u a n t i t i e s  o f  mater ia l  s  were 

i n d i r e c t l y  heated i n  s t a i n l e s s  s tee l  cups a t  temperatures up t o  

1000 "C f o r  1  hour periods. Using completely d r i e d  ma te r ia l - -  

sand sur face was con'lpletely undisturbed a f t e r  t he  run--up t o  

0.002% was found i n  a i r  drawn up and around the  sample a t  

100 cm/sec. I f  moisture were present, sand p a r t i c l e s  were d i  s- 

lodged and some o f  these p a r t i c l e s  en t ra ined i n  t he  a i r  stream. 

Releases under these cond i t i ons  ranged from 0.0053 t o  0.028%. 

Higher f r a c t i o n a l  re1 eases were found du r ing  the  combustion o f  

f l  amnable ma te r ia l s  contaminated w i t h  n i t r a t e  sol u t i o n .  From 

0.005 t o  0.015% was released du r ing  the  burning o f  waste car tons 

con ta in ing  uranium n i t r a t e  contaminated f l  amnabl e  ma te r i a l s  under 

s t a t i c  cond i t ions .  Greater than 80% o f  the  uranium a i rborne was 

associated w i t h  p a r t i c l e s  l e s s  than 10pnAED. ( I 3 )  As much as 1% 

o f  t h e  p l  u ton i  um incorporated was made a i rborne du r ing  the 

burn ing o f  small q u a n t i t i e s  o f  contaminated flammables a t  a  

nominal v e l o c i t y  o f  5.6 cm/sec. (12)  When a i r  a t  a  h igher  

v e l o c i t y  was drawn through the  burn ing mass ( i n  a  manner s i m i l a r  

t o  a  forced d r a f t  furnace) ,  t he  f r a c t i o n a l  re lease was again 

increased. Releases ranges from 3.4 x l o m 4  t o  0.1% a t  a  nominal 

v e l o c i t y  o f  50 cm/sec and 0.05 t o  8% a t  100 cmlsec. (12) 



F r a c t i o n a l  a i r b o r n e  re leases  o f  uranium n i t r a t e  (as  a  s imu lan t  

f o r  p lu ton ium) were a1 so measured f rom va r i ous  sur faces  a t  two 

a i r  v e l o c i t i e s ,  w i t h  and w i t h o u t  a  gaso l i ne  f i r e .  ( I 2 )  Aero- 

dynamic ent ra inment  was low f rom a l l  su r faces  f o r  t h e  n i t r a t e  

s o l u t i o n  o r  i t s  s o l i d  res idues  a t  a  wind speed o f  2.5 rnph. 

Values ranged f rom 0.005% (75% o f  t h e  m a t e r i a l  a i r b o r n e  asso- 

c i a t e d  w i t h  p a r t i c l e s  l e s s  than 10 pm AED) f rom sandy s o i l  t o  

0.06% f rom an a s p h a l t l g r a v e l  m i x t u r e  o f  which 50% was asso- 

c i a t e d  w i t h  p a r t i c l e s  l e s s  than 10 pm. I nc reas ing  t he  wind 

speed t o  20 rnph d i d  n o t  s i g n i f i c a n t l y  a l t e r  t h e  amount en t ra i ned  

f rom t h e  l i q u i d  b u t  increased t h e  ent ra inment  o f  s o l i d  res idues  

t o  1  .O% f rom t h e  s o i l  (22% l e s s  than 10 pm AED) and 2.6% f rom a  

s t a i n l e s s  s t e e l  su r face  (30% l e s s  than 10 pm AED) . 
I n v o l v i n g  t h e  n i t r a t e  s o l u t i o n  i n  a  f i r e  increased t he  f r a c -  

t i o n a l  a i r b o r n e  re lease .  As much as 0.04% (18% l e s s  than 10 pm) 

f rom sandy s o i l ,  0.1% f rom vege ta t i on  covered s o i l  (80% l e s s  

than 10 pm AED) , 0.24% (68% l e s s  than 10 pm AED) f rom an aspha l t /  

g rave l  m i x t u r e  and 1.1% (40% l e s s  than 10 pm AED) f rom a  s t a i n -  

l e s s  s t e e l  su r f ace  d u r i n g  a  gaso l i ne  f i r e  by a i r  w i t h  a  v e l o c i t y  

o f  2.5 rnph. I nc reas ing  t h e  wind speed t o  20 rnph increased t h e  

f r a c t i o n a l  r e l ease  from sandy s o i l  t o  0.1 2% (32% l e s s  than 10 pm 

AED) and f rom s t a i n l e s s  s t e e l  t o  11.4% (35% l e s s  than 10 pm AED). 

The i n f o r m a t i o n  on f r a c t i o n a l  re leases  f rom p lu ton ium i s  n o t  

e a s i l y  summarized. Some general  observa t ions  can be made: 

As l ong  as t h e  n i t r a t e  remains i n  an aqueous s o l u t i o n ,  

f r a c t i o n a l  re leases a r e  smal l  - l e s s  than 0.003% d u r i n g  

evapora t ion  d u r i n g  moderate temperature and a i r f l o w  and 

l e s s  than 0.2% w i t h  t he  aqua b o i l i n g .  

Several f a c t o r s  i n f l u e n c e  t h e  f r a c t i o n a l  r e l ease  o f  t he  

so l  i d  res idues .  Very 1  i t t l e  ( l e s s  than i s  re leased 

f rom res idues  a t  moderate temperature and a i r f l o w .  I f  

t h e  res idues  a r e  i nco rpo ra ted  i n  n o n f l  amnabl e  m a t e r i a l  

1  i k e  s o i l  and su r f ace  remains i n t a c t  (w ind  speeds o f  l e s s  



than 2.5 mph) the  re lease values remain low (0.005%). 

A t  h igh  wind speeds (20 rnph) f r a c t i o n a l  re leases increase 

t o  around 1%. I f  the  sur face i s  flammable and wind speed 

low, f r a c t i o n a l  re lease remains moderate (1 ess than 0.1 %) . 
I f  a i r  i s  drawn through t h e  burn ing mass o f  contaminated 

f lamnable mater ia l ,  f r a c t i o n a l  releases can be as h igh  as 

8  t o  10%. 

Aerosol Behavior 

1. Ai rborne "Mass Concentrat ion" 

The q u a n t i t y  o f  mater ia l  which becomes a i rborne i n  a  g iven volume 

i s  n o t  necessar i l y  the  mass concentrat ion o f  i n t e r e s t .  For 

instance, a  l a r g e  s o l i d  p iece o f  mater ia l  can become a i rbo rne  

b u t  w i l l  soon be deposited on the  ground. It i s  the  q u a n t i t y  pe r  

u n i t  volume o f  p lutonium as p a r t i c l e s  i n  t h e  r e s p i r a b l e  s i z e  range 

t h a t  p e r s i s t  over  a  per iod  o f  t ime dur ing  which they  may be inha led  

by i n d i v i d u a l s  o r  t ransported t o  such l oca t i ons  i s  t he  concentra- 

t i o n  o f  i n t e r e s t .  

Rodebush i n d i c a t e s  the  mass dens i ty  o f  an aerosol c loud cannot 

d i f f e r  g r e a t l y  from t h a t  of a i r ( 1 8 )  (1170 g/n?). Large mass con- 

cen t ra t i ons  encountered are due e n t i r e l y  t o  l a r g e  p a r t i c l e s  t h a t  

s e t t l e  o u t  r a p i d l y  and thus heavy aerosol concentrat ions cannot 

p e r s i s t .  P a r t i c l e  popu la t ion  as a  func t ion  o f  t ime has been inves-  

t i g a t e d  and a1 thiugh i n i t i a l  concentrat ions may be high, concen- 
6 t r a t i o n s  are  reduced t o  l e s s  than 10 par t ic les/cm3 i n  a  few 

5 minutes. P a r t i c l e  populat ions o f  l e s s  than 10 pa r t i c l es / cm 3 

are  found even i n  dusty operat ions. (19) 

Making a  conservat ive assumption t h a t  - a l l  p a r t i c l e s  are  of t h e  

l a r g e s t  s i z e  i n  t h e  r e s p i r a b l e  s i z e  range, 10 AED, and an aerosol 
6 3 conta in ing  10 par t i c les /cm w i l l  p e r s i s t ,  t he  Inass o f  p lutonium 

3 a i rbo rne  as ox ide would be 2 g/m . Generating a  monodispersal 

aerosol i s  a  d i f f i c u l t  task. Some authors have o f f e r e d  exper i -  

mental conf i rmat ion  o f  the  tendency o f  environmental aerosols - 
f o r  a  "sel  f -p reserv ing  s i z e  d i s t r i b u t i o n " .  '22) The physical  



laws c o n t r o l l i n g  t he  f o rma t i on  o f  p a r t i c l e s  tend  t o  form a  

p r e f e r e n t i a l  s i z e  and d i s t r i b u t i o n .  Thus, a  monodispersed 

aerosol  i s  n o t  poss ib l e  f o r  i n d u s t r i a l  dusts .  

Swain and Haberman (23)  c a l c u l a t e d  t h e  mass d e n s i t y  o f  t he  

p lu ton ium aerosol  a n t i c i p a t e d  f rom a  p lu ton ium metal f i r e .  

Assuming a  log-noniial s i z e  d i s t r i b u t i o n  f rom 0.04 t o  10 um 
p lu ton ium d i o x i d e  w i t h  a  d e n s i t y  of 2  (due t o  agglomerat ion)  

6 
w i t h  a  popu la t i on  o f  10 par t i c les /cm3,  t hey  est imated t h e  mass 

3  concen t ra t i on  would be 33 mg Pu/m . Some c o r r o b o r a t i o n  f o r  a  

mass concen t ra t i on  i n  t h i s  range i s  ob ta i ned  by making a  rough 

c a l c u l a t i o n  o f  p o t e n t i a l  a i r bo rne  concen t ra t i on  du r i ng  t h e  Rocky 

F l a t s  f i r e  (see Loss o f  Contro l  I n c i d e n t s  I n v o l v i n g  Pluton ium 

o r  I t s  Compound Sec t ion) .  I f  we accept t h e  assumption t h a t  as 

much as 0.5% o f  t h e  p lu ton ium i nvo l ved  cou ld  have been a i r b o r n e  

d u r i n g  t h e  f i r e  and an a i r  space 400 x 200 x 40 f e e t  (90,613 m3) 

t h e  a i r bo rne  concen t ra t i on  i s  i n  t he  o rde r  o f  45 mg ~ u / m 3 .  The 

va lue  would undoubtedly be h igh  s i nce  a  s i g n i f i c a n t  p o r t i o n  o f  

t h e  p l  utonium i n c l  uded i s  probably  i n e r t  d e b r i s  and t h e  a i r  volume 

i s  g rea te r  than  used s i nce  t h e  exhaust system was ope ra t i ve  d u r i n g  

t he  i n c i d e n t .  

Castleman, e t  a1 . , 3  (24)  vapor ized Pu02 and U02 i n  a  0.8 m vessel 

and measured t h e  mass concen t ra t i on  and s i z e  d i s t r i b u t i o n  o f  t he  

p a r t i c l e s  o f  t h e  aerosol  generated. The m a t e r i a l  was vapor ized 

i n  t he  chamber i n t o  a  f low ing  gas stream. The geometr ic mean 

rad ius  o f  t h e  log-normal d i s t r i b u t i o n  ranged f rom 0.057 t o  O.llum 
5  minutes a f t e r  cessa t i on  o f  v a p o r i z a t i o n  w i t h  standard dev ia -  

t i o n s  rang ing  from 1.5 t o  2.1. Theo re t i ca l  mass concen t ra t i on  

( q u a n t i t y  o f  m a t e r i a l  vapor ized per  volume o f  vessel ) ranged 
3  f rom 0.041 t o  0.375 g/m b u t  measured mass concent ra t ions  range 
3 

f rom 0.0105 t o  0.071 g/m ( f r om 15 t o  35% o f  t h e  q u a n t i t y  

a i  rborne) .  An aerosol  cornposed of l a r g e r  p a r t i c l e s  would inc rease  

t h e  mass concen t ra t i on  b u t  fewer p a r t i c l e s  would p e r s i s t  due t o  

increased agglonierat ion and s e t t l  i n g  v e l o c i t y .  P a r t i c l e s  g r e a t e r  



than l O p m  AED a re  n o t  r e s p i r a b l e  and do n o t  c o n s t i t u t e  an i nha la -  

t i o n  hazard. Thus a maximum mass concent ra t ion  i n  t h e  neighbor- 
3 hood o f  100 mg Pu/m seems reasonable. 

"Models o f  Mass Concentrat ion and P a r t i c l e  Size D i s t r i b u t i o n  

Changes o f  Aerosol w i t h  Time" 

Fish, e t  a l . ,  (25)  have r e c e n t l y  reviewed t h e o r e t i c a l  l y  based 

models and empi r i ca l  equat ions by Schikarsk i ,  Davis, Koontz 

and Castleman t h a t  descr ibe the  reduc t ion  o f  a i rbo rne  p a r t i c u -  

1 a t e  p l  u t o n i  um through agglomerat ion and s e t t l  i ug. A1 1 have 

been compared w i t h  experimental  r esu l  t s .  Model s from Atomics 

I n t e r n a t i o n a l  (Koontz) and Brookhaven Nat ional Laboratory 

(Castleman) used measured i n i t i a l  p a r t i c l e  r a d i i ,  geometric 

standard d e v i a t i o n  and mass concent ra t ion  p l  us he igh t  o f  vessel 

used and good agreement was obta ined w i t h  experimental r e s u l t s .  

F i sh  found a l l  models agree t h a t  t he  - i n i t i a l  h igh  number d e n s i t y  

o f  p a r t i c l e s  decays r a p i d l y  du r i ng  the  f i r s t  few hours and l e s s  

r a p i d l y  f o r  a day o r  so. Both the  Atomics I n t e r n a t i o n a l  and 

Brookhaven model s i n c l  ude terms f o r  a d d i t i o n  o f  p a r t i c l e s  and 

removal by Brownian motion, g r a v i t a t i o n a l  agglomerat ion and 

s e t t l i n g  and wa l l  p l a t i n g .  Although such r igorous  t reatment  may 

n o t  be poss ib le  f o r  acc ident  s i t u a t i o n s  under cons ide ra t i on  here, 

such models a r e  avai l a b l e  i f  desi red.  

Loss o f  Contro l  I nc iden ts  I n v o l v i n g  Plutonium and i t s  

Compounds - Various i n c i d e n t s  have occurred i n v o l v i n g  

p lutonium and i t s  compounds ranging from spread o f  con- 

tami n a t i o n  t o  major f i r e s .  (26) I n  no case have hazardous 

q u a n t i t i e s  o f  p l ~ ~ t o n i u m  been re leased t o  t he  environment. 

Three o f  t he  i nc iden ts  were very  ser ious i n  nature and 

i nvo l ved  d i f f e r e n t  forms o f  p l  u toniu~i i .  

I n  November 1959, an est imated 500 mg o f  p lu tonium was 

blown through the  open door and opera t ing  holes o f  a c e l l  

du r i ng  decontamination o f  an evaporator.  The exp los ion  



was a t t r i b u t e d  t o  i n a d v e r t e n t l y  us i ng  n i t r a t e  o rgan ic  c l ean ing  

agent. A1 though nearby bu i  1  d ings,  veh i c l es  , t h e  roadway 

and ground were contaminated, a i r  samplers i n  t h e  area d i d  

n o t  i n d i c a t e  a i r  concen t ra t ions  above acceptabl  e  1  i m i  t s .  

Thus, a1 though a i r  concen t ra t ions  near t he  contaminat ion may 

have exceeded l i m i t s  f o r  a  s h o r t  p e r i o d  o f  t ime,  a i r  concen- 

t r a t i o n s  exceeding es tab l i shed  l i m i t s  cou ld  n o t  leave  t h e  

s i t e  boundaries even under these r i g o r o u s  cond i t i ons .  

Detonat ion o f  n i t r a t e d  exchange r e s i n  i n i t i a t e d  a f i r e  t h a t  

dest royed a p lu ton ium p u r i f i c a t i o n  f a c i l  i ty  i n  Richland, 

Washington i n  November 1963. Many k i lograms o f  p l  utonium 

as n i t r a t e  were invo lved .  The i n t e g r i t y  o f  t h e  vessel and 

g love  box were dest royed and m a t e r i a l  cou ld  escape through 

a p a r t i a l l y  open door. Al though a lpha contaminat ion was 

widespread throughout  t he  f a c i l i t y ,  a i r  samplers l o c a t e d  a t  

t h e  s i t e  boundaries w i t h i n  one-quar ter  m i l e  d i d  n o t  i n d i c a t e  

a i r  concen t ra t ions  exceeding es tab l i shed  l i m i t s .  The a lpha 

contaminat ion i n  t h i s  i ns tance  appeared t o  be assoc ia ted w i t h  

soot  and t he  g r e a t  number o f  soo t  p a r t i c l e s  generated i n  t h i s  

i n c i d e n t  niay have e f f e c t i v e l y  removed a l a r g e  p a r t  o f  any 

p l  u t o n i  um which was a i r bo rne .  

The most se r i ous  and s i g n i f i c a n t  i n c i d e n t  i n v o l v i n g  p lu ton ium 

t o  da te  was t he  f i r e  i n  a  major  p lu ton ium f a b r i c a t i o n  f a c i l i t y  

a t  Rocky F l a t s ,  Colorado i n  May 1969. Products o f  a  f i r e  i n  

one area clogged t he  exhaust f i l t e r s  o f  one o f  t h r e e  exhaust 

systems. F l  aminable vapors passed i n t o  o t h e r  areas. U l  t i - 
mately,  a  s i g n i f i c a n t  p o r t i o n  o f  t h e  f a c i l i t y  was i nvo l ved .  

The supply  fans operated d u r i n g  t he  i n i t i a l  phase o f  t h e  f i r e  

and l o s s  i n  nega t i ve  pressure a l lowed back d i f f u s i o n  i n t o  

o f f i c e  areas. Hundreds o f  k i lograms o f  p l  utonium as metal 

and compounds was i n v o l v e d  w i t h  a  s i g n i f i c a n t  q u a n t i t y  i n  

unknown fo rm  i nvo l ved  w i t h  t h e  equipment (Ma te r i a l  Unaccounted 

For) .  Only 200 pCi o f  a i , rborne m a t e r i a l  (0.003 g )  was 



re leased  through a  damaged exhaust system. (27 )  Based on 

t h e  a u t h o r ' s  personal observa t ion  and data, a  maximum o f  

0.5% o f  t h e  p lu ton ium may have been a i r b o r n e  w i t h i n  t h e  

f a c i l i t y .  Th is  va lue was der ived  by making t he  h i g h l y  con- 

s e r v a t i v e  assumption t h a t  a l l  contaminat ion measured on t h e  

c e i l i n g ,  w a l l s  and f l o o r  o f  a l l  contaminated areas o f  t h e  

f a c i l i t y  and a l l  sur faces o u t s i d e  t he  enc losure was due t o  

a i r b o r n e  m a t e r i a l .  The es t imate  does n o t  i nc l ude  t he  n e g l i -  

g i b l e  amounts o f  p lu ton ium found i n  t he  water c o l l e c t e d  f rom 

ext inguishment  nor  t he  unknown q u a n t i t i e s  i n  t h e  exhaust 

system. The vas t  m a j o r i t y  o f  t he  p lu ton ium used t o  o b t a i n  

t h i s  es t ima te  was measured as f l o o r  contaminat ion i n  t h e  

immediate f i r e  area and i s  probably  d e b r i s  which f e l l  o r  

was washed f rom the  enc losure du r i ng  ext inguishment .  

Resuspension - Once i n t o  t he  atmosphere, t h e  p lu ton ium i s  

ac ted  upon by c l  ima to log i ca l  phenomena and u l  t i m a t e l y  

approaches t he  sur face .  I f  t h e  p lu ton ium p a r t i c l e s  a r e  

depos i ted  on a  sur face,  t hey  s t i l l  can c o n s t i t u t e  an i n h a l a -  

t i o n  hazard. Al though gross resuspension i s  t he  p r imary  

concern, Healy enumerates o t h e r  modes ( d i r e c t  i n h a l a t i o n )  

by which depos i ted  p lu ton ium can be an i n h a l a t i o n  hazard. (28) 

As p a r t  o f  t h e  hazards e v a l u a t i o n  f o r  p lu ton ium re lease  f rom 

a  weapon i nvo l ved  i n  an acc iden t ,  a  va lue o f  100 pg Pu/m 2 

was c a l c u l a t e d  f o r  safe,  l i f e t i m e  occupancy. On t h e  bas i s  

o f  measurements obta ined f rom experiments i n v o l v i n g  non- 

nuc lea r  de tona t ions  o f  weapons, a  va lue o f  1000 pg Pu/m 2  

was e s t a b l i s h e d  as sa fe  f o r  l i f e - t i m e  occupancy (weather be ing  
2  t he  s o l e  resuspension f o r c e )  a l though a  va lue o f  3500 pg/m was 

determined as safe.  (") Resuspension f a c t o r s  i n  t he  range o f  

7  l o e 7  to 7  10 -5 were found. (30) Resuspension f a c t o r s  

i n  t h e  o r d e r  o f  10 -I3 m-' were repo r ted  f o r  t he  t ho rough l y  

weathered m a t e r i a l  . (31 ) Most r e c e n t l y ,  Sehmel measured 

resuspension o f  0.001 t o  1% o f  p a r t i c l e s  f r e s h l y  depos i ted  



on an asphalt road per pass using a car o r  314 ton truck. 
Higher resuspension corresponded to higher vehicle speed. 

A marked decrease of resuspension was observed w i t h  

weathering. (32 

The resuspension of plutonium particles has also been measured. 

Jones and Pond (33) measured the resuspension from paper 

covered, plastic covered and waxed linoleum surfaces. Par- 
t icles ranged from 0.4 to 60 urn. Higher resuspension factors 
were obtained from surfaces contaminated by oxide t h a n  nitrate. 

When the plutonium was applied as a solution, absorbent paper 
surfaces gave lower resuspension factors than sound impermeable 

surfaces. Higher resuspension factors correlated w i t h  in- 

creased activity. Resuspension factors in the order of 
2 x mel were found with no movement and to 
with wal king. 

Gl auberman (34) measured resuspension of aged material from 
concrete surface in an old production facil i ty.  Factors for 

-7 -1 plutonium oxide ranged from 1 o - ~  to 10 m for no movement 

before the tes t ,  10 -3 for no movement after  the tes t ,  
-3 -1 -2 -1 10 m with a i r  circulation over the surface, to 10 m 

when a do1 ly was run over the surface with a i r  circulation. 

Thus in resuspension, the form of plutonium deposited, the 

surface, the entraining force and age of the material all  
play a role. Particles entrain more readily than solutions. 
Greater amounts can be resuspended from hard, impermeable 

surfaces. Direct transfer of momentum i s  a more effective 
mechanism for resuspension than acrodynamic forces. Freshly 
deposi ted material s are more readily entrained than weathered 

material. 
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