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PREFACE 

Th is  document i s  t he  t h i r d  i n  a  s e r i e s  o f  r i s k  assessments d e a l i n g  w i t h  

t h e  shipment o f  p o t e n t i a l  l y  hazardous energy m a t e r i a l s .  Work done on t h e  

i n i t i a l  study, An Assessment o f  t he  Risk o f  T ranspo r t i ng  Pluton ium Oxide 

and L i q u i d  P luton ium N i t r a t e  by Truck, (BNWL-1846), forms t h e  bas i s  f o r  t h e  

se r i es .  Th is  study, be ing  an ex tens ion  o f  t h e  f i r s t ,  r e l i e s  h e a v i l y  on t h a t  

work. The authors  and t e c h n i c a l  c o n t r i b u t o r s  o f  t h e  f i r s t  study, therefore,  

deserve c r e d i t  f o r  much o f  t h e  m a t e r i a l  t h a t  was used i n  t h i s  r i s k  assessment. 

Th is  s tudy was i n i t i a l l y  i ssued  i n  d r a f t  fo rm and re leased  on a  l i m i t e d  

bas i s  f o r  comments. Comments rece i ved  from rev iewers  were eva lua ted  and 

wherever poss ib l e  r e v i s i o n s  were made i n  t he  d r a f t  document t o  inc rease  c l a r -  

i t y  and t echn i ca l  c r e d i b i l i t y .  Some comments were n o t  i nc l uded  because 

i t  was determined t h a t  t h e  changes suggested, a1 though t e c h n i c a l l y  v a l i d ,  

would n o t  s i g n i f i c a n t l y  inc rease  t h e  accuracy o r  c r e d i b i l i t y  o f  t h e  r e s u l t s .  

We thank a l l  o f  those who took t ime t o  rev iew t h e  document and respond. 
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1  .0  INTRODUCTION 

Rad ioac t i ve  m a t e r i a l s ,  i n  a  v a r i e t y  o f  phys i ca l  and chemical forms a re  

r o u t i n e l y  t r a n s p o r t e d  between nuc lea r  f a c i l i t i e s .  The s a f e t y  r e c o r d  f o r  

these shipments has been e x c e l l e n t .  As t h e  n u c l e a r  i n d u s t r y  grows, i t  i s  

expected t h a t  t h e  number o f  shipments made annua l l y  w i l l  increase.  I n  t h e  

i n t e r e s t  o f  c o n t i n u i n g  t o  i n s u r e  t h e  h e a l t h  and sa fe ty  o f  t h e  genera l  p u b l i c ,  

t h e  nuc lea r  i n d u s t r y  and government agencies a r e  c o n t i n u a l l y  improv ing  t h e i r  

l e v e l  o f  unders tanding o f  t h e  s a f e t y - r e l a t e d  aspects o f  t r a n s p o r t i n g  r a d i o -  

a c t i v e  m a t e r i a l  s. 

Research programs a re  one method o f  improv ing  t h e  l e v e l  o f  understand- 

i ng .  Such a  research  program i s  be ing  conducted by Ba t t e l l e -No r t hwes t  f o r  

t h e  T ranspo r t a t i on  Branch o f  t he  ERDA D i v i s i o n  o f  Environmental  Con t ro l  

Technology. The o b j e c t i v e  o f  t h i s  c o n t i n u i n g  program i s  t o  develop a  

methodology f o r  q u a n t i t a t i v e l y  assess ing t h e  s a f e t y  o f  t r a n s p o r t i n g  r a d i o -  

a c t i v e  m a t e r i a l s  and t o  app l y  i t  t o  c u r r e n t  and f u t u r e  sh i pp ing  systems. 

A  p rev ious  r e p o r t ( '  ) desc r ibed  t h e  methodology developed f o r  q u a n t i t a t i v e l y  

assess ing t h e  s a f e t y  o f  t r a n s p o r t i n g  r a d i o a c t i v e  m a t e r i a l s  and a p p l i e d  i t  

t o  t h e  t r a n s p o r t  o f  s o l  i d  p l u ton ium d i o x i d e  and 1  i q u i d  p l u ton ium n i t r a t e  by 

t r u c k .  Most p l u ton ium be ing  shipped today i s  be ing  shipped by t r u c k .  As 

p lu ton ium t r a n s p o r t a t i o n  requi rements  inc rease ,  inc reased  u t i l i z a t i o n  o f  

o t h e r  modes, such as r a i  1  and a i r ,  may become d e s i r a b l e .  Th is  r e p o r t  p re -  

sen ts  an assessment o f  t he  r i s k  i n  shipment o f  p lu ton ium d i o x i d e  by cargo 

a i r c r a f t .  Comparison t o  t he  r i s k  i n  t r u c k  shipment i s  a l s o  made. 

Cargo a i r c r a f t  shipment r e q u i r e s  t r u c k  t r a n s p o r t  t o  o r  from t h e  

nea res t  cargo a i r  t e r m i n a l .  The r i s k  assoc ia ted  w i t h  t h e  t r u c k  l i n k s  

must be i nc l uded  -in t h e  a i r  r i s k  t o  make t h e  comparison meaningfu l .  

Prev ious s t u d i e s ( '  ) have eva lua ted  t h e  r i s k  o f  t r a n s p o r t i n g  p l u ton ium 

d i o x i d e  by t r u c k .  On a  p e r  m i l e  bas is ,  t h e  r i s k  o f  t r a n s p o r t i n g  p lu ton ium 

d i o x i d e  t o  o r  from t h e  a i r  t e r m i n a l  i s  unchanged f rom the  p rev i ous  ana l ys i s .  

Thus most sec t i ons  o f  t h i s  r e p o r t  w i l l  cons ider  a i r  t r a n s p o r t  s o l e l y .  I n  

Sec t i on  11.4, t h e  r i s k  a r i s i n g  from t h e  t r u c k  t r a n s p o r t  segment w i l l  be 



added t o  the  a i r  t r anspor t  segment. Then the  t o t a l  a i r  t r a n s p o r t  system w i l l  

be compared w i t h  t r u c k  t ranspor t .  

Risk, as used i n  t h i s  repo r t ,  i s  t he  product o f  the  ~i iagnitude o f  the  

poss ib le  l o s s  and the  expected frequency o f  occurrence o f  the  loss.  As 

described i n  t he  i n i t i a l  repor t , ( '  ) there  are two measures o f  r i s k  which a re  

'important. One i s  the  t o t a l  r i s k ,  obta ined by summing the  r i s k  associated 

w i t h  each p a r t i c u l a r  loss .  The o the r  i s  t he  r i s k  spectrum. A r i s k  spectrum 

curve p l o t s  the  expected frequency o f  N o r  more f a t a l i t i e s  as a  f u n c t i o n  o f  

N. The r i s k s  associated w i t h  two a c t i v i t i e s  are  t r u l y  s i m i l a r  o n l y  i f  they 

have the  same t o t a l  r i s k  ( r i s k  magnitude) and the  same r i s k  spectrum. Both 

r i s k  measures are  used i n  t h i s  repo r t .  

REFERENCE 

1. T. I. McSweeney, R. J. H a l l  e t  a1 . , An Assessment of the Risk of 
Transport ing Plutonium Oxide and L i q u i d  Plutonium N i t r a t e  by Truck, 
p 
August 1975. 



2.0 SUMMARY 

Th is  r e p o r t  i s  t h e  t h i r d  o f  a  s e r i e s  o f  r e p o r t s  e v a l u a t i n g  t h e  r i s k  o f  

t r a n s p o r t i n g  p lu ton ium by va r i ous  modes. The f i r s t  r e p o r t ( ' )  presented a  

methodology f o r  assess ing t h e  r i s k  o f  t r a n s p o r t i n g  r a d i o a c t i v e  m a t e r i a l s  and 

a p p l i e d  t h e  methodology t o  t he  shipment o f  p l u t on ium by t r u c k .  The second 

r e p o r t ( 2 )  a p p l i e d  t h e  methodology t o  t h e  shipment o f  p lu ton ium by r a i l .  T h i s  

r e p o r t  presents  t h e  r e s u l t s  f o r  shipment o f  p l u t on ium by cargo a i r c r a f t .  

To enable  easy comparison, a l l  t h e  p l u ton ium sh ipp ing  eva lua t i ons  have 

used t h e  same bases. I n  each, t h e  r e s u l t s  have been r e l a t e d  t o  a  f u t u r e  

t ime - - t he  e a r l y  1980s--when p l u ton ium shipments a r e  expected t o  be more 

f requen t .  The c h a r a c t e r i s t i c s  o f  t h e  nuc lea r  economy used i n  t h i s  a n a l y s i s  

are:  

A  t o t a l  o f  18 m e t r i c  tons (MT) o f  p l u ton ium i s  shipped annua l l y ,  v i a  t h e  

mode be ing  eva luated.  

100 kg o f  p lu ton ium a r e  t r anspo r t ed  per  shipment. For a i r  shipment, 

a  t r u c k  and a i r  segment a r e  cons idered.  The average sh ipp ing  d i s t ance  

p e r  shipment i s  1,422 m i l e s  w i t h  14% o f  t h e  d i s t ance  be ing  by t r u c k .  

Sh ipp ing  systems and r e g u l a t i o n s  a r e  t h e  same as i n  1974. 

Pu02 i s  shipped i n  6M con ta i ne rs .  

The use o f  o t h e r  sh i pp ing  c o n d i t i o n s ,  e.g., d i f f e r e n t  sh i pp ing  r e g u l a t i o n s  

cou ld  r e s u l t  i n  d i f f e r e n t  r i s k s  than  r e p o r t e d  here.  

For t he  purposes of t h i s  s tudy,  p lu ton ium d i o x i d e  was assumed t o  be c a r -  

r i e d  e x c l u s i v e l y  i n  t he  15-gal  v e r s i o n  of the  6M con ta i ne r .  Unless o therw ise  

noted, a l l  re fe rences  t o  6M c 0 n t a i n e . r ~  i n  t h e  r e p o r t  r e f e r  t o  t h i s  p a r t i c u l a r  

s i z e .  Appendix A  g i ves  a  complete d e s c r i p t i o n  o f  t he  sh i pp ing  con ta i ne r .  

I n  one respec t ,  t h e  a i r  shipment r e p o r t  d i f f e r s  f rom t h e  prev ious two. 

Since t h e  two p rev ious  s t u d i e s  were completed, new r e g u l a t i o n s  l i m i t i n g  t he  

amount o f  p l u t on ium shipped i n  1  i q u i d  form have been d r a f t e d  (10 CFR 71.42). 

These r e g u l a t i o n s  w i l l  be i n  e f f e c t  d u r i n g  t h e  t ime  p e r i o d  cons idered by t h i s  

s t udy  and w i l l  n o t  a l l o w  l i q u i d  n i t r a t e  shipments i n  t he  amounts assumed by 



t he  previous s tud ies .  Therefore, on ly  a i r c r a f t  shipments o f  p lu tonium d i o x i d e  

powder were considered i n  t h i s  ana lys is .  

Based on the  sh ipp ing  assumptions, t h e  l i k e l i h o o d  t h a t  an a i r c r a f t  

c a r r y i n g  a  shipment w i l l  be invo lved  i n  an acc ident  i s  est imated t o  be about 

once i n  450 years.  For t he  p ro jec ted  sh ipp ing  r a t e  i n  t he  e a r l y  1980s, t he  

1  i ke l  ihood o f  a  re lease o f  p lu tonium as a  r e s u l t  o f  shipment by a i r  i s  one 

i n  900 years f o r  d i o x i d e  powder i n  t he  6M conta iner .  The consequences o f  

these pos tu la ted  re leases were est imated based on the  amount o f  p lu tonium 

re leased t o  t he  envi rons,  t he  probable weather cond i t i ons  a t  t he  t ime o f  

t he  acc ident ,  and the  popu la t ion  dens i t y  downwind from the  acc ident  scene. 

The l i k e l i h o o d  and the  consequences f o r  these pos tu la ted  re leases have been 

coupled and expressed as a  r i s k  spectra.  

F igure  2.1 shows the  r i s k  spectra f o r  t he  p lutonium d i o x i d e  shipments 

p ro jec ted  f o r  t he  U.S. i n  the  e a r l y  1980s. These curves can be compared t o  

s i m i l a r  r i s k  curves which are  presented i n  t he  Rasmussen ~ e ~ o r t ' ~ )  and the  

shipment o f  p lu tonium by o the r  modes. Inspec t ion  o f  t he  curves i nd i ca tes  

t h a t  t he  r i s k s  o f  sh ipp ing  p lutonium are small r e l a t i v e  t o  o the r  s o c i e t a l  

r i s k s .  For example, t he  r i s k  curve f o r  t r anspo r t i ng  c h l o r i n e  i s  several  

orders o f  magnitude g rea te r  than t h a t  o f  t r anspo r t i ng  p lutonium d i o x i d e  

by a i r .  The r i s k  curve f o r  the  a i r  shipment i s  s i m i l a r  t o  t he  r i s k  curve f o r  

being k i l l e d  by meteor i tes.  The r i s k  o f  death from normal a i r  t r a n s p o r t  i s  

many orders o f  ~ i iagni tude above the  r i s k  added i f  p lutonium d i o x i d e  was shipped 

by a i r .  The curves a l s o  i n d i c a t e  t h a t  the  l i k e l i h o o d  o f  a  p lutonium re lease 

r e s u l t i n g  i n  cancer death i s  approximately one i n  15,000 years f o r  Pu02 

sh i  pments i n  6 M  con ta iners .  

The comparison o f  t he  t r u c k  and a i r  t r anspo r t  modes f o r  t he  same ma te r i a l  

showed t r u c k  t r a n p o r t  t o  have l ess  r i s k .  A t  the  same t ime, t he  a i r  t r a n s p o r t  

o f  p lu tonium d iox ide  was demonstrated t o  have a  lower r i s k  than o t h e r  commonly 

accepted s o c i e t a l  r i s k s .  The major c o n t r i b u t o r  t o  the  o v e r a l l  r i s k  spec t ra  

f o r  a i r  t r a n s p o r t  was a  cargo a i rp lane,  c a r r y i n g  p lutonium d iox ide ,  c rash ing  

a t  h igh  speed i n t o  hard rock.  
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3.0 RISK ANALYSIS MODEL 

Risk,  as used th roughou t  t h i s  r e p o r t ,  i s  de f i ned  as t h e  p roduc t  o f  

t h e  l i k e l i h o o d  o f  occurrence o f  an event  and t h e  consequences o f  an event.  

The r i s k  model, desc r ibed  i n  t h i s  s e c t i o n  has been developed f rom method- 

o l o g i e s  used i n  p r i o r  r i s k  assessments. A  d e t a i l e d  d e s c r i p t i o n  o f  t h e  

r i s k  model used i n  t h i s  r e p o r t , i s  p rov ided  i n  Reference 1. 

The r i s k  model, summarized i n  t h e  f o l l o w i n g  sec t ions ,  has been developed 

t o  eva lua te  t h e  r i s k  o f  t r a n s p o r t i n g  r a d i o a c t i v e  m a t e r i a l s .  By g e n e r a l i z i n g  

some o f  t h e  component des igna t ions  i t  cou ld  a l s o  be a p p l i e d  t o  shipments 

o f  hazardous m a t e r i a l s .  

3.1 RISK MODEL DESCRIPTION 

The r i s k  assessment model p rov ides  a  sys temat i c  method f o r  hand l iug  

t h e  da ta  germane t o  a n a l y s i s  o f  t h e  s a f e t y  of t h e  t r a n s p o r t  environment.  

The components o f  t h e  assessment model a r e  shown i n  F i gu re  3.1. The 

f o l l o w i n g  paragraphs p rov i de  a  more d e t a i l e d  d e s c r i p t i o n  o f  t h e  components 

shown i n  t h i s  f i g u r e .  

The model uses one fundamental equa t ion :  

R . 1  Ri. (3-1  
i 

The t o t a l  system r i s k  R i s  t he  sum o f  t h e  r i s k s  o f  a l l  a c c i d e n t a l  

re leases  as denoted by t h e  s u b s c r i p t  i. Only acc i den ta l  re leases  a r e  

cons idered i n  t h e  model. The r i s k  of an i n d i v i d u a l  r e l ease  i s  t h e  p roduc t  

o f  t h e  consequences o f  t h e  r e l ease  and t h e  p r o b a b i l i t y  o f  i t s  occurrence. 

Th i s  equa t ion  cou ld  be expanded i n t 0 . a  s i n g l e ,  long, complex equat ion.  I n  

t h e  c u r r e n t  f o r m u l a t i o n  o f  t h e  model, each te rm i n  Equat ion (3-1 ) i s  expanded 

i n t o  two express ions which 'have more phys i ca l  s i g n i f i c a n c e .  The expanded 
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The f i r s t  f a c t o r ,  A  FRi, i s  t h e  p r o d u c t  o f  t h e  amount o f  m a t e r i a l  

p r e s e n t  i n  a  shipment t imes  t h e  f r a c t i o n  o f  t h a t  m a t e r i a l  l o s t  t o  t h e  

env i ronment  i n  t h e  ith r e l e a s e  sequence. T h i s  f a c t o r  can be t h o u g h t  o f  as 

a  source f o r  t h e  ith c h a i n  o f  even ts  o r  f a i l u r e s  which end w i t h  a  r e l e a s e  

o f  r a d i o a c t i v e  m a t e r i a l .  The second f a c t o r ,  PRi, i s  t h e  p r o b a b i l i t y  t h a t  

t h e  r e l e a s e  sequence w i l l  happen d u r i n g  t r a n s p o r t .  The f i r s t  express ion,  

A  F R ~  x P R ~ ,  can be t h o u g h t  o f  as a  p r o b a b i l i s t i c  sou rce  te rm f o r  each 

i d e n t i f i e d  r e l e a s e  sequence. 

The f a c t o r  CEi i n  t h e  second p a r t  o f  Equa t ion  3-2 i s  t h e  consequences 
3 q  

o f  a  u n i t  r e l e a s e .  The s u b s c r i p t  q  i s  added t o  show t h a t  t h e  f a c t o r  i s  a  

f u n c t i o n  o f  t h e  s p e c i f i c  weather c o n d i t i o n s  e x i s t i n g  a t  t h e  t i m e  o f  t h e  

r e l e a s e  and t h e  p o p u l a t i o n  exposed t o  t h e  r e l e a s e .  The f a c t o r  r e p r e s e n t s  

t h e  e f f e c t  o f  a  u n i t  r e l e a s e  on t h e  exposed p o p u l a t i o n  i n  terms o f  e i t h e r  

a  whole body dose t o  man o r  t o  a  s p e c i f i c  organ. The f i n a l  f a c t o r ,  P  
q  

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

w i t h i n  a  s p e c i f i c  p o p u l a t i o n  zone. The e x p r e s s i o n  C ( C E ~  ,q x PE can be 
9  

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

( u n i t  source te rm)  under probab i  1  i s t i c a l  l y  weighted weather c o n d i t i o n s  and 

p o p u l a t i o n  d i s t r i b u t i o n s .  

Equa t ion  3-2 i s  t h e  p i v o t a l  e q u a t i o n  i n  t h e  r i s k  model. Two p r e p a r a t o r y  

s teps  a r e  needed b e f o r e  t h e  terms can be eva lua ted .  These a r e  t h e  system 

d e s c r i p t i o n  and t h e  r e l e a s e  sequence i d e n t i f i c a t i o n  s teps .  F o l l o w i n g  

these  two s t e p s  i s  t h e  r e l e a s e  sequence e v a l u a t i o n  s t e p  which u t i l i z e s  

Equat ions 3-1 and 3-2. The f i n a l  s t e p  i s  t o  e v a l u a t e  o r  assess t h e  s i g n i f i c a n c e  

o f  t h e  r i s k  l e v e l  determined f o r  t h e  t r a n s p o r t  system b e i n g  eva lua ted .  

The r e l a t i o n s h i p  between t h e  f o u r  s teps  i s  shown i n  F i g u r e  3.1. The s teps 

a r e  b r i e f l y  d i scussed  i n  t h e  f o l l o w i n g  f o u r  subsec t ions .  

3.1.1 System D e s c r i p t i o n  

As shown i n  F i g u r e  3.1, t h e  system d e s c r i p t i o n  s t e p  has seven components: 

1  ) S e l e c t  Nuc lea r  I n d u s t r y  C h a r a c t e r i s t i c s  

2 )  S p e c i f y  M a t e r i a l  Amount, O r i g i n  and D e s t i n a t ' o n  

3 )  S p e c i f y  M a t e r i a l  C h a r a c t e r i s t i c s  



4 )  S p e c i f y  T r a n s p o r t  Mode and C a r r i e r  

5 )  Spec i f y  C o n t a i n e r  and Amount of M a t e r i a l  p e r  Con ta ine r  

6 )  C a l c u l a t e  Number o f  Shipments Requi red 

7 )  S p e c i f y  Route, R e s t r i c t i o n s ,  P o p u l a t i o n  and Weather Zones. 

F i g u r e  3.2 shows exa~i ip les  o f  t h e  t ypes  o f  i n f o r m a t i o n  c a l l e d  f o r  by t h e s e  

components. The seven components c o m p l e t e l y  d e s c r i b e  t h e  system b e i n g  

eva lua ted .  

3.1.2 Release Sequence I d e n t i f i c a t i o n  

The second s t e p  i n  t h e  r i s k  assessment i s  i d e n t i f i c a t i o n  o f  r e l e a s e  

sequences. T h i s  r e q u i r e s ,  f i r s t ,  component 8, S p e c i f y  Scope o f  A n a l y s i s ,  

wh ich  comple tes  t h e  i n f o r m a t i o n  r e q u i r e d  t o  i n i t i a t e  work i n  component 9, 

Determine P o s s i b l e  Re1 ease Sequences. The r e l a t i o n s h i p  o f  t h e s e  two com- 

ponents t o  t h e  r e s t  of  t h e  model i s  shown i n  F i g u r e  3.1. Cornponent 8  s e t s  

t h e  scope o f  t h e  r i s k  assessment by s e l e c t i n g  t h e  f a c t o r s  t h a t  w i l l  be 

cons ide red  i n  t h e  a n a l y s i s .  Fo r  t h e  p r e s e n t  a n a l y s i s ,  t h e  r i s k s  f rom 

f a i l u r e  sequences i n v o l v i n g  b o t h  a c c i d e n t  c o n d i t i o n s  and substandard 

packaging c o n d i t i o n s  a r e  cons idered.  The p o s s i b l e  r e 1  ease sequences 

w i t h i n  t h e  scope o f  t h e  assessment a r e  i d e n t i f i e d  i n  component 9  by use o f  

f a u l t  t r e e  a n a l y s i s ;  a  method t h a t  works backwards f rom a  r e l e a s e  t h r o u g h  

t h e  c h a i n s  o f  even ts  o r  f a i l u r e s  r e q u i r e d  t o  breach t h e  b a r r i e r s  between 

t h e  m a t e r i a l  and man's env i ronment .  

3.1.3 Release Sequence E v a l u a t i o n  

The r e l e a s e  sequence e v a l u a t i o n  s t e p  c o n s i d e r s  each r e l e a s e  sequence 

i d e n t i f i e d  i n  t h e  p r e v i o u s  s t e p  and determines t h e  f a c t o r s  i n  Equa t ion  3-2. 

The assembly o f  t h e s e  d a t a  w i l l  be d e s c r i b e d  i n  t h e  f o l l o w i n g  subsec t ions  

e n t i  tl ed Source Term Eval  u a t i  on and Env i  ronmenta l  Consequences Eval  u a t i  on. 

Source Term E v a l u a t i o n .  The r e l e a s e  sequence f a c t o r s  i n  Equa t ion  3-2, 

denoted by t h e  s u b s c r i p t  "R," r e p r e s e n t  t h e  p r o b a b i l i t y  t h a t  a  source o f  

m a t e r i a l  w i l l  be re leased ,  t h e  t y p e  o f  r e l e a s e ,  and t h e  amount o f  m a t e r i a l  

r e l e a s e d .  The e v a l u a t i o n  o f  these  f a c t o r s  r e q u i r e s  t h e  i n p u t  o f  f o u r  d a t a  

bases, shown i n  F i g u r e  3.1 as components 11-14. These d a t a  bases a r e :  
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I n p u t  o r  R e t r i e v e  A p p l i c a b l e  Package Closure E r r o r  Data (11)  

I n p u t  o r  R e t r i e v e  A p p l i c a b l e  Mechanical F a i l u r e  Data (12)  

R e t r i e v e  Appl i c a b l e  T ranspor t  Mode Acc iden t  Data ( 1  3 )  

R e t r i e v e  Data on D i spe rsa l  C h a r a c t e r i s t i c s  o f  M a t e r i a l  Shipped (1  4) 

Wi th  t h e  i n f o r m a t i o n  from components 11 t o  14, t h e  model eva lua tes  t h e  

p r o b a b i l i t y  o f  a  r e l e a s e  and t he  source term, shown as components 17 and 18 

i n  F i g u r e  3.1. The source term must be expressed i n  equa t ion  fo rm so t h a t  

t h e  source can be r e l a t e d  t o  env i ronmenta l  c o n d i t i o n s .  The F f a c t o r s  o f  
R i  

source te rm express ion  used f o r  va r i ous  r e l e a s e  sequences and env i ronmenta l  

c o n d i t i o n s  a r e  d iscussed i n  Sec t ion  9. 

The "A" f a c t o r  i n  Equat ion 3-2 i n c l u d e s  terms which r e l a t e  t he  t o t a l  

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

The f r a c t i o n  i s  a  f u n c t i o n  o f  t he  number o f  con ta i ne rs  damaged and t he  

amount of m a t e r i a l  s p i l l e d  from t h e  damaged con ta i ne rs .  When these terms 

have been eva lua ted  f o r  each r e l e a s e  sequence, t h i s  p a r t  o f  t h e  a n a l y s i s  

i s  complete. 

Environmental  Consequences Eva lua t ion .  The env i ronmenta l  terms i n  

Equat ion 3-2 a r e  denoted by a  s u b s c r i p t  E. The f a c t o r  PE represen ts  t he  

p r o b a b i l i t y  t h a t  a  g i v e n  s e t  o f  weather and p o p u l a t i o n  d e n s i t y  cha rac te r -  

i s t i c s  w i l l  be encountered. The f a c t o r  C rep resen ts  t h e  consequences o f  
E  i 

a  u n i t  r e l e a s e  f rom an acc i den t  when i t  occurs  i n  t he  r e g i o n  cha rac te r i zed  

by t h e  weather and p o p u l a t i o n  d e n s i t y  used t o  determine PE. The conse- 

quences of t h e  u n i t  r e l e a s e  a re  i n i t i a l l y  c a l c u l a t e d  as a  p o p u l a t i o n  dose 

expressed i n  u n i t s  o f  man-rem t o  a  se l ec ted  organ o f  re fe rence .  The 

p o p u l a t i o n  dose i s  then  conver ted t o  h e a l t h  e f f e c t s  u s i n g  commonly accepted 

methods. The e v a l u a t i o n  o f  t h e  two f a c t o r s  i n  Equat ion 3-2 r e q u i r e s  t he  

i n p u t  f rom t h r e e  da ta  bases, shown i n  F i gu re  3.1 as components 14 t o  16. 

These da ta  bases are:  



R e t r i e v e  Data on D i s p e r s a l  C h a r a c t e r i s t i c s  o f  M a t e r i a l  Shipped (14 )  

I n p u t  o r  R e t r i e v e  Data on Route, P o p u l a t i o n  and Weather 

C h a r a c t e r i s t i c s  ( 1  5 )  

R e t r i e v e  Data on H e a l t h  E f f e c t s  o f  M a t e r i a l  Shipped (16 )  

The model uses r e l e v a n t  i n f o r m a t i o n  f rom components 14 t o  16 t o  

e v a l u a t e  t h e  p r o b a b i l i t y  o f  e x p e r i e n c i n g  a  g i v e n  s e t  o f  weather c o n d i t i o n s  

and p o p u l a t i o n  c h a r a c t e r i s t i c s .  These e v a l u a t i o n s  a r e  shown as components 

19 and 20 i n  F i g u r e  3.1. The PE t e r m  i n  Equa t ion  3-2 i s  t h e  p r o b a b i l i t y  

assoc ia ted  w i t h  t h e  weather and p o p u l a t i o n  c h a r a c t e r i s t i c s .  The expanded 

f o r m  o f  t h i s  t e r m  i s  g i ven :  

The s u b s c r i p t s  j, k  and 1  r e f e r  t o  t h e  m u l t i p l i c i t y  o f  env i ronmenta l  cond i -  

t i o n s  which c o u l d  e x i s t  a t  t h e  l o c a t i o n  o f  t h e  a c c i d e n t .  The v a r i a b l e  

Pj / k  
i s  t h e  p r o b a b i l i t y  o f  e x p e r i e n c i n g  t h e  jth atmospher ic  s t a b i l i t y  

c l a s s i f i c a t i o n  when t h e  kth windspeed e x i s t s .  The v a r i a b l e  P,, i s  t h e  
K 

p r o b a b i l i t y  o f  encoun te r ing  t h e  kth windspeed ca tegory .  The v a r i a b l e  PI 

i s  t h e  p r o b a b i l i t y  o f  encoun te r ing  a  s p e c i f i e d  p o p u l a t i o n  d i s t r i b u t i o n .  

These d a t a  complete t h e  d e s c r i p t i o n  o f  t h e  f o u r  terms i n  t h e  r i s k  

equa t ion .  Once a l l  o f  these v a r i a b l e s  a r e  s p e c i f i e d ,  t h e  r i s k  c a l c u l a t i o n  

and assessment s tep,  t h e  l a s t  step,  can be completed. 

3.1.4 R i s k  C a l c u l a t i o n  and Assessment 

The f i n a l  s t e p  i n  t h e  r i s k  assessment i s  t o  sum and e v a l u a t e  t h e  

r i s k s  assoc ia ted  w i t h  a l l  t h e  a p p l i c a b l e  r e l e a s e  sequences. As shown i n  

F i g u r e  3.1, t h i s  f i n a l  s t e p  c o n s i s t s  o f  s i x  components numbered 21 t o  26: 

R isk  C a l c u l a t i o n  ( 2 1 )  

Determine R i s k  o f  Nuc lear  I n d u s t r y  Shipments (22 )  

I d e n t i f y  Ma jo r  C o n t r i b u t o r s  t o  O v e r a l l  R i s k  (23 )  

C h a r a c t e r i z e  Other  Accepted Soc i  e ta1  R isks  (24 )  



Assess Risk of Nuclear  Shipments R e l a t i v e  t o  Other Soc ie ta l  

R isks (25)  

S p e c i f y A l t e r n a t i v e s W h i c h M a y  ReduceRisk Level (26)  

Reference 1  p rov ides  a  more d e t a i l e d  d e s c r i p t i o n  o f  these components. 

I n  t h i s  r e p o r t ,  t h e  r i s k  o f  t r a n s p o r t i n g  p lu ton ium by a i r  w i l l  be 

c a l c u l a t e d  and then  compared w i t h  o t h e r  acc iden ta l  r i s k s .  One o f  t h e  

co~i ipar isons will be t o  coliipare t h e  r e s u l t s  o f  t h i s  a i r  t r a n s p o r t  r i s k  

a n a l y s i s  w i t h  t h e  r e s u l t s  o f  t h e  t r u c k  t r a n s p o r t  r i s k  a n a l y s i s  which 

has been p r e v i o u s l y  r epo r ted .  Such comparisons p lace  t h e  r i s k s  o f  

sh ipp ing  p lu ton ium i n  perspec t i ve .  
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4.0 PLUTONIUM SHIPPING REQUIREMENTS 

As d iscussed i n  Sec t i on  3, t h e  p l u ton ium r i s k  assessment i s  based on a  

s p e c i f i c  s e t  o f  p l u t on ium sh ipp ing  requi rements .  Th i s  e v a l u a t i o n  o f  t he  

r i s k  o f  sh i pp ing  p l u ton ium d i o x i d e  by a i r  uses t he  same sh ipp ing  da ta  used i n  

t h e  p rev ious  e v a l u a t i o n  o f  t h e  r i s k  o f  sh i pp ing  p l u ton ium d i o x i d e  by t r u c k .  ( 1  

As mentioned i n  t h e  I n t r o d u c t i o n ,  a  un ique f e a t u r e  o f  t he  a i r  t r a n s p o r t  i s  

t h a t  i t  r e q u i r e s  t r u c k  t r a n s p o r t  t o  o r  f rom the  nea res t  cargo a i r  t e r m i n a l .  

Thus, when s p e c i f y i n g  the  a i r  sh i pp ing  requi rements ,  bo th  t he  l e n g t h  o f  t h e  

t r u c k  and a i r  segments must be determined. 

As d iscussed i n  t h e  p rev ious  s tudy, ( ' )  s i n c e  l i g h t  water  r e a c t o r s  can 

use e i t h e r  uran ium o r  p lu ton ium-uran ium f u e l s ,  i t  i s  d i f f i c u l t  t o  s p e c i f y  

t h e  p lu ton ium sh ipp ing  requi rement  f o r  a  s p e c i f i c  year .  T h i s  a n a l y s i s  i s  

be ing  performed f o r  a  t ime  when t h e r e  a re  100 o p e r a t i n g  r eac to r s ,  a  condi -  

t i o n  which i s  l i k e l y  t o  occur  i n  t h e  1980s. 

4.1 NUCLEAR INDUSTRY CHARACTERISTICS 

The shipment of p l u t on ium recovered by reprocess ing  f u e l  d ischarged f r om 

l i g h t  water  r e a c t o r s  (LWRS) presumes t h a t  p l u ton ium w i l l  be used t o  supple- 

ment low enr i ched  uranium; c u r r e n t l y  t h e  o n l y  feed  m a t e r i a l  f o r  LWRs. The 

i n d u s t r y  c h a r a c t e r i s t i c s  used i n  t h i s  e v a l u a t i o n  a r e  g iven  i n  Table  4.1. 

TABLE 4.1. Nuc lear  I n d u s t r y  C h a r a c t e r i s t i c s  (One Year Per iod )  

Number o f  Opera t ing  Power Reactors 100 

Power Level  1000 MWe 

Number Shipp ing Spent Fuel t o  Reprocessors 75(a )  

Fuel  Reprocessed 30 MT p e r  r e a c t o r  

2250 MT t o t a l  

T o t a l  Pu Recovered and Shipped t o  F a b r i c a t o r s  18 MT 

( a ) ~ r h e  o t h e r  25 have n o t  begun t o  s h i p  dischalsged f u e l .  



The number and l o c a t i o n  o f  f u e l  rep rocessors  and p l u ton ium f u e l  f a b r i c a t o r s  

a r e  g i ven  i n  t h e  f o l l o w i n g  paragraphs. They rep resen t  a  p r o j e c t i o n  o f  t h e  

nuc lea r  i n d u s t r y  i n t o  t h e  1980s u s i n g  a  r e fe rence  p o i n t  of August 1975, t h e  

da te  when t h e  s tudy  o f  t h e  r i s k  o f  t r a n s p o r t i n g  p lu ton ium by t r u c k  was com- 

p l e t e d .  Use o f  more r e c e n t  i n d u s t r y  p r o j e c t i o n s  would make comparisons 

between t r u c k  and a i r  shipments l e s s  s t r a i g h t f o r w a r d .  

4.2 FUEL REPROCESSORS 

A t  l e a s t  two reprocess ing  p l a n t s  w i l l  be needed a t  t h e  t ime  when 100 

n u c l e a r  power p l a n t s  a r e  ope ra t i ng .  The model used t h e  AGNS f a c i l i t y  a t  

Barnwe l l ,  South Ca ro l i na ,  and t h e  NFS f a c i l i t y  a t  West Va l ley ,  New York, as 

t h e  o r i g i n  o f  a l l  p l u t on ium shipments. A t  t h e  r e fe rence  t ime,  12 MT of p l u t o -  

nium were sh ipped f r om Barnwel l  and 6 MT were shipped f rom West Va l l ey .  The 

q u a n t i t y  sh ipped f rom Barnwel l  i s  l a r g e r  because t h e  th roughpu t  i s  l a r g e r ;  

1500 MTlyr  o f  spen t  f u e l  versus 750 MT/yr f o r  West Val l e y .  

4.3 FUEL FABRICATORS 

The number and l o c a t i o n  o f  p lu ton ium f u e l  f a b r i c a t o r s  a t  t h e  r e fe rence  

t ime  a r e  more d i f f i c u l t  t o  s p e c i f y  than  f o r  t h e  f u e l  reprocessors .  The capac- 

i t i e s  used f o r  t h e  two reprocessors  a r e  announced c a p a c i t i e s  f o r  p l a n t s  a t  

e x i s t i n g  s i t e s .  Except f o r  Westinghouse, who has a p p l i e d  f o r  a  pe rm i t  t o  

b u i l d  a  l a r g e  f a b r i c a t i o n  f a c i l i t y  a t  Anderson, South Ca ro l i na ,  no o t h e r  s i t e s  

a r e  known w i t h  c e r t a i n t y .  More a r e  needed t o  annua l l y  f a b r i c a t e  fue l  con ta i n -  

i n g  18 MT o f  p lu ton ium.  

I n  t h i s  a n a l y s i s ,  as i n  t h e  t r u c k  r i s k  study, p l a n t s  were l o c a t e d  a t  fou r  

o t h e r  f a c i l i t i e s  which c u r r e n t l y  have l i c e n s e s  t o  f a b r i c a t e  mixed ox i de  f u e l .  

The l o c a t i o n s  o f  these f a c i l i t i e s  a r e  g i ven  i n  Table  4.2. 

TABLE 4.2. Loca t i on  o f  P lu ton ium Fuel F a b r i c a t i o n  F a c i l i t i e s  

Company Loca t i on  

Exxon Richland, WA 

General E l e c t r i c  P l  easanton, CA 

Kerr-McGee Crescent, OK 

Westinghouse Cheswick, PA 

NUMEC Apo l lo ,  PA 



P r e s e n t l y ,  n u c l e a r  f u e l  f a b r i c a t i o n  requ i rements  a r e  c o n t r o l  1  ed by con- 

t r a c t  and n o t  n e c e s s a r i l y  by t h e  p l u t o n i u m  t r a n s p o r t  l o g i s t i c s .  T h i s  means 

t h a t  an o p e r a t o r  o f  s e v e r a l  n u c l e a r  r e a c t o r s  may use a l l  rep rocessors  and 

p l u t o n i u m  f a b r i c a t o r s .  I f  t h i s  occurs ,  t h e n  t h e  b e s t  r e p r e s e n t a t i o n  o f  t h e  

p l u t o n i u m  s h i p p i n g  requ i rements  i s  f o r  each f a b r i c a t o r  t o  r e c e i v e  p l u t o n i u m  

f r o m  each r e p r o c e s s o r  i n  p r o p o r t i o n  t o  t h e  r e l a t i v e  c a p a c i t i e s  o f  t h e  r e c e i v e r  

and sh ipper .  A1 1  f a b r i c a t o r s  a r e  assumed t o  have t h e  same p l u t o n i u m  r e q u i r e -  

ments. The p l u t o n i u m  o u t p u t  o f  t h e  r e p r o c e s s i n g  p l a n t s  was s t a t e d  p r e v i o u s l y .  

Us ing  these assumpt ions each f a b r i c a t o r  w i l l  r e c e i v e  3.6 MT/yr; 2.4 MT f r o m  

Barnwel l  and 1.2 MT f r o m  West V a l l e y .  

4.4 PLUTOIVIUM SHIPPING DISTANCES 

A  sma l l  percentage o f  doniest ic  a i r p o r t s  have f a c i  1  i t i e s  f o r  r e g u l a r l y  

scheduled a i r  f r e i g h t  s e r v i c e ,  most o f  these  b e i n g  t h e  l a r g e ,  i n t e r n a t i o n a l  

a i r p o r t s  found i n  ma jo r  c i t i e s .  S ince  t h e  f u e l  r e p r o c e s s i n g  p l a n t s  a r e  

r a t h e r  r e m o t e l y  l o c a t e d ,  t h e  p l u t o n i u m  shipments must be c a r r i e d  by t r u c k  t o  

t h e  n e a r e s t  a i r p o r t  w i t h  a i r  f r e i g h t  s e r v i c e .  The same ho lds  t r u e  a t  t h e  

r e c e i v i n g  end. The p l u t o n i u m  must be t r u c k e d  f rom t h e  a i r p o r t  t o  t h e  f u e l  

f a b r i c a t i o n  p l a n t .  F u r t h e r  c o m p l i c a t i n g  m a t t e r s ,  many a i r  f r e i g h t  f l i g h t s  

w i l l  be i n d i r e c t l y  r o u t e d ,  w i t h  up t o  two i n t e r m e d i a t e  s tops .  

Shipment r o u t e s  were determined u s i n g  The N a t i o n a l  A t l a s  o f  t h e  

U n i t e d  s t a t e s " )  and a  l i s t  o f  a i r p o r t s  w i t h  a i r  f r e i g h t  f a ~ i l i t i e s . ' ~ )  Truck 

mi leages were comp i led  u s i n g  a  r o a d  a t l a s  and a i r  m i l e s  were taken  f r o m  t h e  

O f f i c i a l  A i r l i n e  Guide. ( 4 )  

Tab le  4.3 shows t h e  s h i p p i n g  r o u t e s  and d i s t a n c e s  between t h e  r e p r o -  

c e s s i n g  p l a n t s  and f u e l  f a b r i c a t i o n  p l a n t s .  



TABLE 4.3. Est imated Route Distances Between Fuel 
Reprocessors and Fuel Fab r i ca to r s  (Mi 1  es)  

B a r n w e l l ,  SC t o :  T ruck  A i r  F r e i g h t  T r u c k  

R i ch land ,  WA 186 1739 222 Ba rnwe l l  - --------  -At lanta---?!? - - - - - - - - - - - - -  Ch i cago - - - - -  - ----  P o r t l a n d  - - - - - - - - -  R i c h l a n d  

P leasanton,  CA ~ a r n w e l l - - - - ! 8 6 - - - ~ t l a n ~ a - - - C  - - - -  - ---  - -  1  l a - ! ! - - a n  F ran . - - -  33 -----  p l e a s a n t o n  

Crescent ,  OK 85 Barnwell----!86---~tlant~---!?l--------- 1 , a s - - - - - - - - - - - ~ u l s a  -----  llO - - - -  c r e s c e n t  

Cheswick, PA 186 Ba rnwe l l  - - - - - - - - - -  Atlanta - - - - - - - - -  - -  - - - - -  ??6 - - - - - - - - - - - - - - - - -  p i  t tsburgh- !?- - - -  Cheswick 

A p a l l o ,  PA 186 Barnwel l  - - - - - - - - - -  A t l a n t a - - - - - - - -  - - - - - - - -  ??6 - - - - - - - - - - - - - - - - -  P i  t t sbu rgh -? !  - - - -  Apollo 

West V a l l e y ,  NY t o :  

R i c h l a n d ,  WA West Val ley--?8---~uffalo--!!?-Chicago - - - - - - - -  !!?! - - - - - - - - -  - - p o r t l a n d  ---------  222 ~ i c h l a ~ d  

P l  easanton,  CA 473 1723 33 West Val l e y - - ? 8 - - - ~ u f f a l o  - - - - - -  c h i c a g o  - - - - - -  - a n   ran, - - - - - - - - p l easan ton  

Crescent ,  OK 
38 473 403 199 110 West Val l ey - - - - - - -Buf fa lo - - - - - -Ch icago - - - - -Kana  City-------Tulsa------------Crescent 

Cheswick, PA 
186 17 West V a l l e y - - ? 8 - - - B u f f a l o  - - - - - - - - - - - - - - - - - -  - - - - - - - - - - -  - - - - -  - -P i  t t sbu rgh - - - - - - -Chesw ick  

A p o l l o ,  PA 
186 West Va l l ey - -?B - - -Bu f f a l o  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  - --  - - - - -  ~ i t t ~ b u r g h - - ? ! - - - ~ ~ ~ l l o  
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5.0 TRANSPORT ACCIDENT ENVIRONMENT 

F a i l u r e  o f  a  con ta ine r  du r i ng  an acc iden t  occurs when t he  f o r ces  

generated i n  an acc iden t  exceed t h e  mechanical s t r e n g t h  o f  a  con ta iner .  

Th i s  s e c t i o n  discusses t he  f o r ces  o r  s t resses  which may be generated i n  t h e  

a i r  acc iden t  environment and t h e i r  l i k e l i h o o d  o f  occurrence. Sec t ion  6 

discusses t he  est imated mechanical s t r e n g t h  o f  t he  6M con ta iner .  The use o f  

t h e  r e s u l t s  f rom Sect ions 5 and 6 t o  es t imate  t h e  l i k e l i h o o d  o f  con ta ine r  

f a i l u r e  i n  an acc iden t  i s  demonstrated i n  Sec t i on  9. 

The a i r  acc iden t  environment da ta  summarized here were developed by 

Sandia Labora to r ies .  ) These da ta  represen t  t he  most comprehensive acc iden t  

environment i n f o r m a t i o n  c u r r e n t l y  a v a i l a b l e .  I n  Sandia 's  ana l ys i s  t he  a c c i -  

den t  environment i s  ca tego r i zed  by f i v e  acc iden t  s t resses :  impact,  crush, 

puncture,  f i r e ,  and immersion. Impact and crush a r e  d i s t i n g u i s h e d  by t h e  

d u r a t i o n  and d i r e c t i o n  o f  t h e  fo rce .  Impact f o r ces  a c t  over per iods  of a  few 

m i l l i s e c o n d s  whereas c rush  f o r ces  can e x i s t  f o r  severa l  seconds f o l l o w i n g  the  

acc ident .  Impact f o r ces  a r e  a p p l i e d  t o  one s i d e  whereas c rush  f o r ces  a r e  

appl i e d  f rom severa l  d i r e c t i o n s .  Impact and c rush  f o r ces  a re  adequately 

d i f f e r e n t i a t e d  by comparing t h e  f o r c e  exer ted  by a hammer blow t o  t h e  same 

f o r c e  exe r ted  by a press. 

I n i t i a l l y ,  each o f  t h e  acc iden t  s t resses  was eva lua ted  w i t h  t he  assumption 

t h a t  a l l  s t resses  were independent o f  each o the r .  A f t e r  a l l  f i v e  s t resses  

were evaluated, a  check was made t o  v e r i f y  iudependence. From the  a v a i l a b l e  

da ta  i t  was determined t h a t  f i r e  and impact  cou ld  be t r e a t e d  as independent 

acc iden t  s t resses.  Al though some puncture s t resses  r e q u i r e  an impact t ype  

acc iden t  t o  generate t he  puncture p o t e n t i a l ,  i t  was n o t  poss ib l e  t o  determine 

t he  dependency o f  t h e  puncture environment on t he  impact environment. Therefore,  

i t  was t r e a t e d  as an independent acc iden t  s t r ess .  Crush and immersion imp ly  

an impact s t r e s s  has been exer ted;  f o r  t h a t  reason, they  were t r e a t e d  as 

dependent acc iden t  s t resses.  

The f o l l o w i n g  paragraphs b r i e f l y  summarize t he  Sandia r e s u l t s .  The 

l i k e l i h o o d  o f  an acc iden t  i s  discussed f i r s t .  Sect ions d iscuss ing  t he  f i r e ,  

impact, crush, immersion and, puncture environments f o l l o w .  



5.1 AIRCRAFT ACCIDENT RATES 

Because a i r c r a f t  acc idents a re  r e l a t i v e l y  i n f requen t  events, Sandia used 

both c i v i l i a n  and m i l i t a r y  a i r c r a f t  acc ident  in fo rmat ion  as a data base. A 

l a c k  of u n i f o r m i t y  i n  acc ident  d e f i n i t i o n s  made i t  very  d i f f i c u l t  t o  combine 

these da ta  sets.  Therefore, t he  c i v i l i a n  acc ident  d e f i n i t i o n  was used t o  

determine the  frequency o f  a i r p l a n e  acc idents,  w h i l e  the m i l i t a r y  data was 

used t o  descr ibe the  acc ident  environment. To be classed as acc ident ,  "sub- 

s t a n t i a l  a i r c r a f t  damage" i s  requi red.  Based on t h i s  d e f i n i t i o n ,  a  representa- 

t i v e  a i r p l a n e  acc ident  r a t e  f o r  comnercial a i r c r a f t  was found t o  be 1.0 x  1 0 - ~ / m i l e .  

A s i n g l e  va lue f o r  the  acc ident  r a t e  i s  h i g h l y  des i rab le .  However, r i s k  

assessments must consider  t he  l i k e l i h o o d  of acc idents as a f u n c t i o n  of the  

popu la t ion  dens i t y  i n  t h e  v i c i n i t y  of t he  acc ident .  Since the  acc ident  r a t e  

i s  much h igher  i n  t he  v i c i n i t y  o f  a i r p o r t s ,  and s ince  the  popu la t ion  dens i t y  

around a i r p o r t s  i s  h igher ,  a  s i n g l e  number f o r  t he  acc ident  r a t e  i s  n o t  

appropr ia te.  Table 5.1 separates the  bas ic  acc ident  r a t e  i n t o  f l i g h t  ca tegor ies .  

These da ta  were obta ined through personal communication w i t h  W. F. Hartman o f  

Sandia and a re  f o r  a l l  U.S. c e r t i f i e d  a i r  c a r r i e r s  du r i ng  the  1965-1972 t ime 

frame. 

TABLE 5.1. Accident Rate by F l i g h t  Operat ions 

Ascent, Descent, Takeof f  1  x  1 0 - ~ / 0 ~ e r a t i o n  

Landing 2 :8 x  1 0 - ~ / 0 ~ e r a t i o n  - 
Ground Operation, Taxi  7  x  1 0 - ' / 0 ~ e r a t i o n  

I n f l i g h t  ( I n c l u d i n g  
D i t c h i n g )  

These f o u r  ca tegor ies  o f  f l i g h t  operat ions adequately charac ter ized  the  

na ture  o f  acc idents bo th  i n  the  v i c i n i t y  o f  an a i r p o r t ,  and dur ing  the  

f l i g h t .  I n f l i g h t  acc idents a re  de f ined  as those which occur du r i ng  normal 

c ru ise .  For commercial c a r r i e r s ,  t h i s  w i l l  be a t  a l t i t u d e s  exceeding 

i0,000 f e e t  above mean sea l e v e l  (MSL). These acc idents t y p i c a l l y  occur 

w e l l  away from the  a i r p o r t .  Takeoff ,  ascent and descent a re  combined together  

as one c lass  of acc idents and i nc lude  acc idents which occur be fore  normal 

c r u i s e  i s  es tab l i shed  and a f t e r  descent t o  land ing  has commenced. Therefore, 



these were assumed t o  occur below 10,000 f t  above MSL. A 422 f t / s e c  (250 knot)  

speed li~iiit i s  iniposed on a l l  operat ions below t h i s  a l t i t u d e .  It w i l l  be 

conserva t ive ly  assumed t h a t  these acc idents w i l l  occur over suburban areas. 

The land ing  acc ident  occurs du r i ng  f i n a l  approach a t  a l t i t u d e s  below 200 ft. 

These acc idents occur w i t h i n  t he  conf ines  of the  a i r p o r t  when the  a i r p l a n e  i s  

operat ing a t  c l ose  t o  i t s  s t a l l  speed. Accidents occu r r i ng  dur ing  ground 

operat ions and t a x i  a re  inc luded t o  complete t he  ca tego r i za t i on  o f  accidents. 

Except f o r  t he  f i r e  s t ress ,  t h i s  acc ident  category presents e i t h e r  smal l  o r  

nonex is tan t  s t ress  environments t o  a r a d i o a c t i v e  ma te r i a l  package. 

I n  t he  fo l l ow ing  paragraphs d iscussing each o f  the  acc ident  s t ress  

environments, the  acc ident  c lass  w i l l  be one o f  t he  va r i ab les  considered. 

5.2 FIRE ENVIRONMENT 

The acc ident  f i r e  s t ress  can range from minor t o  severe depending on the  

f i r e  s ize ,  l oca t i on ,  temperature and dura t ion .  L i t t l e  q u a n t i t a t i v e  data on 

the  temperature o r  i n t e n s i t y  o f  acc ident  f i r e s  i s  a v a i l a b l e  i n  acc ident  

repor ts .  A1 though 1 ocal temperature cond i t ions  could vary  considerably,  

involvement o f  t he  j e t  f u e l  produces the  dominant f i r e  s t ress .  Combustibles 

present i n  t he  plane may burn longer,  and aluminum, i f  i g n i t e d ,  may burn f a r  

h o t t e r  than j e t  f u e l .  Such f i r e  cond i t ions  are  n o t  dominant, however, because 

they are  less  severe (combust ibles burn ing)  o r  they are h i g h l y  improbable 

(aluminum i g n i t i o n ) .  

For a j e t  f u e l  f i r e ,  t h e o r e t i c a l  and experimental  s tud ies  show the  f i r e  

i n t e n s i t y  t o  be reasonably s imulated by a 1850°F b lack  body f lame temperature. 

Table 5.2 shows the  frequency of f i r e s  f o r  t he  acc ident  categor ies based on 

the  m i l i t a r y  acc ident  records. While the p r o b a b i l i t i e s  o f  f i r e  and impact 

a re  n o t  assumed t o  be independent (about 41% o f  t he  acc idents i n v o l v e  impact 

b u t  rough ly  two- th i rds  of t he  f i r e s  occur i n  con junc t ion  w i t h  impact acc idents) ,  

t he  s e v e r i t i e s  a re  assumed t o  be independent. 



TABLE 5.2 F i r e  Frequency, Given an A i r c r a f t  
A c c i d e n t  C l a s s i f i c a t i o n  

L i k e l i h o o d  o f  F i r e  
A c c i d e n t  C l a s s i f i c a t i o n  p e r  A c c i d e n t  

T a k e o f f ,  Ascent ,  Descent 0.53 

Land ing  0.31 

Ground Opera t ion ,  T a x i  0.42 

I n f l  i g h t  0.29 

F i g u r e  5.1 shows t h e  c u m u l a t i v e  f i r e  d u r a t i o n  d i s t r i b u t i o n  f o r  a i r -  

c r a f t  a c c i d e n t s .  T h i s  c u r v e  i s  used f o r  a l l  a c c i d e n t  c l a s s i f i c a t i o n s  and 

assumes a  1850°F e f f e c t i v e  f i r e  temperature .  I t  i s  recogn ized  t h a t  some 

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

t h a n  w i l l  t a k e o f f  f i r e  a c c i d e n t s .  

FIGURE 5.1 Cumula t ive  D i s t r i b u t i o n  o f  F i r e  D u r a t i o n  
f o r  A i r c r a f t  A c c i d e n t s  I n v o l v i n g  F i r e  



5.3 IMPACT ENVIRONMENT 

Sandia found t h a t  b o t h  t h e  l i k e l i h o o d  and s e v e r i t y  o f  impact s t resses  

were a  f u n c t i o n  of t he  acc iden t  c l a s s i f i c a t i o n .  Table 5.3 shows t h e  l i k e l i -  

hood o f  occurrence of impact s t resses  g i ven  an a i r c r a f t  acc iden t .  

TABLE 5.3. Frequency of Occurrence of Acc ident  
Generate and Impact St resses 

L. ike l ihood o f  lmpact 
Acc iden t  C l a s s i f i c a t i o n  St resses/Acc ident  

Takeof f ,  Ascent, Descent 0.58 

Landing 0.64 

Ground Operat ion, Tax i  0  

I n f l i g h t  0.43 

The magnitude o f  t h e  impact s t resses  i s  a l s o  a  f u n c t i o n  o f  t h e  acc iden t  

c l a s s i f i c a t i o n .  Dur ing  t a k e o f f ,  ascent and descent, t he  a i r c r a f t  speed i s  

l i m i t e d  by t he  422 f t / s e c  (250 kno t )  speed r e g u l a t i o n  imposed a t  a l t i t u d e s  

below 10,000 f t  above MSL. By d e f i n i t i o n ,  l a n d i n g  acc idents  occur  d u r i n g  

f i n a l  approach, when t h e  p lane i s  w i t h i n  200 f t  o f  t h e  ground. A t  t h i s  

a1 ti tude, t h e  p lane  i s  ope ra t i ng  a t  speeds n o t  g r e a t l y  exceeding i t s  s t a l l  

speed, and i t s  angle o f  approach i s  ve ry  sha l low so t h a t  i t s  v e l o c i t y  normal 

t o  t h e  runway i s  low. The v e l o c i t y  l i m i t s  f o r  these two acc iden t  c l a s s i f i -  

c a t i o n s  e f f e c t i v e l y  p l ace  an upper bound on t he  impact s t r e s s  environment. 

Ground opera t ions  and t a x i  p resen t  no s i g n i f i c a n t  impact environment. 

Acc idents  o c c u r r i n g  i n f l  i g h t ,  which i n c l u d e  d i t c h i n g ,  pose t he  g r e a t e s t  

impact  s t resses  because t he re  cou ld  be cases where t h e  p lane i s  t r a v e l i n g  a t  

i t s  normal c r u i s i n g  speed (800-850 f t / s e c )  . 
Conta iner  damage i s  i n f l uenced  by b o t h  t he  impact v e l o c i t y  and t he  sur -  

f ace  impacted. The l i k e l i h o o d  o f  impac t ing  var ious  sur faces o f  t he  t h ree  

acc iden t  ca tego r i es  i s  shown i n  Table 5.4. 

F i gu re  5.2 shows t h e  cumula t i ve  d i s t r i b u t i o n s  f o r  impact s t r ess ,  

expressed as normal impact v e l o c i t y ,  f o r  t he  t h r e e  acc iden t  c l a s s i f i c a t i o n s  

p resen t i ng  impact  s t resses .  The curves have been "normal ized"  t o  express t he  

p r o b a b i l i t y  of impac t ing  on to  an u n y i e l d i n g  su r f ace  a t  t he  s t a t e d  v e l o c i t y .  



TABLE 5.4 Est imated L i k e l i h o o d  o f  Impact ing Various Surfaces f o r  the  
Three Accident C l a s s i f i c a t i o n s  Posing an Impact Environment 

Accident  C l a s s i f i c a t i o n  L i k e l i h o o d  o f  Impact/Accident C l a s s i f i c a t i o n  
Impact Surface Takeoff ,  Ascent Descent Landing I n f l i g h t  

Runway 

Water 

S o f t  S o i l  

Hard S o i l  

S o f t  Rock 

Hard Rock 

PERCENTAGE OF ACC I DENTS WITH NORMAL VELOCITY i v 

FIGURE 5.2. Cumulative D i s t r i b u t i o n  o f  I rr~pact Forces 
Y ie ld ing  an Environment < v f t l s e c  on to  
an Uny ie ld ing  Target  Given t h a t  an A i r -  
C r a f t  Acc ident  has Occurred 



The curve f o r  i n f l i g h t  acc iden ts  was developed f rom NTSB da ta  by Sandia ( 3  

w h i l e  t h e  remain ing curves were developed f rom the  Sandia acc iden t  da ta  

us ing  t h e  i n fo rma t i on  i n  Table 5.4. Because (as w i l l  be shown l a t e r )  t h e  

impact fo rces  r e s u l t i n g  f rom i n f l i g h t  acc iden ts  dominate t he  r i s k ,  t he  use 

o f  t h e  more r e l i a b l e  NTSB da ta  over  t h a t  f rom t h e  acc iden t  data base i s  

j u s t i f i e d .  NTSB da ta  f o r  t he  o t h e r  two ca tego r i es  were n o t  a v a i l a b l e .  

5.4 CRUSH ENVIRONMENT 

Crush r e q u i r e s  an i n i t i a t i n g  f o r c e  which can o n l y  be generated i n  an 

impact acc ident .  Based on Sandia 's  f i n d i n g s ,  t h e  p r o b a b i l i t y  o f  a  quas i -  

s t a t i c  t ype  of crush r e s u l t i n g  f rom the  we igh t  o f  p a r t s  o f  t he  a i r c r a f t  

i s  quoted i n  Reference 1  as be ing  on t he  o rder  o f  0.05. More recen t  work 

by ~ a n d i a " )  suggests l o c a l i z e d  loads as l a r g e  as 70,000 -1 bs may be present  

on t he  con ta ine r  i f  i t  i s  compressed between t he  sur face  and one of t he  

beams o f  t he  f l o o r  above. I t  has n o t  been p o s s i b l e  t o  p r e d i c t  t h e  proba- 

b i  1  i ty o f  these occurrences. A1 so, i n  f u l  l y  1  oaded cargo compartments, 

crush f o r ces  r e s u l t i n g  f rom the  i n e r t i a  o f  o the r  cargo may l e a d  t o  s i ze -  

ab le  loads. I n  many instances,  hazardous m a t e r i a l s  a re  c a r r i e d  i n  a  p o s i t i o n  

near  t he  r e a r  o f  t he  a i r c r a f t ,  thus reduc iqg  t he  chance o f  i n i t i a l  crush. 

Because o f  t h e  p resen t  i n a b i l i t y  t o  adequately assess these hazards, 

i t  was conse rva t i ve l y  assumed t h a t  t h e  crush environment w i l l  be severe 

enough t o  f a i l  t h e  ou te r  con ta ine r  i n  5% o f  a l l  impact acc idents .  

5.5 IMMERSION 

Except f o r  pos ing a  recovery problem, i n  f l i g h t s  across t h e  Un i ted  S ta tes  

immersion presents  l i t t l e  hazard t o  con ta ine r  i n t e g r i t y .  Table 5.5 presents 

t he  l i k e l i h o o d  o f  immersion f o r  each acc iden t  c l a s s i f i c a t i o n .  The cumulat ive 

d i s t r i b u t i o n  f o r  immersion depth i s  g i ven  i n  F igu re  5.3. 

5.6 PUNCTURE 

L i k e  crush, t h e  puncture environment was very  d i f f i c u l t  t o  q u a n t i f y .  

I t  i s  es t imated  t h a t  t he  l i k e l i h o o d  o f  puncture f o r  each acc iden t  c l ass  

except  t a x i  and ground ope ra t i on  i s  0.06. Because q u a n t i t a t i v e  da ta  

a re  n o t  a v a i l a b l e ,  con ta ine r  f a i l u r e  i s  assumed when i t  i s  s t r uck .  



TABLE 5.5 L i k e l i h o o d  o f  Immersion f o r  
Selected Acc ident  C l a s s i f i c a t i o n s  

L i k e l i h o o d  o f  Immersion 
Acc ident  C l a s s i f i c a t i o n  p e r  Acc iden t  C l a s s i f i c a t i o n  

Takeof f ,  Ascent, Descent 

Landing 

Ground Operat ions, Tax i  

I n f l i g h t  

5 10 20 30 40 50 M3 70 90 95 98 99.9 99.99 

PERCENT OF IMMERSION ACCIDENTS LESS THAN X 

FIGURE 5.3. Cumulat ive D i s t r i b u t i o n  of 
Immersion Depth f o r  A l l  
Acc ident  C l a s s i f i c a t i o n s  

Th is  conse rva t i ve  assumption i s  n o t  expected t o  be c r i t i c a l  because of t he  

s e v e r i t y  o f  t h e  impact environment. A dominance o f  t he  puncture s t r e s s  i n  

t he  r i s k  assessment presented i n  Sec t ion  11 would imp l y  t h a t  a more d e t a i l e d  

e v a l u a t i o n  o f  t he  puncture environment i s  r equ i red .  
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PACKAGE FAILURE THRESHOLDS 

The p r e v i o u s  s e c t i o n  d e s c r i b e d  t h e  environment imposed on c o n t a i n e r s  

d u r i n g  a i r c r a f t  a c c i d e n t s .  Es t ima tes  o f  t h e  f a i l u r e  t h r e s h o l d s  f o r  t h e  

6M package a r e  presented i n  t h i s  s e c t i o n .  The concept  o f  a  f a i l u r e  

t h r e s h o l d  (a  p o i n t  below which a l l  " i d e n t i c a l "  packages w i l l  s u r v i v e  and 

above which t h e y  w i l l  a l l  f a i l )  i s  a  s i m p l i f i c a t i o n  o f  t h i s  a p p l i c a t i o n  o f  

t h e  r i s k  model. Mechanical  f a i l u r e  p o i n t s  o f  c o n t a i n e r s  a r e  d i s t r i b u t e d  i n  

s t r e s s  l e v e l .  There i s  a  most p robab le  l e v e l  t h a t  w i l l  r e s u l t  i n  f a i l u r e ,  

b u t  i n  any group o f  " i d e n t i c a l "  c o n t a i n e r s  t h e r e  a r e  some t h a t  w i l l  f a i l  

above o r  below t h i s  most p r o b a b l e  va lue .  However, i t  i s  f e l t  t h a t  t h e  

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

knowledge o f  t h e  a c c i d e n t  environment and t h a t  t h e  a n a l y s i s  g i v e s  a  reasonable  

e s t i m a t e  o f  t h e  r i s k  o f  package f a i l u r e  i n  an a c c i d e n t .  To assess whether 

o r  n o t  t h e  package w i l l  f a i l  i n  t h e  a c c i d e n t  environment,  t h e  r e s u l t s  of t h i s  

s e c t i o n  must be used w i t h  o t h e r  i n f o r m a t i o n  on t h e  s t r e s s e s  t o  which t h e  

package may be exposed. These assessments a r e  made i n  S e c t i o n s  9 and 11. 

The package f a i l u r e  t h r e s h o l d s  r e p o r t e d  h e r e  were o b t a i n e d  th rough  

b o t h  d e s t r u c t i v e  t e s t i n g  and mathemat ica l  a n a l y s i s .  Phys ica l  t e s t s  were 

performed by Sandia L a b o r a t o r i e s .  ") These covered n o t  o n l y  impact,  

crush, puncture ,  f i r e  and immersion t e s t s ,  b u t  a l s o  h i g h  speed impact  

t e s t s  o n t o  an u n y i e l d i n g  s u r f a c e .  The a n a l y t i c a l  r e s u l t s  r e p r e s e n t  

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

s t r u c t u r e  behav io r .  The a n a l y s i s  i s  l i m i t e d  t o  cases o f  s i d e  d rop  o r  

l o a d i n g  ( i . e . ,  t h e  a x i s  o f  t h e  package p e r p e n d i c u l a r  t o  t h e  d i r e c t i o n  o f  

t h e  a p p l i e d  l o a d ) .  The f a i l u r e  p o i n t s  u s i n g  e l a s t i c  t h e o r y  a r e  a l s o  

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

t h e  exac t  degree o f  conserva t i sm i s  unknown. 

T h i s  s e c t i o n  d e s c r i b e s  t h e  ana lyses performed t o  e s t i m a t e  t h e  f a i l u r e  

t h r e s h o l d s  f o r  t h e  6M c o n t a i n e r .  A  d e s c r i p t i o n  o f  t h i s  c o n t a i n e r  i s  

presented i n  Appendix A.  The d e t a i l e d  c a l c u l a t i o n s  performed on t h e  

c o n t a i n e r  a r e  shown i n  Appendix C. 



The analyses enabled t h e  d i r e c t  e v a l u a t i o n  o f  the  s i d e  impact  and punc- 

t u r e  acc i den t  sequences f o r  t h e  6M con ta i ne r .  The r e s u l t s  f r om  a n a l y s i s  o f  

these acc i den t  sequences can be a p p l i e d  t o  o t h e r  cond i t i ons .  For example, 

ana l yz i ng  c o n t a i n e r  impact  u s i n g  e l  a s t i c  t heo ry  neg lec ts  t h e  t ime  v a r i a b l e .  

Th i s  means t h a t  t h e  r e s u l t s  o f  c rush ing  can be i n f e r r e d  f rom t h e  impac t  

r e s ~ ~ l t s .  T h i s  can be accomplished by equa t ing  t h e  energy i n  t h e  c o n t a i n e r  

p r i o r  t o  impac t  t o  t h e  work performed on t h e  con ta i ne r  i n  de fo rmat ion .  Thus: 

where, 

m i s  t he  mass o f  t h e  con ta i ne r  

V 2  i s  t h e  v e l o c i t y  o f  t h e  c o n t a i n e r  a t  impact  

hl i s  t h e  i n i t i a l  d rop  h e i g h t  

d  i s  t h e  de fo rmat ion  o f  t h e  c o n t a i n e r  a f t e r  impact  

F i s  t h e  f o r c e  rep resen t i ng  an e q u i v a l e n t  crush f o r ce .  

2  The k i n e t i c  energy j u s t  b e f o r e  impact ,  1/2mV2, was i n i t i a l l y  p o t e n t i a l  

energy represen ted  by t h e  te rm "mghl . " Th i s  energy i s  d i s s i p a t e d  by deform- 

i n g  t h e  c o n t a i n e r  an amount "d" u s i n g  a  f o r c e  "F." The f o r c e  i n  t h i s  equa t ion  

represen ts  a  c rush  f o r c e .  I n  t h e  case o f  c rush ing ,  t h e  f o r c e  can come f rom 

many d i r e c t i o n s  whereas t h e  impact  i s  imposed on one s i de .  Th is  represen ts  

one major  d i s t i n c t i o n  between c rush  and impact  analyses. 

The r e s u l t s  o f  h i g h  speed c o n t a i n e r  impact  t e s t s  performed a t  Sandia 

Labo ra to r i es  were used t o  es t imate  i m p a c t  f a i  l u r e  th resho lds  f o r  t he  15-gal  

s i z e  6M c o n t a i n e r  cons idered  i n  t h i s  s tudy.  A l though t h e  con ta i ne rs  used i n  

t h e  Sandia t e s t s  were sma l le r ,  10-gal  s i z e  6M1s, t h e  t e s t s  p rov i de  va luab le  

i n s i g h t  t o  c o n t a i n e r  f a i l u r e  mechanisms, and i t  i s  f e l t  t h a t  any e r r o r s  

r e s u l t i n g  f rom t h e  use o f  t h e  i n f o r m a t i o n  a re  conse rva t i ve  i n  na tu re .  

The f o l l o w i n g  sec t i ons  summarize t h e  f a i l u r e  th resho lds  f o r  t h e  15-gal .  

6M o u t e r  con ta i ne r  and t h e  2R i n n e r  con ta i ne r .  Impact and puncture f a i l u r e  

t h resho lds  w i l l  be d iscussed f o r  each b a r r i e r .  S ince Sandia i s  s t i l l  perform- 

i n g  h i g h  speed impact  t e s t s ,  these r e s u l t s  r ep resen t  t h e  p resen t  s t a t e  o f  

unders tanding,  which f u t u r e  exper imenta l  r e s u l t s  may g r e a t l y  enhance. 



As discussed i n  Sec t ion  5, f i v e  acc iden t  s t resses  were cons idered i n  

t h i s  s tudy.  Only two, impact  and puncture,  a re  evaluated here. V a l i d  reasons 

can be presented f o r  n o t  e v a l u a t i n g  t h e  remain ing t h ree :  f i r e ,  crush, and 

immersion. The f i r e  environment i s  n o t  eva luated as a  con ta ine r  f a i l u r e  

mechanism f o r  Pu02 powder shipments because t h e  powder i s  t he rma l l y  s t a b l e  

a t  e leva ted  temperatures and cannot cause ove rp ressu r i za t i on  o f  t he  con- 

t a i n e r .  Appendix B presents  t he  s i g n i f i c a n t  chemical and phys ica l  p r o p e r t i e s  

o f  Pu02 powder. Crush was n o t  cons idered because the  t e s t s  conducted on 

t y p i c a l  Type B con ta ine rs  a t  ~ a n d i a " )  show t h a t  these con ta ine rs  w i l l  w i t h -  

s tand almost a l l  o f  t h e  i n f r e q u e n t l y  o c c u r r i n g  crush loads which have been 

es t imated  t o  occur i n  a i r c r a f t  acc idents .  Crush f o r ces  severe enough t o  f a i l  

t h e  6M o u t e r  con ta ine r  were c o n s e r v a t i v e l y  assumed t o  occur i n  5% o f  t h e  

acc iden ts  i n v o l v i n g  impact.  Th i s  degree o f  q u a n t i f i c a t i o n  i s  acceptable so 

l ong  as crush does n o t  c o n t r o l  shipment r i s k .  Immersion poses a  recovery  

problem b u t  generates no s t r esses  which can cause f a i l u r e .  Thus, t he  f a i l u r e  

th resho lds  f o r  f i r e ,  c rush  and i n i i e r s i o n  need n o t  be q u a n t i f i e d  i n  t h i s  

sec t i on .  

6.1 OUTER DRUM FA1 LURE THRESHOLDS 

A n a l y t i c a l  c a l c u l a t i o n s  have been performed t o  determine t h e  drop h e i g h t  

which would r e s u l t  i n  r u p t u r e  o f  t h e  15-gal., s p e c i f i c a t i o n  6M, o u t e r  con- 

t a i n e r .  A  s i d e  drop on to  an u n y i e l d i n g  sur face  was assumed, w i t h  a l l  the  

energy absorbed by t he  con ta ine r  i n  an e l a s t i c  de fo rmat ion  mode. ( a )  The drop 

h e i g h t  r e q u i r e d  t o  pop t he  l i d  o f f  t h e  ou te r  con ta ine r  was determined t o  be 

194 ft. F a i l u r e  o r  l o s s  o f  t he  l i d  was assumed t o  occur when t h e  per imete r  

o f  t h e  l i d  i n  t h e  deformed s t a t e  was sma l l e r  than  t h e  undeformed i n s i d e  

c i rcumference o f  t h e  clamp r i n g .  

A n a l y t i c a l  c a l c u l a t i o n s  were performed t o  determine t h e  drop he igh t  on to  

a  6 - i n .  d iameter  p i n  r equ i red  t o  f a i l  t he  o u t e r  drum. The c a l c u l a t i o n s ,  

presented i n  Appendix C, showed t h a t  a  drop o f  133 i n .  i s  r equ i red .  

These two f a i l u r e  p o i n t s  wi 11 be used i n  Sect ions 8 through 11 t o  

eva lua te  t h e  l i k e l i h o o d  o f  a  r e l ease  du r i ng  a i r  t r a n s p o r t  o f  p lu ton ium.  

( a ) ~ o r  a  d i scuss ion  o f  these assumptions see Appendix C. 



6.2 2R FAILURE THRESHOLDS 

A  drop h e i g h t  o f  194 ft, r e q u i r e d  t o  f a i l  t h e  o u t e r  drum, i s  e q u i v a l e n t  

t o  an -impact v e l o c i t y  o f  111 f t / s e c  on to  an u n y i e l d i n g  sur face .  From t h e  

r e s u l t s  presented i n  Sec t i on  5, impact v e l o c i t i e s  i n  excess o f  111 f t / s e c  

on to  r ock  su r faces  ( r e l a t i v e l y  u n y i e l d i n g )  a re  n o t  uncommon. Thus, f a i l u r e  

o f  t h e  o u t e r  drum i n  a i r  acc iden ts  can be expected i n  some a i r p l a n e  a c c i -  

dents.  As a  r e s u l t ,  t h e  2R i n n e r  c o n t a i n e r  becomes t h e  p r ima ry  b a r r i e r  

c o n t r o l  1  i n g  re lease .  

I n  p rev i ous  s tud ies ,  t h e  u n c e r t a i n t i e s  assoc ia ted  w i t h  a n a l y t i c a l  p red i c -  

t i o n s  of 2R f a i l u r e  t h resho lds  were found t o  be r e l a t i v e l y  l a r g e .  Assurr~ptions, 

though t  t o  be h i g h l y  conserva t i ve ,  had t o  be made t o  eva lua te  f a i l u r e .  For  

t h i s  s tudy,  t h e  p r e l i m i n a r y  r e s u l t s  o f  Sand ia ' s  h i gh  speed impact t e s t s  were 

a v a i l  a b l e  t o  o b t a i n  c o n t a i n e r  f a i  1  u r e  t h r e s h o l d  data.  ( 2 )  

I n  t h e  impact  t e s t s ,  6M con ta i ne rs ,  (10-ga l  s i z e )  and i n n e r  b i r d  assem- 

b l i e s  o f  LLD-1 c o n t a i n e r s  were impacted on to  se l ec ted  types o f  su r faces ,  a t  

d i f f e r e n t  c o n t a i n e r  o r i e n t a t i o n s ,  and w i t h  v e l o c i t i e s  r ang ing  f rom 200 t o  over  

700 f e e t  pe r  second. As a  r e fe rence  p o i n t ,  t h e  t e rm ina l  v e l o c i t y  o f  a  6M 

c o n t a i n e r  has been c a l c u l a t e d  t o  be 283 f t / s e c .  ( 4 )  The i n n e r  b i r d  assembly 

o f  t h e  LLD was t e s t e d  w i t h o u t  t h e  b i rdcage  because o f  t h e  l i m i t e d  impact 

s t r e n g t h  o f  t h e  o u t e r  s t r u c t u r e .  The e n t i r e  6M package was t es ted .  Resu l t s  

o f  t e s t s  o f  b o t h  types o f  con ta i ne rs  were used t o  determine impact  f a i l u r e  

t h resho lds  because t h e  i n n e r  con ta i ne rs  o f  bo th  sh i pp ing  con ta i ne rs  a r e  

n e a r l y  i d e n t i c a l .  

The r e s u l t s  o f  t h e  impact t e s t s  a r e  shown i n  Tables 6.1 and 6.2. MgO powder 

was used t o  s imu la te  Pu02 powder i n  t h e  t e s t s ;  se l ec ted  because o f  i t s  

s i m i l a r  b u l k  d e n s i t y  and because gross c o n t a i n e r  f a i l u r e s  were expected, 

making a  r a d i o a c t i v e  s imu lan t  unwise. The con ta i ne rs  were impacted on to  

t h r e e  t a r g e t  su r faces :  a  5 - i nch  t h i c k  s t e e l  p l a t e  (an  u n y i e l d i n g  su r f ace ) ,  a  

concre te  t a r g e t ,  and a  s o i l  t a r g e t .  

Based on t h e  r e s u l t s  o f  t h e  Sandia t e s t s ,  i t  was determined t h a t  a  

2R ( i n n e r )  c o n t a i n e r  cou ld  f a i l  a t  a  l e v e l  cor responding t o  a  225 f t / s e c  

impact on to  an u n y i e l d i n g  sur face .  The impact f a i l u r e  t h r e s h o l d  i s  ve r y  



l i k e l y  t o  be angle dependent, however, because o f  t h e  l i m i t e d  amount o f  

t e s t  data,  t he  t h r e s h o l d  used i n  t h i s  s tudy  was c o n s e r v a t i v e l y  assumed 

t o  i n v o l v e  s i d e  impact on ly .  

Targe t  

S t e e l  

S t e e l  

S t e e l  

S t e e l  

S t e e l  

S t e e l  

Concrete 

Concre te  

S o i l  

So i  1  

So i  1  

TABLE 6.1 . 6M Test  ~ e s u l  

-- Im a c t  
Speed ' A t t i t u r n  

( f t t s e c )  (degrees)  

2 R  V i s u a l  
S t r u c t u r a l  

~ e n e t r a t i b n s ' ~ )  

Yes 

Yes 

Yes 

Yes 

Yes 

NO 

N  0  

Yes 

No 

NO 

No 

Z R  Gross 
S t r u c t u r a l  
F a i  l u r e s ( c )  

yes'') 

yes (d )  

No 

Yes 

No 

N  0  

Yes 

N  0  

N  0  

N  0  

Bes t  Es t imate  
Released Contents 

( 1  b t p e r c e n t )  

0 . 0 3 t 0 . 4  

Trace 

Trace  

Trace 

0 . 1 2 t 1 . 5  

None 

None 

0 .1 t1 .5  

None 

None 

None 

( a ) ~ t t i t u d e  i s  a n g l e  between c y l i n d r i c a l  a x i s  of c o n t a i n e r  and t a r g e t  
a t  impac t .  

( b ) ~ m p l i e s  sma l l  c racks  o r  openings,  cocked l i d ,  e t c . ,  i n  t h e  2 R  c o n t a i n e r .  

( C ) ~ m p l i e s  l a r g e  openings o r  s t r u c t u r a l  breakup i n  t h e  2 R  c o n t a i n e r .  

( d ) ~ a c k a g e  had c a s t - i r o n  2 R  c o n t a i n e r  p l u g ;  p l u g  was r e p l a c e d  w i t h  carbon 
s t e e l  p l u g s  i n  l a t e r  t e s t s .  

TABLE 6.2. LLD-1 Tes t  Resu l ts  ( 3 )  

Im a c t  -- 2 R  V i s u a l  2R Gross Bes t  Es t imate  
Speed ' A t t i t u d m  S t r u c t u r a l  S t r u c t u r a l  Released Contents 

T a r g e t  ( f t t s e c )  (degrees)  p e n e t r a t i o n s '  b, F a i l u r e s ( c )  ( I b t P e r c e n L  

S t e e l  

S t e e l  

S t e e l  

S t e e l  

S t e e l  

S t e e l  

S t e e l  

S t e e l  

S t e e l  

S t e e l  

S t e e l  

S t e e l  

Concrete 

Soi  1  

Yes 

N  0  

N 0  

No 

N  0  

No 

.Yes 

No 

Yes 

Yes 

Yes 

No 

Yes 

No 

Yes 

No 

N 0  

No 

N  0  

N  0  

No 

N  0  

Yes 

Yes 

Yes 

N  0  

Yes 

No 

None 

None 

None 

None 

Trace  

Trace  

0 .54 t5 .8  

Trace 

Trace 

Trace 

0 .15 t1 .6  

None 

S u d e r a n g l e  between c y l i n d r i c d l  a x i s  of c o n t a i n e r  and t a r g e t  a t  
impac t .  

( b ) ~ m p l i e s  sma l l  c racks  o r  openings,  cocked l i d ,  e t c . ,  i n  t h e  Z R  c o n t a i n e r .  

( C ) ~ m p l i e s  l a r g e  openings o r  s t r u c t u r a l  breakup i n  t h e  2R c o n t a i n e r .  



Conta iners  s t r i k i n g  s o f t e r  t a r g e t s ,  e.g., sand, ea r t h ,  concre te ,  cou ld  

be expected t o  w i t h s t a n d  l a r g e r  impact  f o r ces .  Based on p r e l i m i n a r y  eva lua-  

t i o n s  o f  impact  t e s t  r e s ~ l t s , ' ~ )  i f  an impact  v e l o c i t y  o f  300 f t / s e c  on to  

s t e e l  i s  r e q u i r e d  t o  breach t h e  2R con ta i ne r ,  a  400 f t l s e c  impact  on to  rock  o r  

concre te  i s  r e q u i r e d  t o  breach t h e  same con ta i ne r .  Impact v e l o c i t i e s  on to  

s o i l  cou ld  be more than  double  those on to  concre te  be fo re  f a i l u r e  would be 

1  i k e l y .  

S o i l  impacts  a r e  unique i n  severa l  respec ts .  I n  one t e s t ,  an e n t i r e  6M 

c o n t a i n e r  was impacted on to  s o i l  a t  a  v e l o c i t y  i n  excess o f  700 f t l s e c  a t  an 

o r i e n t a t i o n  ang le  o f  approx imate ly  22". The impact  caused t h e  i n n e r  c o n t a i n e r  

t o  pene t ra te  t h e  c e l o t e x R  and o u t e r  drum t o  a  depth o f  20 inches  i n t o  t h e  s o i l .  

Some minor  de fo rmat ions  were noted b u t  t h e r e  were no breaches o f  t h e  c o n t a i n e r  

and no m a t e r i a l  was re leased.  Even i f  a  r e l ease  had occurred, t h e  ma jo r  e f f e c t  

would h a ~ e  been some s o i l  con tamina t ion .  Such a  r e l ease  i s  r e l a t i v e l y  easy 

t o  c lean-up and poses l i t t l e  hazard t o  t h e  general  p u b l i c .  

The minimum drop h e i g h t  r e q u i r e d  t o  cause puncture o f  t h e  i n n e r  vesse l  

a lone  when dropped on a  6 - in .  d iameter  p i n  was c a l c u l a t e d  as approx imate ly  

4000 i n .  Th i s  f a i l u r e  mode, which takes no cognizance o f  t h e  energy absorp- 

t i o n  p r o p e r t i e s  o f  t h e  o u t e r  c o n t a i n e r  and c e l o t e x R  m a t e r i a l ,  i s  one which 

cannot occur  f o r  t he  c o n d i t i o n s  descr ibed;  t he  vessel  would f a i l  i n  some o t h e r  

mode l ong  be fo re  t h e  energy r e q u i r e d  f o r  punc tu re  cou ld  be generated. The 

most l i k e l y  mode would be t h a t  o f  t he  i n n e r  vessel  bending over  t h e  p i n  upon 

impact,  r e s u l t i n g  i n  t h e  s k i n  o f  t h e  vessel  be ing s t r e t c h e d  u n t i l  c r ack i ng  

occurs .  I f  one cons iders  t h e  i n n e r  vesse l  a lone, w i t h  no suppor t  f rom the  

o u t e r  c o n t a i n e r  o r  energy absorb ing p r o p e r t i e s  o f  t h e   el otexR,  then i n c i p i e n t  

c r a c k i n g  c o u l d  occur  i n  t h e  i n n e r  vesse l  w a l l  a t  a  minimum drop h e i g h t  o f  

37 i n .  T h i s  f i g u r e  was used i n  subsequent eva lua t i ons  and represen ts  a  lower  

bound o f  t h e  d rop  he igh t ;  t h e  ac tua l  drop h e i g h t  would be much h i g h e r  due t o  

t h e  r e i n f o r c i n g  e f f e c t  o f  t h e  neg lec ted  s t r u c t u r a l  components o f  t h e  6M con- 

t a i  ne r .  

6.3 6M FAILURE THRESHOLD SUMMARY 

Prev ious s e c t i o n s  have descr ibed  what i s  p r e s e n t l y  known concern ing t h e  

f a i l u r e  t h resho lds  o f  t h e  two major  s t r u c t u r a l  components o f  t he  6M con ta i ne r ;  



t h e  o u t e r  drum and t he  2R i n n e r  con ta iner .  The f a i l u r e  th resho lds  a re  sum- 

marized i n  Table 6.3. For t h e  purposes o f  t h i s  study, i t  was conse rva t i ve l y  

assumed t h a t  i n  t h e  impact acc iden t  env i  ronment, t h e  p r o t e c t i o n  con t r - i  buted 

by t he  ou te r  con ta ine r  i s  n e g l i g i b l e .  

TABLE 6.3. F a i l u r e  Thresholds f o r  15-Gal 
6M Shipp ing Containers 

Conta iner  B a r r i e r  
F a i l u r e  Thresholds Outer 2  R Outer + 2R 

Impact Vel o c i  t y  111 f t / s e c  225 f t / ~ e c ( ~ )  225 f t / ~ e c ( ~ )  

P ~ ~ n c t u r e  He igh t  133 i n .  170 i n . ( b )  170 i n . ( b )  

( a ) ~ i d e  impact  on to  u n y i e l d i n g  su r f ace  

( b ) ~ n n e r  vessel  f a i  1  u r e  occurs by bending 

F a i l u r e  th resho lds  t e s t s  f o r  impact a re  t h e  s u b j e c t  o f  a  con t i nu ing  s tudy  

a t  Sandia. The r e s u l t s  presented here a re  p re l im ina ry .  Fu tu re  experiments 

may show t h e  r e s u l t s  presented i n  Table 6.3 t o  be conserva t i ve .  I n  

a d d i t i o n ,  t he  analyses performed i n  t h i s  s tudy  a r e  based p r i m a r i l y  on t he  

e l a s t i c  behav io r  o f  t h e  ma te r i a l s .  The e f f e c t s  o f  p l a s t i c  behav io r  have n o t  

been inc luded .  The i n c l u s i o n  o f  such e f f e c t s  would g i ve  c a l c u l a t e d  r e s u l t s  

as drop he igh t s  g r e a t e r  than those c a l c u l a t e d  and shown i n  Table 6.3. Elemen- 

t a r y  mechanics show t h a t  a  s t r u c t u r e  o f  d u c t i l e  m a t e r i a l ,  such as most grades 

o f  s t e e l ,  absorbs so much energy t h a t  i t  undergoes l a r g e  p l a s t i c  deformat ions 

many t imes g r e a t e r  than t h a t  absorbed by t h e  same s t r u c t u r e  i n  a  pu re l y  e l as -  

t i c  mode. Though some o f  t h e  equat ions app l i ed  i n  t h i s  s tudy a r e  emp i r i ca l  

i n  na tu re ,  be ing  based on model t e s t s ,  t h e  bas i c  mathematical theory  employed 

was s t i l l  t h a t  o f  l i n e a r  e l a s t i c i t y .  Such a t rea tment  i s  i n h e r e n t l y  conserva- 

t i v e ,  g i v i n g  drop h e i g h t  f i g u r e s  t h a t  should be used as lower  bounds r a t h e r  

than be ing  complete ly  d e f i  n i  t i v e .  The f a i  1  u r e  th resho lds  repo r ted  here 

should be used i n  c o r r e l a t i o n  w i t h  t he  fo rces  expected t o  e x i s t  du r i ng  acc idents  
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7.0 COIVDITIONS OF PACKAGES DURING TRANSPORT 

To obtain a data bank of package conditions during transport  fo r  use in 

the r isk  analysis,  a survey was conducted of companies and laboratories who 

routinely receive plutonium. 

Since the purpose of the survey was t o  evaluate packaging condition 

during transport ,  the contents of the package were of secondary importance. 

Since the same containers are  used t o  ship plutonium, 2 3 3 ~  and highly enriched 

2 3 5 ~ ,  packaging condition data on a l l  are relevant and were therefore,  included 

in the data base. 

The a i r  shi pment evaluation in thi s docu~iient considers only plutonium 

dioxide shipments in the  6 M  container. The survey was much broader. The 

resu l t s  of the e n t i r e  survey a re  presented here because there i s  a cer ta in  

amount of s imi la r i ty  between a l l  the containers surveyed and because the goal 

of t h i s  section was t o  compile the broadest possible data base for  determin- 

ing the occurrence frequency of off-normal packaging conditions. 

7.1 SCOPE OF SURVEY 

To determine the package condition information which should be in the 

data bank, f a u l t  t rees  were constructed fo r  the L-10 and the 6 M  packages. 

Fault t r ee  terminology and syr~bolism a re  shown in Table 7.1. Fault t rees  are 

shown in Figures 7.1 and 7.2. 

The f a u l t  t rees  traced each s tep of package loading and closure and 

ident i f ied a l l  conditions t ha t  could possibly a f f ec t  package containment 
in tegr i ty .  The conditions of par t icular  i n t e r e s t ,  however, were those involv- 
i ng the primary contai nmen t vessel . 

Based on the information ident i f ied in the f a u l t  t rees ,  questionnaires 

were prepared for  use in the survey of the nuclear industry. These question- 

naires a r e  shown in Appendix B of Reference 1 .  



TABLE 7.1 Fault Tree Symbol ism 

Symbo l  M e a n i n g  a n d  Use 

o u t p u t  "AND" l o g i c  g a t e .  The s i m u l t a n e o u s  o c c u r r e n c e  o f  i n p u t s  
i s  r e q u i r e d  t o  c a u s e  a n  o u t p u t .  

i n p u t s  -. 

o u t p u t  "OR" l o g i c  g a t e .  The o c c u r r e n c e  o f  a n y  o n e  o f  t h e  i n p u t s  
w i l l  r e s u l t  i n  an o u t p u t .  

i n p u t s  

F a u l t  e v e n t  t h a t  r e s u l t s  f r o m  t h e  l o g i c a l  o p e r a t i o n  o f  
t w o  o r  m o r e  f a u l t ' e v e n t s .  I t  i s  a l w a y s  t h e  o u t p u t  f r o m  a  
l o g i c  g a t e .  

B a s i c  f a u l t  e v e n t .  I t  r e q u i r e s  n o  f u r t h e r  d e v e l o p m e n t .  
D a t a  r e g a r d i n g  f r e q u e n c y  a n d  mode o f  f a i l u r e  c a n  b e  
d e r i v e d  e m p i r i c a l l y .  

I n f e r r e d  f a u l t  e v e n t .  Any f a i l u r e  e x c e p t  a  p r i m a r y  
f a i l u r e  w h i c h  i s  n o t  d e v e l o p e d  f u r t h e r  due  t o  l a c k  o f  
i n f o r m a t i o n ,  t i m e  o r  money o r  due  t o  t h e  l o w  p r o b a b i l i t y  
o f  o c c u r r e n c e .  I t  c a n  a l s o  b e  u s e d  w h e r e  o t h e r  a n a l y s e s  
g i v e  s u f f i c i e n t  i n f o r m a t i o n  t o  i n d i c a t e  t h a t  f u r t h e r  
a n a l y s i s  w o u l d  b e  r e d u n d a n t .  

O u t p u t  " I n h i b i t "  g a t e .  The  c o n d i t i o n  s p e c i f i e d  i n  t h e  o v a l  i s  

00 r e q u i r e d  f o r  a n  i n p u t  f a u l t  e v e n t  t o  r e s u l t  i n  a n  o u t p u t  
e v e n t .  T h i s  c o v d i t i o n  i s  f r e q u e n t l y  a  d e s i g n  l i m i t  w h i c h  
w i l l  n o t  t r a n s m i t  a  f a i l u r e  u n t i l  t h e  d e s i g n  l i m i t s  h a v e  
b e e n  e x c e e d e d .  

I n p u t  

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

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

" H o u s e "  d e f i n e s  a n  e v e n t  t h a t  m u s t  o c c u r ,  o r  i s  e x p e c t e d  
t o  o c c u r ,  d u e  t o  d e s i g n  a n d  n o r m a l  o p e r a t i n g  c o n d i t i o n s .  









7.1.1 Packages I n c l u d e d  i n  Survey 

As d e s c r i b e d  i n  t h e  i n t r o d u c t i o n  t o  t h i s  s e c t i o n ,  a  broad c l a s s  o f  

s h i p p i n g  c o n t a i n e r s  was i n c l u d e d  i n  t h e  survey.  S p e c i f i c  c o n t a i n e r s  cons ide red  

i n c l u d e :  t h e  L-10 and L-3 c o n t a i n e r s  des igned t o  s h i p  l i q u i d  p l u t o n i u m  

n i t r a t e  s o l u t i o n s ,  t h e  6M and LLD c o n t a i n e r s  des igned f o r  o x i d e  powder and 

meta l  b u t t o n  shipments. A  d e s c r i p t i o n  o f  t h e  6M i s  g i v e n  i n  Appendix A. 

D e t a i l e d  d e s c r i p t i o n s  o f  t h e  o t h e r  c o n t a i n e r s  can be o b t a i n e d  f rom Refer -  

ence 2. 

7.1.2 S i t e s  I n c l u d e d  i n  Survey 

The companies and l a b o r a t o r i e s  v i s i t e d  a r e  l i s t e d  below. 

Argonne N a t i o n a l  L a b o r a t o r y  
Argonne, I l l i n o i s  

E. I. duPont delVemours 
Savannah R i  v e r  P l  a n t  
A i  ken, South Caro l  i n a  

Union Carb ide C o r p o r a t i o n  
Oak Ridge N a t i o n a l  L a b o r a t o r y  
Oak Ridge, Tennessee 

Kerr-McGee Nuc lear  C o r p o r a t i o n  
Oklahoma City, Oklahoma 

Los A1 amos S c i e n t i f i c  L a b o r a t o r y  
Los Alamos, New Mexico 

Rocky F l a t s  P l a n t  
The Dow Chemical Company 
Go1 den, Col orado 

New York S t a t e  Atomic and 
Space Development A u t h o r i t y  

New York, New York 

NUMEC 
Babcock and Wi lcox Company 
A p o l l o ,  Pennsy lvan ia  

At1 a n t i c  R i c h f i e l  d  Hanford 
Corr~pany 

R i  c h l  and, Was h i  ng t o n  

7.1.3 Time P e r i o d  Covered by Survey 

The su rvey  s e t  o u t  t o  cover  t h e  t i m e  p e r i o d  1970-1974. Due t o  t h e  

l i m i t e d  t i m e  f o r  t h e  su rvey  and t h e  f o r m a t  o f  r e c o r d s  k e p t  by  t h e  p lu ton ium 

users ,  t h i s  p e r i o d  was cons ide red  f l e x i b l e .  Some exper ience  p r i o r  t o  1970 

was i n c l u d e d ,  and n o t  a1 1  exper ience i n  t h e  1970-1974 p e r i o d  c o u l d  be 

i n c l u d e d .  

7.2 RESULTS OF SURVEY 

A f t e r  comp le t ion  o f  t h e  survey,  t h e  d a t a  were assembled and t a b u l a t e d .  

The r e s u l  t s  a r e  presented be1 ow. 





Packages Inc luded  i n  Survey 

As descr ibed  i n  t he  i n t r o d u c t i o n  t o  t h i s  sec t ion ,  a  broad c l a s s  o f  

sh ipp ing  con ta ine rs  was i nc l uded  i n  t h e  survey. S p e c i f i c  con ta ine rs  cons idered 

i nc l ude :  t h e  L-10 and L-3 con ta ine rs  designed t o  sh ip  l i q u i d  p l u ton ium 

n i t r a t e  s o l u t i o n s ,  t h e  6M and LLD con ta ine rs  designed f o r  ox i de  powder and 

metal  b u t t o n  shipments. A d e s c r i p t i o n  o f  t he  6 M  i s  g iven  i n  Appendix A. 

D e t a i l e d  d e s c r i p t i o n s  o f  t h e  o t h e r  con ta ine rs  can be obta ined f rom Refer-  

ence 2. 

7.1.2 S i t e s  I nc l uded  i n  Survev 

The companies and l a b o r a t o r i e s  v i s i t e d  a r e  l i s t e d  below. 

Argonne Na t i ona l  Labora to ry  
Argonne, I l l i n o i s  

E. I. duPont deNemours 
Savannah R i ve r  P l a n t  
A i  ken, South Carol  i na 

Union Carbide Corpora t ion  
Oak Ridge Na t i ona l  Labora to ry  
Oak Ridge, Tennessee 

Kerr-McGee Nuclear  Corpora t ion  
Oklahoma City, Oklahoma 

Los A1 amos S c i e n t i f i c  Labora to ry  
Los Alamos, New Mexico 

Rocky F l a t s  P l a n t  
The Dow Chemical Company 
Go1 den, Colorado 

New York S t a t e  Atomic and 
Space Development A u t h o r i t y  

New York, New York 

NUMEC 
Babcock and Wilcox Company 
Apol l o ,  Pennsylvania 

A t l a n t i c  R i c h f i e l d  Hanford 
Company 

Rich1 and, Washington 

7.1.3 Time Per iod  Covered by Survey 

The survey s e t  o u t  t o  cover  t h e  t ime  pe r i od  1970-1974. Due t o  t he  

l i m i t e d  t ime  f o r  t he  survey and t h e  fo rmat  o f  records kep t  by t he  p lu ton ium 

users,  t h i s  p e r i o d  was cons idered f l e x i b l e .  Some exper ience p r i o r  t o  1970 

was inc luded ,  and n o t  a l l  exper ience i n  t h e  1970-1974 pe r i od  cou ld  be 

i n c l  uded. 

RESULTS OF SURVEY 

A f t e r  complet ion o f  t he  survey, t he  da ta  were assembled and t abu la ted .  

The r e s u l  t s  a r e  presented be1 ow. 



7.2.1 Number o f  Sh i  pments and Packages 

A  summary o f  t h e  number o f  packages covered by  t h e  su rvey  i s  g i v e n  i n  

Tab le  7.2. The t o t a l  i s  abou t  775 shipments,  wh ich  i n c l u d e s  2130 L-3 and 

L-10 t y p e  packages and about  4100 LLD and 6M t y p e  packages. As p r e v i o u s l y  

i n d i c a t e d ,  s e v e r a l  shipments o f  2 3 3 ~  i n  L-10 packages a r e  i n c l u d e d  w i t h  t h e  

r e s u l t s  f o r  1  i q u i d  P u ( N O ~ ) ~ ,  and s e v e r a l  shipments o f  p l u t o n i u m  meta l  i n  LLD 

and 6M packages a r e  i n c l u d e d  w i t h  t h e  Pu02 r e s u l t s .  These a d d i t i o n s  were 

f e l t  t o  be j u s t i f i e d  s i n c e  t h e  p r i m a r y  o b j e c t i v e  o f  t h i s  s t u d y  was t o  o b t a i n  

i n f o r m a t i o n  on package c l o s u r e  wh ich  g e n e r a l l y  i s  n o t  dependent on c o n t e n t .  

7.2.2 F i n a l  Data C o m ~ i l e d  f o r  Use i n  R i s k  Assessment Model 

A  surrlmary o f  o b s e r v a t i o n s  made by those  c o n t a c t e d  i n  t h e  su rvey  i s  

p resen ted  i n  Tab le  7.3. I t  s h o u l d  be emphasized t h a t ,  i n  t h e  e x t e n s i v e  

exper ience  sampled by  t h e  survey,  a  comple te  l o s s  o f  packaging i n t e g r i t y  has 

never  been observed. 

7.2.3 L i m i t a t i o n s  o f  Survey 

Even though t h e  i n f o r m a t i o n  o b t a i n e d  i n  t h e  su rvey  (Tab le  7.3)  p r o v i d e s  

a  reasonab ly  good base f o r  t h e  r i s k  assessment model, c e r t a i n  l i m i t a t i o n s  

shou ld  be recogn ized .  F i r s t ,  f o r  t h e  most p a r t ,  o b s e r v a t i o n s  were made by  

personnel  r e c o l  1  e c t i o n s .  Consequent ly,  t h e  t i m e  p e r i o d s  i n  wh ich p a r t i c u l a r  

abnormal c o n d i t i o n s  o c c u r r e d  and t h e  number o f  occur rences were n o t  c e r t a i n .  

Second, n e a r l y  a l l  of  t h e  s i t e s  v i s i t e d  i n d i c a t e d  t h a t  t h e y  now use a  

c h e c k - o f f  shee t  t o  h e l p  assure t h a t  packages a r e  p r o p e r l y  and s e c u r e l y  c losed .  

Some o f  these sheets  have been i n  use f o r  as l o n g  as 10 y e a r s  w h i l e  o t h e r s  

have been implemented more r e c e n t l y ,  The imp lementa t ion  o f  q u a l i t y  assurance 

(QA) requ i rements  by  t h e  USAEC and q u a l i t y  c o n t r o l  (QC) procedures by  s h i p p e r s  

d u r i n g  1972 and 1973 would have a  s i g n i f i c a n t  e f f e c t  on any package c l o s u r e  

i n f o r m a t i o n  ob ta ined .  Most packag ing f a u l t s  o c c u r r e d  p r i o r  t o  1972. A l l  

t hose  i n t e r v i e w e d  p o i n t e d  o u t  t h a t  v e r y  few package c l o s u r e  d e f i c i e n c i e s  

have been observed s i n c e  abou t  1972. 



TABLE 7.2 Est imated Number o f  Shipments and 
Packages I n c l u d e d  i n  Survey 

( p e r i o d  covered : 1970- 1974) 

Number 
SHIPMENTS 

(A1 1  package t y p e s )  775 

PACKAGES SHIPPED 

P u ( N O ~ ) ~  Sol  u t i o n  Packages 21 3 0 ' ~ )  

(L -3  and L-10) 

Pu02 Pac kayes 

LLD-1 2700-3000'~) 

T o t a l  Packages ?J 6200 

( a ) ~ n c l  udes severa l  2 3 3 ~  packages t h a t  were 
sh ipped i n  L-3s and L-10s i n  t h e  same 
manner as l i q u i d  p l u t o n i u m  n i t r a t e .  

( b )  I n c l  udes severa l  p l  u t o n i  um meta l  packages 
wh ich  were sh ipped i n  t h e  same manner as 
p l u t o n i u m  d i o x i d e  

 here were 806 packages i n  s t o r a g e  n o t  
i n c l u d e d  i n  t h i s  survey which were scheduled 
t o  be unpacked b y  J u l y  1975. 

Because o f  these  f a c t o r s ,  t h e  r e s u l t s  r e p o r t e d  i n  Tab le  7.3 a r e  con- 

s i d e r e d  LO be c o n s e r v a t i v e  and n o t  n e c e s s a r i l y  r e p r e s e n t a t i v e  o f  c u r r e n t  

package c o n d i t i o n s  d u r i n g  t r a n s p o r t .  



TABLE 7.3.. Data Bank - Package C l o s u r e  Exper ience  Obta ined 
by  Survey ( F o r  P e r i o d  1970-1 974) 

Occurrence 
Number o f  Frequency 

Gccurrence -- Occurrence - (per  c o n t a i n e r  r e c e i v e d )  Remarks 

P a r t  I - PLUTONIUM NITRATE SOLUTION SHIPMENTS (L-3 and L -10  Packages) 

Ou ts ide  P r imary  Conta inment  Vessel 

1 .  B o l t  r i n g  on o u t e r  drum 47 2 . 2  x  l o - z  
t u rned  upward 

2 .  V e r m i c u l i t e  l e v e l  low 200 9.4 x  l o - z  

3. V e r m i c u l i t e  contaminated 4  1.9 x  

4. V e r m i c u l i t e  wa te r logged  1  

5 .  No cap on ven t  l i n e  13 

6. Vent cap l o o s e  3  

7 .  Valve on ven t  l i n e  n o t  16 
c l o s e d  

8 .  F lange b o l t s  t o o  t i g h t  2.50 
(ove r  8 0 - f t  l b  t o r q u e )  

9. Gasket m i s s i n g  2 

I n s i d e  P r imary  Conta inment  Vessel 

1 .  P l a s t i c  bag p r e s s u r i z e d  5 

2. P l a s t i c  b o t t l e  cap l o o s e  1  

3. P lu ton ium s o l u t i o n  i n  
p l a s t i c  bag 

148 

4. Con tamina t i on  o u t s i d e  2 6 
p l a s t i c  bag 

5. P lu ton ium s o l u t i o n  o u t -  11 
s i d e  p l a s t i c  bag 

6. P l a s t i c  b o t t l e  gaske t  i n  4  
" f i g u r e  e i g h t "  

The b o l t  r i n g  c l o s u r e  i s  des igned t o  be 
a t t a c h e d  so t h a t  t h e  b o l t  i s  down a g a i n s t  
t h e  drum r a t h e r  than  upward, a l t h o u g h  n o t  
a  requ i remen t .  

V e r m i c u l i t e  i s  n o r m a l l y  6  i n .  above t o p  o f  
conta inment  vesse l  l i d .  I f  too  low,  f i r e  
p r o t e c t i o n  may n o t  be adequate.  I n  two 
i n s t a n c e s  t h e  v e r m i c u l i t e  bags around t o p  
were m i s s i n g .  

I n  each i n s t a n c e  con tamina t i on  i s  b e l i e v e d  t o  
have r e s u l t e d  a t  t h e  t ime  o f  c l o s u r e  by t h e  
s h i p p e r ,  n o t  by leakage from t h e  v e s s e l .  The 
amount o f  p lu ton ium i n v o l v e d  i n  con tamina t i on  
was cons ide red  n e g l i g i b l e  from v i e w p o i n t s  of 
c r i t i c a l i t y  hazard.  

Source o f  wa te r  n o t  c e r t a i n .  Could have 
e n t e r e d  as r a i n  th rough  v e n t  ho les  i n  o l d e r  
des ign .  

I n  no i n s t a n c e  was t h e  v a l v e  open and t h e  v e n t  
l i n e  cap m i s s i n g  o r  l o o s e  a t  t h e  same t ime .  

C o n t r a r y  t o  e x p e c t a t i o n s  b e f o r e  t h e  su rvey ,  
r e l a t i v e l y  few p l a s t i c  bags were found t o  be 
p r e s s u r i z e d  by r e c e i v e r s  o f  P u ( N O ~ ) ~ .  

Gasket t w i s t e d  when t i g h t e n i n g  

7 .  P l a s t i c  bag broken 2  



TABLE 7 . 3 .  (Contd) 

Occurrence 
Number o f  Frequency 

Occurrence -- Occurrence ( p e r  c o n t a i n e r  r e c e i v e d )  Remarks 

P a r t  I 1  - PLUTONIUM DIOXIDE SHIPMENTS IN  6M PACKAGES 

Outs ide  Pr imary  Containment Vessel  

These ho les  occur red  d u r i n g  r e l a t i v e l y  
m inor  t r a n s p o r t a t i o n  mishaps.  

1 .  Hole i n  o u t e r  drum 2  

2. B o l t  r i n g s  t u r n e d  upward 66 See f i r s t  remark,  P a r t  I 

3. B o l t  r i n g  b o l t  l oose  
( f i n g e r  t i g h t )  

A l though  loose ,  w i r e  seal  p reven ts  b o l t  
f rom coming o f f .  

4. B o l t  r i n g  b o l t  b roke  6 o f  300 
o f f  w h i l e  t i g h t e n i n g  

I n  p r e p a r i n g  drums f o r  shipment b o l t s  broke 
d u r i n g  f i n a l  t i g h t e n i n g  o p e r a t i o n .  

I n s i d e  Pr imary  Containment Vessel 

1 .  Can bu lged  due t o  i n t e r n a l  2  
p r e s s u r e  

I n  these  two i n s t a n c e s ,  t h e  cans were n o t  
r u p t u r e d .  

2 .  Con tamina t ion  o u t s i d e  o f  13 
can 

3.  Con tamina t ion  o ,  p l a s t i c  13 
bag 

Source o f  c o n t a m i n a t i o n  was e v i d e n t l y  
packaging o p e r a t i o n ,  n o t  can l e a k .  

P a r t  I 1 1  - PLUTONIUM DIOXIDE SHIPMENTS IN  (LLD-1 PACKAGES) 
-- 

O u t s i d e  Pr imary  Containment Vessel  

1 .  Lock ing  cover  l o o s e  1  

These e s t i m a t e s  a r e  based on t h e  r e c o l l e c t i o n  
o f  those  i n t e r v i e w e d  i n  terms o f  percentage 
o f  t o t a l  packages r e c e i v e d .  The e s t i m a t e  
c o u l d  be c o n s e r v a t i v e l y  h i g h .  What a p p a r e n t l y  
happens i s  t h a t  t h e  p l u g  loosens  due t o  v i b r a -  
t i o n  d u r i n g  t r a n s p o r t .  I n  one i n s t a n c e  t h e  
p l u g  had worked i t s  way c o m p l e t e l y  o u t  o f  t h e  
con ta inment  vesse l  by t h e  t i m e  t h e  package 
reached i t s  d e s t i n a t i o n .  

2. P lug  i n  2R con ta inment  -270 6M 
vessel  n o t  t i g h t  -525 LLD 

3. Threads damaged 1 

4 .  P lug  ex t reme ly  t i g h t  1  Long handled wrench r e q u i r e d  t o  remove p l u g  

5 .  0  r i n g  m i s s i n g  11 

I n s i d e  Pr imary  Containment Vessel 

1. Can bu lged  due t o  
i n t e r n a l  p r e s s u r e  

2 .  Can breached o r  n o t  
c o m p l e t e l y  sea led  
upon a r r i v a l  

3. Con tamina t ion  o u t s i d e  3  
can b u t  n o t  o u t s i d e  con- 
ta inment  vessel  
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8 .0  RELEASE SEQUENCE IDENTIFICATION 

P lu ton ium i s  n o t  c u r r e n t l y  shipped by a i r  (excep t  f o r  medica l  and 

n a t i o n a l  defense purposes) and no r e l e a s e  has occur red  d u r i n g  any a i r  

shipment o f  p lu ton ium i n  t h e  pas t .  Therefore ,  p o s s i b l e  ways t h a t  re leases  

c o u l d  occur  ( r e l e a s e  sequences) must be i d e n t i f i e d  by a  reasoning process.  

The i n f o r m a t i o n  p rov ided  i n  Sec t ions  5, 6, and 7 g i v e s  a  b a s i s  f o r  i d e n t i -  

f y i n g  events  o r  cor r~b inat ions o f  events  which c o u l d  r e s u l t  i n  a  r e l e a s e  o f  

p lu ton ium.  

T h i s  s e c t i o n  d e s c r i b e s  a  f o r m a l i z e d  procedure f o r  i d e n t i f y i n g  combina- 

t i o n s  o f  c o n d i t i o n s  which c o u l d  r e s u l t  i n  a  r e l e a s e .  The f i r s t  s t e p  i n  t h e  

procedure i s  t o  deve lop f a u l t  t r e e s  u s i n g  t h e  techn iques d e s c r i b e d  i n  

S e c t i o n  8.1. S e c t i o n  8.2 p resen ts  t h e  f a u l t  t r e e s  developed f o r  t h e  a i r  

shipment o f  p l u t o n i u m  d i o x i d e  powder i n  6M c o n t a i n e r s .  The second s t e p  i n  

t h e  procedure i s  t o  deve lop a  l i s t  o f  r e l e a s e  sequences f rom t h e  f a u l t  t r e e .  

The development o f  these  r e l e a s e  sequences w i l l  be d iscussed i n  S e c t i o n  8.3. 

8 .1  FAULT TREE CONSTRUCTION 

The f a u l t  t r e e  a n a l y s i s  techn ique  was developed i n  t h e  1960s i n  t h e  

aerospace i n d u s t r y  t o  i d e n t i f y  des ign  d e f i c i e n c i e s  b e f o r e  a c t u a l  space 

f l i g h t  o f  t h e  equipment. B a s i c a l l y  t h e  procedure i s  t o  assume a  f a i l u r e  

and work backwards t o  i d e n t i f y  component f a i l u r e s  which c o u l d  cause o r  

c o n t r i b u t e  t o  t h e  f a i l u r e .  The f a u l t  t r e e  should  be r e l a t e d  t o  i n d i v i d u a l  

components f o r  which f a i l u r e  da ta  a r e  a v a i l a b l e .  For i ns tance ,  i n  an 

e l e c t r o n i c  c i r c u i t  t h e  b a s i c  f a i l u r e  m i g h t  occur  i n  a  r e s i s t o r .  I n  prac-  

t i c e ,  f a u l t  t r e e s  seldom a r e  developed t o  t h a t  degree. What occurs  i n s t e a d  

i s  development o f  f a u l t  t r e e s  i n  terms o f  b a s i c  system modules. Using t h e  

e l e c t r o n i c  example, one would c a r r y  the  p o s s i b l e  f a i l u r e  back th rough  t h e  

f a u l t  t r e e  o n l y  t o  t h e  a m p l i f i e r  which con ta ined  t h e  r e s i s t o r .  Such a  

f a u l t  t r e e  i s  c a l l e d  a  Top Level  F a u l t  Tree s i n c e  i t  u s u a l l y  i d e n t i f i e s  

o n l y  l a r g e  systems which c o u l d  r e s u l t  i n  a  f a i l u r e .  



The methodology a p p l i e d  t o  t r a n s p o r t a t i o n  o f  p l u t o n i u m  i n v o l v e s  pos tu -  

l a t i n g  o f  a  r e l e a s e  o f  p l u t o n i u m  d u r i n g  t r a n s p o r t  and then  examin ing o f  

t h e  s e r i e s  o f  even ts  which must have o c c u r r e d  t o  cause t h e  r e l e a s e .  T h i s  

f o r m  o f  r e a s o n i n g  i s  t h o u g h t  t o  be more i n c l u s i v e  than  b e g i n n i n g  w i t h  an 

i n i t i a t i n g  even t  and w o r k i n g  toward a  r e l e a s e ,  ( i . e . ,  c o n s t r u c t i n g  a c c i -  

d e n t  s c e n a r i o s  o r  d e c i s i o n  t r e e s ) .  A t  t h e  same t ime,  q u a n t i f i c a t i o n  o f  t h e  

r e l e a s e  r e q u i r e s  s p e c i f i c a t i o n s  o f  an o rde red  sequence o f  even ts  o r  a c c i d e n t  

s c e n a r i o s .  From t h i s  a n a l y s i s ,  t h e  t r e e  c o n s t r u c t e d  u s i n g  t h e  f a u l t  t r e e  

methodology i s  used as t h e  b a s i s  f o r  e s t i m a t i n g  t h e  t o t a l  r e l e a s e  p r o b a b i l i t y .  

Then t h e  t r e e  i s  broken down i n t o  a l l  t h e  p o s s i b l e  r e l e a s e  sequences. I n  

e f f e c t ,  a l l  t h e  a c c i d e n t  s c e n a r i o s  w i l l  be o b t a i n e d  f r o m  t h e  f a u l t  t r e e .  

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

t r e e  methodology a r e  l i k e l y  t o  be more comple te  than  t h e  a l t e r n a t i v e  method 

of  t r y i n g  t o  l i s t  a l l  t h e  a c c i d e n t  s c e n a r i o s  w i t h o u t  t h e  a i d  o f  any f o r m a l i z e d  

r e a s o n i n g  process.  

8.2 FAULT TREES FOR SHIPMENT OF PuO, I N  6M CONTAINERS 

The t r a n s p o r t a t i o n  o f  p l u t o n i u m  by a i r  i n v o l v e s  two separa te  modes 

o f  t r a n s p o r t a t i o n .  A  moto r  c a r r i e r  must t a k e  t h e  p l u t o n i u m  from t h e  

r e p r o c e s s i n g  p l a n t  t o  t h e  n e a r e s t  ca rgo  a i r p o r t  and ano the r  mo to r  c a r r i e r  

must p i c k  up t h e  p l u t o n i u m  f r o m  an a i r p o r t  c l o s e s t  t o  t h e  f a b r i c a t i o n  p l a n t  

and t r a n s p o r t  i t  t o  t h e  f a b r i c a t i o n  p l a n t .  The f a u l t  t r e e s  f o r  e v a l u a t i n g  

r e l e a s e  sequences d u r i n g  t r u c k  t r a n s p o r t  have been p r e v i o u s l y  r e p o r t e d  ( 1  

and w i l l  n o t  be repea ted  here .  

F a u l t  t r e e s  f o r  t h e  a i r  shipment o f  p l u t o n i u m  o x i d e  i n  6M c o n t a i n e r s  

w i l l  be p resen ted  i n  t h i s  s e c t i o n .  The f a u l t  t r e e s  i n c l u d e  t h e  e f f e c t s  o f  

t h e  a i r c r a f t  a c c i d e n t  environment,  and packag ing c o n d i t i o n ;  e f f e c t s  o f  

sabotage o r  d i v e r s i o n  a r e  n o t  cons ide red .  The f a u l t  t r e e  developed t o  

de te rm ine  a p p l i c a b l e  f a i l u r e  sequences i s  p resen ted  i n  F i g u r e  8.1.  A  l i s t  

o f  i d e n t i f i e d  even ts  o r  f a i l u r e  elements wh ich  c o u l d  c o n t r i b u t e  t o  a  r e l e a s e  

i s  shown i n  Tab le  8.1. 
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FIGURE 8.1, page 4. (contd)  
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TABLE 8.1 L i s t i n g  o f  B a s i c  Events f o r  6M A n a l y s i s  

X 1 RELEASE OCCURS D U R I N G  TRUCK TRANSPORT TO OR FROM A I R P O R T  
X 2 PACKAGE DEFECT NOT DETECTED D U R I N G  A I R C R A F T  L O A D I N G  
X 3 WELD D E F E C T I V E  
X 4 Q / A  DOES NOT DETECT BADLY D E F E C T I V E  WELD 
X 5 D F F E c T I V E  WELD CANNOT S U R V I V E  NORMAL TRANSPORT S'RESSES 
X 7 CORROSIVE M A T E R I A L  I N S I D E  2R 
X 8 CORROSIVE M A T E R I A L  PRESENT O U T S I D E  2R 
X 9 S U F F I C I E N T  T I M E  A V A I L A B L E  TO CORRODE 2R 
X 10 ZR L E A K S  WHEN PROPERLY CLOSED 
X 11 PLUG LOOSENS D U R I N G  TRANSPORT 
X 1 2  PLUG UNSCREWS D U R I N G  TRANSPORT 
X 1 3  CORROSIVE M A T E R I A L  PRESENT I N  P U 0 2  
X 1 5  SAMPLE CAN IMPROPERLY CLOSED 
X 1 6  S U F F I C I E N T  T I M E  FOR SAMPLE CAN TO CORRODE 
X 1 8  WRONG SAMPLE CAN USED FOR TRANSPORT 
X 19 SAMPLE CAN DAMAGED BEFORE L O A D I N G  AND NOT CORRECTED 
X 2 0  5 6 M P L E  CAN DAMAGED BY 2R PLUG CLOSURE 
X 2 1  SHARP ORJFCT I N  2R C O N T A I N F R  
X 2 2  SAMPLE CAN NOT PROPERLY PACKED I N  2R 
X 2 3  S H I P P I N G  C O N T A I N E R  DROPPED D U R I N G  TRANSPORT 
X 2 4  GAS GENERATED B Y  M A T E R I A L  PRESENT I N  CAN 
X 2 5  C R I T I C A L I T Y  CAUSES RUPTURE OF SAMPLE CAN 
X 2 6  C R I T I C A L I T Y  OCCURS DUE TO EXTREME DEFORMATION I N  TRANSPORT 
X 2 7  6 M  S H I P P E D  I N  WRONG O R I E N T A T I O N  ON TRUCK 
X 2 8  OUTER CONTAINER F A I L S  FROM M I S H A N D L I N G  AND NOT DETECTED 
X 2 9  OUTER CONTAINER PUNCTURED FROM OBJECT I N / O R  PROTRUDING FROM FLOOR 
X 3 0  COP%TAINER S H I P P E D  I N  WRONG O R I E N T A T I O N  D U R I N G  A I R  TRANSPORT 
X 3 1  TIEDOWNS BREAK D U R I N G  A I R  SHIPMENT 
X 3 2  A I R C R A F T  EXPOSED TO EXTREME TURBULENCE 
X 3 3  D E F E C T I V E  SAMPLE CAN NOT DETFCTED 
X 3 4  FORCE WHICH BREACHED 2R S U F F I C I E N T  TO BREACH SAMPLE CAN 
X 3 5  F R F E  F A L L  A C C I D E N T  OCCURS 
X 3 6  SAMPLE CAN F A I L S  I N  FREE F A L L  ACCIDENT ENVIRONMENT 
X 3 7  C O P T A I N E R  SHTPPED WI'TH D E F E C T I V E  BOLT R I N G  
X 38  BOLT R I N G  F A I L S  FROM F R E E  F A L L  ACCIDENT IMPOSED FORCES 
X 3 9  FREE F A L L  A C C I D E N T  IMPOSES D E S I G N  L E V E L  FORCES ON THREADS 
X 4 0  PLUG CROSS-THREADED 
X 4 1  CROSS-THREADED THREADS NOT DETECTED 
X 4 2  THREADS DAMAGED FROM USE OR R E P A I R  
X 4 3  POOR THREADS NOT DETECTED BEFORE U S E  
X 4 4  EXPOSED B O L T  R I N G  F A I L S  I N  FREE F A L L  A C C I D E N T  
X 4 5  BOLT R I N G  ASSEMBLED W I T H  BOLT TURNED UP AND EXPOSED 
X 4 6  IMPROPER F I T  BETWEEN M A L E ' A N D  FEMALE THREADS 
X 4 7  F F  I M P A C T  FORCES S U F F I C I E N T  TO CAUSF RUPTURE OF OUTER CAN BY 2R 
X 4 8  PUFlCTURE PROBE LONGER THAN 11 I N .  AND FORCE EQUAL TO DROP OF 30C I N .  
X 4 9  F I R E  OCCURS D U R I N G  FREE F A L L  ACCIDENT 
X 5 0  S U F F I C I E N T  M O I S T U R E  PRESENT TO CAUSE OUTER DRUM F A I L U R E  I N  F I R E  
X 5 1  F R E E  F A L L  A C C I D E N T  CRUSH FORCES CAUSE L I D  REMOVAL 
X 5 2  FREE F A L L  A C C I D E N T  I M P A C T  FORCES CAUSE L I D  REMOVAL 



TABLE 8.1 (Cont 'd )  

X  5 3  F R E E  F A L L  A C C I D E N T  IMPACT FORCES EXCEED D E S I G N  STRENGTH O F  OUTER DRUM 
X  5 4  F R E E  F A L L  A C C I D F N T  F I R E  STRFSSES CAUSE OUTER DRUM F A I L U R E  
X  5 5  F R E E  F A L L  A C C I D E N T  CRUSH FORCES EXCEED D E S I G N  STRENGTH OF OUTER DRUM 
X  5 6  PUNCTURE PROBE PRESENT D U R I N G  FREE F A L L  ACCIDENT 
X  5 7  FREE F A L L  PUNCTURE PRORE S T R I K E S  DRUM 
X  5 8  FREE F A L L  PUNCTURE FORCE EQUAL TO DROP OF 1 3 3  I N .  ONTO 6  I N .  S P I K E  
X  5 9  F A I L U R E  O F  I N N E R  CONTAINER F A I L S  OUTER 
X  60  OUTER DQUM C O N T A I N S  VENT HOLES 
X  6 1  CONTAINER S H I P P E D  W I T H  LOOSE BOLT R I N G  CLOSURE 
X  6 2  LIDIDRUM M A T I N G  SURFACE DAMAGED FROM H A N D L I N G  
X  6 3  DUNNAGE F A I L E D  BEFORE FREE F A L L  ACCIDENT 
X  6 4  D E F E C T I V E  OUTER DRUM NOT DETECTED 
X  6 5  S U F F I C I E N T  M O I S T U R E *  GAS PRESENT I N S I D E  2R TO CAUSE F A I L U R E  I N  F I R E  
X  6 6  7 U F F I C I E N T  M O I S T U R E  PRESENT TO C A I l 5 E  2R F A I L l J R E  RY C R I T I C 4 L I T Y  
X  6 7  C R l T I C A L I T Y  OCCURS DUE TO EXTREME DEFORMATION I N  F F  A C C I D E N T  
X  6 8  F R E E  F A L L  I M P A C T  FORCES S U F F I C I F N T  TO F A I L  2R VESSEL 
X  6 9  F I R E  STRESSES FROM F R E E  F A L L  ACCIDENT S U F F I C I E N T  OF F A I L  2R 
X  7 0  FREE F A L L  A C C I D E N T  IMPOSED CRUSH FORCE EXCEEDS 2R D E S I G N  STRENGTH 
X  7 1  PUNCTURE PROBE S T R I K E S  2R CONTAINER D U R I N G  FREE F A L L  A C C I D E N T  
X  7 2  F F  PUNCTURE FORCE E Q U I V A L E N T  TO DROP O F  1 7 0  I N .  ONTO 6  I N .  S P I K E  
X  7 3  Q/A  DOES NOT DETECT D E F E C T I V E  WELD 
X  7 4  D E F E C T I V E  WELD CANNOT S U R V I V E  F R E E  F A L L  A C C I D E N T  STRESSES 
X  1 3 5  BREAKUP A C C I D E N T  OCCURS 
X  1 3 6  SAMPLE CAN F A I L S  I N  BREAKUP A C C I D E N T  ENVIRONMENT 
X  1 3 8  BOLT R I N G  F A I L S  FROM BREAKUP ACCIDENT IMPOSED FORCES 
X  1 3 9  BREAKUP A C C I D E N T  IMPOSES D E S I G N  L E V E L  FORCES ON THREADS 
X  1 4 4  FXPOSED B O L T  R I N G  F A I L S  I N  PREAKUP A C C I D E N T  
X  1 4 7  R / U  I M P 4 C T  FORCES S U F F I C I E N T  TO CAUSE RUPTURE OF OUTER CAN B Y  2R 
X  1 4 8  B / U  PUNCTURE PROBE LONGER THAN 11 I N . *  FORCE EQUAL TO DROP OF 3 0 0  IN .  
X  1 4 9  F I R E  OCCURS D U R I N G  BREAKUP ACCIDENT 
X  1 5 1  BREAKUP A C C I D E N T  CRUSH FORCES CAUSE L I D  REMOVAL 
X  1 5 2  BREAKUP A C C I D E N T  I M P A C T  FORCES CAUSE L I D  REMOVAL 
X  1 5 3  B / C  A C C I D E N T  I M P A C T  FORCES EXCEED D E S I G N  STRENGTH OF OUTER DRUM 
X  1 5 4  B / U  ACCIDENT F I R E  STRESSES CAUSE OUTER DRUM F A I L U R E  
X  1 5 5  B / U  A C C I D E N T  CRUSH FORCES EXCEED D E S I G N  STRENGTH OF OUTER DRUM 
X 156 BREAKUP A C C I D E N T  GENERATES DUNCTURE PROBE 
X  1 5 7  BREAKUP A C C I D E N T  PUNCTUSE PROBE S T R I K E S  DRUM 
X  1 5 8  R / U  PUNCTURE FORCE EQUAL TO 9ROP OF 1 3 3  I N .  ONTO 6 I N .  S P I K E  
X  1 6 3  DUNNAGE F A I L S  D U R I N G  BREAKUP 4 C C I D E N T  
X  1 6 7  C R I T I C A L I T Y  OCCURS DUF TO EXTREME_DEFORMATION I N  B / U  A C C I D E N T  
X  1 6 8  I M P A C T  FORCES FROM B / U  ACCIDENT S U F F I C I E N T  TO F A I L  2R VESSEL 
X  1 6 9  F I R E  STRESSES FROM B / U  4 C C I D F N T  S U F F I C I E N T  TO F A I L  2R VESSEL 
X  1 7 0  B / U  A C C I D E N T  IMPOSED CRUSH FORCE EXCEEDS 2R D E S I G N  STRENGTH 
X  1 7 1  PUNCTURE PROBE S T R I K E S  2R CONTAINER D U R I N G  BREAKUP ACCIDENT 
X  1 7 2  B / U  PUNCTURE PROBE EQUAL TO DROP OF 1 7 0  I N .  ONTO 6 IN .  S P I K E  
X  1 7 4  D E F E C T I V E  WELD CANNOT S U R V I V F  BREAKUP A C C I D E N T  STRESS 
X  2 3 5  A C C I D E N T  OCCURS D U R I N G  TAKEOFF OR L A N D I N G  
X  2 3 6  SAMPLE CAN F A I L S  I N  T O / L  ACCIDENT FNVIRONMENT 
X  2 3 8  BOLT R I N G  F A I L S  FROM T O / L  A C C I D F N T  IMPOSED FORCES 



TABLE 8.1 ( C o n t ' d )  

X  2 3 9  T O / L  A C C I D E N T  I M P O S E S  D E S I G N  L E V E L  FORCES ON THREADS 
X  2 4 4  EXPOSED B O L T  R I N G  F A I L S  I N  T O / L  A C C I D E N T  
X  2 4 7  T O / L  I M P A C T  F O R C E S  CAUSE R U P T U R E  OF OUTFR CAN BY Z H  
X  2 4 8  T O / L  PUNCTURE PROBE LONGER THAN 1 1  I N  AND FORCE EQUAL  TO 300 I N  DROP 
X  2 4 9  F I R E  OCCURS D U R I N G  T O / L  A C C I D E N T  
X  2 5 1  T O I L  A C C I D E N T  C R U S H  F O R C F S  CAUSE L I D  REMOVAL  
X  2 5 2  T O / L  A C C I D E N T  I M P A C T  FORCES C A U S E S  L I D  REMOVAL  
X  2 5 3  T O / L  A C C I D E N T  I M P A C T  FORCES E X C E E D  D E S I G N  STRENGTH OF  OUTER DRUM 
X  2 5 4  T O / L  A C C I D E N T  F I R E  S T R E S S E S  C A U S E  OUTER DRUM F A I L U R E  
X  2 5 5  T O / L  A C C I D E N T  CRUSH FORCES EXCEED D E S I G N  STRENGTH OF OUTER DRUM 
X  2 5 6  T O / L  A C C I D E N T  G E N E R A T E S  PUNCTURE PROBES 
X  2 5 7  T O / L  A C C I D E N T  PUNCTURE PROSF S T R I K E S  DRUM 
X  2 5 8  T O I L  A C C I D E N T  PUNCTURE FORCE F Q U A L  TO DROP OF  1 3 3  I N  ONTO 6 I N  S P I K E  
X  2 6 3  DUNNAGE F A I L S  D U R I N G  T O / L  A C C I D F N T  
X  2 6 7  C R I T I C A L I T Y  OCCURS DUE TO F X T R E Y E  D E F O R M A T I O N  I N  T O / L  A C C I D E N T  
X  2 6 8  IMPACT FORCES FROM T O I L  A C C I D F N T  S U F F I C I E N T  TO F A I L  2R V E S S E L  
X  2 6 9  F I R E  S T R E S S  FROM T O / L  A C C I D E N T  S U F F I C I E N T  TO F A I L  2R 
X  2 7 0  T O I L  A C C I D E N T  I M P O S E D  CRUSH FORCE E X C E E D S  2 R  D E S I G N  STRENGTH 
X  2 7 1  PUNCTURE PROBE S T R I K E S  2 R  C O N T A I N E R  D U R I N G  T O / L  A C C I D E N T  
X  2 7 2  T O / L  A C C I D E N T  PUNCTURE FORCE E Q U A L  TO DRJP OF 1 7 0  I N  ONTO 6 I N  S P I K E  
X  2 7 4  D E F E C T I V E  WELD CANNOT S U R V I V E  T O / L  A C C I D E N T  FORCES 
X  3 3 5  I N F L I G H T  GROUND I M P A C T  A C C I 3 E N T  OCCURS 
X  3 3 6  S A M P L E  CAN F A I L S  I N  I N F L I G H T  GROUND I M P A C T  A C C I G E N T  ENVIRONMENT 
X  3 3 8  B O L T  R I N G  F A I L S  FROM I G I  A C C I D E N T  I M P O S E D  FORCES 
X  3 3 9  I G I  A C C I D E N T  I M P O S E S  D E S I G N  L F V E L  FORCES ON THREADS 
X  3 4 4  EXPOSED B O L T  R I N G  F A I L S  I N  I G I  A C C I D E N T  
X  3 4 7  I G I  I M P A C T  FORCES S U F F I C I E N T  TO CAUSF RUPTURE OF OUTER CAN B Y  2 R  
X  3 4 8  I G I  PUNCTURE PROBE LONGER THAN 1 1  I N  AND FORCE EQ TO DROP OF 3 0 0  I N  
X  3 4 9  F I R E  OCCURS D U R I N G  AN I G I  A C C I D E N T  
X  3 5 1  I G I  A C C I D E N T  C R U S H  FORCES CAUSE L I D  REMOVAL 
X  3 5 2  I G I  A C C I D E N T  I M P A C T  FORCES CAUSE L I D  REMOVAL  
X  3 5 3  I G I  A C C I D E N T  I M P A C T  FORCES E X C E E D  D E S I G N  STRENGTH OF  OUTER DRUM 
X  3 5 4  I G I  A C C I D E N T  F I R E  S T R E S S E S  CAUSE OUTER DRUM F A I L U R E  
X  3 5 5  I G I  A C C I D E N T  C R U S H  FORCES E X C E E D  D E S I G N  STRENGTH OF OUTER DRUM 
X  3 5 6  I G I  A C C I D E N T  G E N E R A T E S  PUNCTURE PROBES 
X  3 5 7  I G I  PUNCTURF PROBE S T R I K E S  DRUM 
X  3 5 8  I G I  PUNCTURE FORCE EQUAL  T O  DROP OF 1 3 3  I N  ONTO 6 I N .  S P I K E  
X  3 6 3  DUNNAGE F A I L S  O U R I N G  I G I  A C C I D F N T  
X  3 6 7  C R I T I C A L I T Y  OCCURS DUE TO FXTREME D E F O R M A T I O N  I N  I G I  A C C I D E N T  
X  3 6 8  I M P A C T  FORCES FROM I G I  A C C I D F N T  S U F F I C I E N T  TO F A I L  2R V E S S E L  
X  3 6 9  F I R E  S T R E S S  FROM I G I  A C C I D E N T  S U F F I C I E N T  TO F A I L  2R 
X  3 7 0  I G I  A C C I D E N T  I M P O S E D  CRUSH FORCE EXCEEDS 2R D E S I G N  STRENGTH 
X  3 7 1  PUNCTURE PROBE S T R I K E S  2 R  C O N T A I N E R  D U R I N G  AN I G I  A C C I D E N T  
X  3 7 2  I G I  PUNCTURE FORCE E Q U I V A L E N T  TO DROP OF 1 7 0  I N  ONTO 6 I N  S P I K E  
X  3 7 4  D E F E C T I V E  WELD CANNOT S U R V I V E  I G I  A C C I D E N T  S T R E S S E S  



I n  t h i s  a n a l y s i s ,  t h r e e  b a r r i e r s  between t h e  p lu ton ium and man's 

environment were cons idered.  The f i r s t  b a r r i e r  was t h e  sample can. Th i s  

i s  a  t h i n - w a l l e d  sea led  can, resembl ing  a  produce can, which p rov ides  con ta i n -  

ment d u r i n g  hand l ing .  I t  i s  n o t  i n t ended  t o  be an acc i den t  r e s i s t a n t  

b a r r i e r  a l t hough  t e s t s  a t  ~ a n d i a " )  show t h a t  i n  some cases, i t  does 

p reven t  a  r e l e a s e  f rom occu r r i ng .  I n  genera l ,  l i t t l e  c r e d i t  i s  taken f o r  

t h i s  b a r r i e r  when e v a l u a t i n g  t h e  1  i k e l  i hood o f  a  r e l ease .  The second 

b a r r i e r  i s  t h e  2R vesse l ,  desc r ibed  i n  Appendix A. Th i s  i s  a  heavy-wal led 

s t e e l  c y l i n d e r  w i t h  a  welded p l a t e  on one end and a  screwed p l u g  on t h e  

o the r .  T h i s  c o n t a i n e r  i s  t h e  p r ima ry  containment b a r r i e r  d u r i n g  an 

acc i den t .  The t h i r d  b a r r i e r  i s  t h e  6M o u t e r  con ta i ne r ,  a l s o  descr ibed  

i n  Appendix A. T h i s  i s  an 18-gauge s t e e l  drum w i t h  a  r i n g  c l o s u r e .  As 

shown i n  Sec t i on  6.0, i t  prov ides  l i t t l e  p r o t e c t i o n  f o r  t h e  2R i n  ground 

impact t y p e  a i r p l a n e  acc iden ts .  I t  does p rov i de  p r o t e c t i o n  and a  degree o f  

containment f o r  many acc i den t s  i n  which t h e  impact v e l o c i t i e s  a r e  low o r  

t h e  su r f ace  impacted i s  r e l a t i v e l y  s o f t .  The vas t  m a j o r i t y  o f  a i r p l a n e  

acc i den t s  f a l l  i n  t h i s  category .  

I n  t h e  t r u c k  acc i den t  eva lua t ion ,  a  f o u r t h  b a r r i e r ,  t h e  van, was a l s o  

i nc l uded  i n  t h e  a n a l y s i s .  Because t h e  f use lage  i s  no rma l l y  unable  t o  

m a i n t a i n  i t s  i n t e g r i t y  d u r i n g  an a i r  acc iden t ,  and even i n  t h e  most m inor  

mishaps must t e c h n i c a l l y  be breached t o  a l l o w  t h e  crew t o  e x i t ,  no c r e d i t  

i s  g i v e n  t o  t h e  f use lage  as a  containment b a r r i e r .  

8.3 RELEASE SEQUENCES 

The f a u l t  t r e e  can be thought  o f  as a  compact n o t a t i o n  f o r  i d e n t i f y i n g  

and d i s p l a y i n g  thousands o f  r e l e a s e  sequences. A  r e l e a s e  o f  p lu ton ium t o  

t h e  atmosphere r e q u i r e s  t h e  concur ren t  f a i l u r e  o f  a l l  t h r e e  b a r r i e r s .  

Thus, combining a  r e l e a s e  sequence f o r  one b a r r i e r  w i t h  a  r e l e a s e  sequence 

f o r  each o f  t h e  o t h e r  b a r r i e r s  i d e n t i f i e s  a  p o s s i b l e  sequence o f  events  

which breach a l l  t h r e e  b a r r i e r s .  A l l  r e l ease  sequences can be ob ta ined  

by permut ing l i s t s  o f  b a r r i e r  r e l e a s e  sequences. Th is  concept o f  b a r r i e r  

r e l e a s e  sequences i s  a  power fu l  t o o l  i f  t h e  f a u l t  t r e e  1s smal l  enough t o  

a l l o w  easy i d e n t i f i c a t i o n  o f  t h e  " c u t  s e t s "  (combinat ions o f  events  fo rm ing  



a sequence). I n  t h e  case of  t h e  t r e e  shown i n  F i gu re  8.1, t h e  l a r g e  

number (and s i z e )  o f  r e l e a s e  sequence prevents  easy i d e n t i f i c a t i o n .  

Therefore,  a computer code, F A U L T G ( ~ '  has been employed t o  i d e n t i f y  t h e  

r e l e a s e  sequences. The use o f  t h i s  code w i l l  be d iscussed i n  g r e a t e r  

d e t a i l  i n  Chapter 9. Release sequences i d e n t i f i e d  by t h i s  code a r e  n o t  

b a r r i e r  r e l e a s e  sequences, b u t  t o t a l  o r  system r e l e a s e  sequences. That i s ,  

o n l y  t h e  combinat ions o f  b a r r i e r  r e 1  ease sequences which ac tua l  l y  r e s u l  t i n  

a r e l e a s e  t o  t h e  environment a r e  shown. These c u t  s e t s  a r e  screened i n  

t h i s  code t o  ensure t h a t  no d u p l i c a t e  sequences a r e  considered. 
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9 .0  RELEASE SEQUENCE EVALUATION 

The p rev ious  chap te r  presented t he  f a u l t  t r e e  f o r  t h e  a i r  shipment o f  

p lu ton ium ( i n  t he  fo rm of p lu ton ium d i o x i d e )  i n  t h e  6M con ta i ne r .  From t h e  

f a u l t  t r e e ,  a  l o n g  l i s t  o f  r e l e a s e  sequences can be i d e n t i f i e d .  For 

example, t h e  occurrence o f  t h e  f o l l o w i n g  f o u r  events i s  one re l ease  

sequence which w i l l  r e s u l t  i n  a  l o s s  o f  p lu ton ium d i o x i d e  f rom t h e  6M: 

X35 Free F a l l  Acc iden t  Occurs 

X53 Free F a l l  Acc iden t  Impact Forces Exceed Design S t reng ths  

o f  Outer  Drum 

X68 Free F a l l  Impact Forces S u f f i c i e n t  t o  F a i l  2 R  Vessel 

X34 Force Which Breached 2 R  I n s u f f i c i e n t  t o  Breach Sample Can 

The f a u l t  t r e e  can be though t  of as a  compact n o t a t i o n  f o r  summarizing 

severa l  thousand re1  ease sequences. These re1  ease sequences a r e  t h e  

common element i n  the  r i s k  assessment. As shown i n  F i gu re  9.1, based 

on t h e  re l ease  sequences, bo th  t h e  f requency and t h e  re l ease  f r a c t i o n  

must be determined f o r  each re l ease  sequence. Th is  s e c t i o n  presents  t h e  

bas i c  da ta  r equ i r ed  t o  eva lua te  a l l  r e l ease  sequences. 

E i t h e r  of two approaches may be taken t o  eva lua te  t he  p r o b a b i l i t y  

and consequences o f  a  r e l ease  d u r i n g  t r a n s p o r t .  The most d i r e c t  and 

d e t a i l e d  e v a l u a t i o n  would be ob ta ined  f rom a  Monte Car lo  computer simu- 

1  a t i  on o f  t h e  t r a n s p o r t  system. Shipments would t r a v e l  a1 ong s  h i  pment 

r ou tes  u n t i l  an acc i den t  occurs;  then  each c o n t a i n e r  i n  t h e  shipment would 

be eva lua ted  f o r  f a i l u r e .  Th is  i s  a  ve r y  e f f i c i e n t  way t o  analyze events  

which occur  f r equen t l y .  However, as events  occur  l e s s  f r e q u e n t l y ,  much 

l onge r  r unn ing  t imes on t h e  computer a r e  r e q u i r e d  t o  o b t a i n  t h e  same 

degree o f  accuracy. The second approach analyzes a  m u l t i c o n t a i n e r  shipment 

e s s e n t i a l l y  as i f  o n l y  one c o n t a i n e r  i s  i n  t h e  shipment. The a n a l y s i s  

pe rm i t s  o n l y  one c o n t a i n e r  f a i l u r e  i n  an acc i den t  b u t  a t  an acc i den t  f r e -  

quency mu1 t i p 1  i e d  by t h e  number o f  con ta i ne rs  i n  t h e  shipment. Th is  i s  a  

good assumption o n l y  when t h e  f a i l u r e  r a t e  i s  low. I n  t h i s  sec t i on ,  t h e  

r e l ease  f r a c t i o n s  and t h e  occurrence f requency f o r  events  w i l l  be determined 

u s i n g  t he  second method. The v a l i d i t y  o f  t h e  method i s  demonstrated i n  

Sec t ion  11 and Appendix D. 



L I  ST OF RELEASE SEQUENCES 
SECTION 8.0 
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ACC l DENT 
ENVl  RONMENT 

AMOUNT 
RELEASED BY 

SEQUENCE 
CFPTlnhl  0 2 

COND l TI  ONS 
SECTION 7.0 

FIGURE 9.1. Release Sequence E v a l u a t i o n  



The fundamental e lements i n  t h e  a n a l y s i s  a r e  t h e  b a s i c  even t  prob-  

a b i l i t i e s .  The f a u l t  t r e e  i n  S e c t i o n  8  was developed down t o  a  p o i n t  

where d a t a  on b a s i c  even ts  c o u l d  be o b t a i n e d  e i t h e r  th rough  a n a l y s i s  o r  

survey.  The b a s i c  event  p r o b a b i l i t i e s  a r e  p resen ted  i n  S e c t i o n  9.1. 

The p r o b a b i l i t y  da ta  i n  S e c t i o n  9.1 a r e  then  used t o  deve lop t h e  

i n f o r n i a t i o n  on Release Sequence Probabi  1  i t i e s  summarized i n  S e c t i o n  9.2. 

Release F r a c t i o n s  a r e  e v a l u a t e d  i n  9.3, and S e c t i o n  9.4 summarizes t h e  

r e s u l t s  o f  t h e  c h a p t e r  by showing how r e l e a s e  sequences a r e  eva lua ted  

from t h e  f a i l u r e  r e l e a s e  f r a c t i o n s  and p r o b a b i l i t i e s .  

BASIC EVENT PROBABILITIES 

The f o l l o w i n g  paragraphs p r o v i d e  a  s e q u e n t i a l  l i s t  o f  f a i l u r e  prob-  

a b i l i t y  e s t i m a t e s  f o r  p lu ton iurn  d i o x i d e  shipments i n  t h e  6M c o n t a i n e r .  The 

numbering sequence corresponds t o  t h e  numbering sequence shown i n  t h e  

f a u l t  t r e e s .  Since t h e  f a u l t  t r e e  i s  made up o f  severa l  s i m i l a r  branches, 

a  numbering system was used t o  h e l p  i d e n t i f y  s i m i l a r  e lements i n  these  

branches. Event numbers 1  th rough  34 d e s c r i b e  package c o n d i t i o n s  as a  

r e s u l t  o f  cargo h a n d l i n g  and l o a d i n g .  Free f a l l  (FF) a c c i d e n t  events  a r e  

numbered 35 through 74, breakup (B/U) a c c i d e n t  e l  ements 135 th rough  174, 

t a k e o f f  and l a n d i n g  (TOIL) a c c i d e n t s  235 th rough  274, and i n f l  i g h t  ground 

impact  ( I G I )  a c c i d e n t s  a r e  numbered 335 th rough  374. Thus, events  w i t h  

t h e  l a s t  two d i g i t s  a r e  a l l  s i m i l a r .  For example, events  X35, X135, X235, 

and X335 a r e  t h e  f requenc ies f o r  t h e  v a r i o u s  t ypes  o f  a i r c r a f t  a c c i d e n t s  

used i n  t h e  t r e e .  The o t h e r  events  f o l l o w  t h e  same p a t t e r n .  Events 

numbered f rom 1  t o  374 a r e  i d e n t i f i e d  i n  t h e  f a u l t  t r e e  shown i n  F igu re  8 .1  

o f  S e c t i o n  8. Tab le  8.1 l i s t e d  t h e . e v e n t s  as they  were t i t l e d  and keyed 

i n  t h e  f a u l t  t r e e .  Occurrence f requenc ies  f o r  each even t  a r e  presented i n  

t h e  f o l l o w i n g  paragraphs: 

Release Occurs Dur ing  Truck T ranspor t  t o  o r  From A i r p o r t  (XI  ) Truck 

t r a n s p o r t  t o  t h e  cargo a i r  t e r m i n a l  i s  r e q u i r e d .  P rev ious  studiesi1) have 

determined t h e  r i s k  o f  s h i p p i n g  p l u t o n i u m  d i o x i d e  e n t i r z l y  by  t r u c k .  On a  

p e r  m i l e  b a s i s ,  t h e  r i s k  o f  t r a n s p o r t i n g  m a t e r i a l  t o  t h e  a i r  t e r m i n a l  i s  

the  same as r e p o r t e d  i n  t h e  t r u c k  e v a l u a t i o n .  The d e t a i l s  o f  t h e  t r u c k  



e v a l u a t i o n  w i l l  n o t  be shown here.  I n  Sec t i on  11.2, t he  r i s k  f rom t h e  t r u c k  

t r a n s p o r t  p o r t i o n  o f  t h e  a i r  t r a n s p o r t  mode w i l l  be summarized. Subsequent 

sec t i ons  w i l l  t hen  add t h e  r i s k  a r i s i n g  f rom t h e  a i r  t r a n s p o r t  p a r t  t o  g e t  

t he  e n t i r e  r i s k  o f  sh i pp ing  p l u ton ium d i o x i d e  by a i r .  

Packing Defec t  Not Detected Dur ing  A i r c r a f t  Loading (X2). Cargo 

handlers  a t  a i r p o r t s  do n o t  have t h e  t o o l s  o r  t h e  e x p e r t i s e  t o  i n s p e c t  

cargo f o r  pack ing  de fec t s .  Thus, except  f o r  obvious damage t o  t h e  o u t e r  

drum, d e f e c t s  would n o t  be de tec ted .  Therefore,  t h e  p r o b a b i l i t y  o f  n o t  

d e t e c t i n g  a  pack ing  d e f e c t  d u r i n g  a i r c r a f t  l o a d i n g  has been ass igned a  

va l ue  o f  1  .O. 

We1 d  De fec t i ve  (X3). Exper ience a t  B a t t e l l  e-Northwest i n d i c a t e s  t h a t  

about  2  f t  o f  every  100 f t  of  weld r e q u i r e s  r e p a i r  t o  meet t h e  q u a l i t y  

s tandards f o r  t h i s  t ype  o f  equipment. S ince c l o s e  t o  2 f t  o f  we ld  i s  

r e q u i r e d  t o  f a b r i c a t e  t h e  2R i n n e r  c o n t a i n e r ,  a  va lue  o f  0.02 p e r  c o n t a i n e r  

was used f o r  t h i s  element.  Th is  va lue was used th roughou t  t h e  s tudy ,  f o r  

bo th  t he  t r u c k  and a i r  analyses. 

Q/A Does Not De tec t  Badly De fec t i ve  Weld (X4). Th is  element i s  used 

i n  t he  a n a l y s i s  i n  combinat ion w i t h  element X5, De fec t i ve  Weld Cannot 

Surv ive  Normal T ranspor t  St resses.  The o n l y  normal t r a n s p o r t  s t r esses  

t h a t  m igh t  a f f e c t  t h e  we ld  a r e  minor  j o s t l i n g  and v i b r a t i o n .  Any weld so 

d e f e c t i v e  t h a t  i t  would n o t  be a b l e  t o  w i t hs tand  normal t r a n s p o r t  s t r esses  

would show obv ious d e f e c t s  and cou ld  n o t  escape d e t e c t i o n  by q u a l i t y  assur-  

ance procedures.  I n  a d d i t i o n ,  10 CFR P a r t  71, Subpart  D r e q u i r e s  sh ippers  

t o  determine, p r i o r  t o  i n i t i a l  use and each subsequent use, t h a t  t h e  packag- 

i n g  has no s i g n i f i c a n t  defects .  Based on these cons ide ra t i ons ,  a  va l ue  o f  

ze ro  was used f o r  X4. 

De fec t i ve  Weld Cannot Surv ive  Normal T ranspor t  St resses (X5). It was 

c o n s e r v a t i v e l y  assumed t h a t  t h e  probabi  1  i ty  o f  a  bad l y  d e f e c t i v e  we1 d  f a i  1  i ng 

under normal t r a n s p o r t  s t r esses  was 1 .0  pe r  d e f e c t i v e  we1 d. 

(X6). Not used. 



C o r r o s i v e  M a t e r i a l  I n s i d e  2R (X7). I n  t h e  a n a l y s i s ,  i t  i s  assumed 

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

can t o  co r rode  t h r o u g h  i f  c o r r o s i v e  m a t e r i a l  i s  p r e s e n t .  Thus, i t  makes 

e s s e n t i a l l y  no d i f f e r e n c e  whether t h e  c o r r o s i v e  m a t e r i a l  i s  i n i t i a l l y  i n  

t h e  Pu02 o r  i n s i d e  t h e  2R c o n t a i n e r .  The sample can breaches r e f e r r e d  t o  

i n  XI3 c o u l d  have r e s u l t e d  f rom e i t h e r  i n t e r n a l  o r  e x t e r n a l  c o r r o s i v e  

a c t i o n .  The occur rence  p robab i  1  i t y  f o r  t h i s  e lement  i s  i n c l u d e d  i n  X I  3. 

There fo re ,  i t  was s e t  a t  ze ro  here .  

C o r r o s i v e  M a t e r i a l  P resen t  Ou ts ide  2R (X8). The p l u t o n i u m  r e c e i v e r s  

su rvey  i n d i c a t e d  t h a t  of  a p p r o x i m a t e l y  6200 packages r e c e i v e d ,  none had 

any s i g n i f i c a n t  c o r r o s i v e  m a t e r i a l  p r e s e n t  o u t s i d e  t h e  2R v e s s e l .  Assuming 

a  c o n s t a n t  p r o b a b i l i t y  f o r  t h e  presence o f  c o r r o s i v e  m a t e r i a l  no occur rences 

i n  t h e  shipment o f  6200 c o n t a i n e r s  i n d i c a t e s  an occur rence  r a t e  of  l e s s  

than  1 0 ' ~  p e r  c o n t a i n e r  a t  t h e  50% c o n f i d e n c e  l e v e l .  A  v a l u e  o f  p e r  

c o n t a i n e r  was used f o r  X8. T h i s  v a l u e  was used i n  b o t h  t h e  t r u c k  and a i r  

shipment r i s k  ana lyses.  

S ~ f f i c i e n t  Time A v a i l a b l e  t o  Corrode 2R (X9) .  A l though  t h e r e  has been 

some f a i l u r e  of  sample cans, p o s s i b l y  due t o  c o r r o s i o n ,  t i m e  i n  t r a n s i t  and 

m a t e r i a l  a r e  inadequate  t o  f a i l  t h e  2R. There fo re ,  t h i s  e lement  was s e t  

a t  zero .  

2R Leaks When P r o p e r l y  Closed (XI  0) .  T h i s  e v e n t  i s  i n c l u d e d  i n  t h e  

XI1 va lue .  There fo re ,  i t s  v a l u e  was s e t  a t  z e r o  here .  

P l  ug Loosens Dur ing  T r a n s p o r t  (XI  1  ) .  Based on t h e  p l  u t o n i  um r e c e i v e r s  

survey,  t h e  occur rence r a t e  o f  2R p l u g s  b e i n g  l o o s e  d u r i n g  t r a n s p o r t  i s  0.2 

p e r  c o n t a i n e r .  T h i s  e v e n t  w i t h  i t s . a s s i g n e d  va lue  was used t o  c a l c u l a t e  

t h e  r i s k s  i n v o l v e d  i n  b o t h  a i r  and t r u c k  shipments.  

P l u g  Unscrews D u r i n g  T r a n s p o r t  (XI  2 ) .  Based on t h e  p l u t o n i u m  r e c e i v e r s  

su rvey  i n c l u d i n g  LLD s t a t i s t i c s ,  t h e  occur rence  r a t e  o f  t h e  2R p l u g  unscrew- 

i n g  d u r i n g  t r a n s p o r t  i s  e s t i m a t e d  t o  be 4  x  l o q 4  p e r  c o n t a i n e r .  T h i s  even t  

was a l s o  used i n  e v a l u a t i n g  b o t h  t r u c k  and a i r  r i s k s .  



Cor ros ive  M a t e r i a l  Present  i n  PuOq (XI  3 ) .  The p l u ton ium r e c e i v e r s  

survey d i d  n o t  s p e c i , f i c a l l y  i n d i c a t e  any i ns tances  where c o r r o s i v e  m a t e r i a l  

was p resen t  i n  t h e  Pu02. However, i t  d i d  r evea l  t h r e e  ins tances  i n  t h e  

r e c e i p t  o f  about  4000 6M and LLD-1 packages where t h e  sample can was 

breached o r  n o t  comp le te ly  sealed. The cause o f  t h e  breaches was n o t  

determined. A l though improper c l osu re  i s  cons idered t h e  most l i k e l y  cause 

o f  breach, t h e  breaches cou ld  have been caused by c o r r o s i o n .  Since, i n  

t ime, c o r r o s i o n  cou ld  p o t e n t i  a1 l y  l e a d  t o  g r e a t e r  consequences ( f a i  1  u re  o f  

t he  2R c o n t a i n e r )  than  improper c l o s u r e  o f  t h e  sample can, f o r  t h i s  

a n a l y s i s  t he  breaches were a l l  assumed t o  be due t o  co r ros i on .  Therefore,  

a  probabi  1  i ty  o f  8  x 1  o - ~  was used f o r  X I  3. The same va lue  was used i n  

t he  a i r  and t r u c k  t r a n s p o r t  eva lua t i ons .  

(X14). Not used. 

Sample Can Improper l y  Closed (XI 5 ) .  The sample can f a i l u r e s  i n d i c a t e d  

i n  t h e  p l  u t o n i  um r e c e i v e r s  survey cou ld  have been caused by improper  c l o s u r e  

o r  c o r r o s i o n .  The occurrence p r o b a b i l i t y  f o r  t h i s  element i s  i n c l u d e d  i n  

X13. Therefore,  i t  was s e t  a t  zero here.  

S u f f i c i e n t  Time f o r  Sample Can t o  Corrode (XI 6 ) .  The sample can i s  

t h i n - w a l l e d .  Therefore,  i t  was c o n s e r v a t i v e l y  assumed t h a t  i f  c o r r o s i v e  

m a t e r i a l  were p resen t  t h e r e  would be s u f f i c i e n t  t ime  d u r i n g  t r a n s p o r t  f o r  

i t  t o  co r rode  th rough  t he  sample can. A va lue  o f  1.0 was used f o r  X I  6. 

(X17). Not used. 

Wrong Sample Can Used f o r  T ranspor t  (X18). Cans which a r e  t o o  l a r g e  

o r  t o o  smal l  c o u l d  be more suscep t i b l e  t o  damage d u r i n g  t r a n s p o r t .  I n  

t he  survey r e s u l t s ,  t h e  cause o f  t h e  sample can damage i nc l uded  under XI3 

i n  t h i s  e v a l u a t i o n  was n o t  asce r t a i ned .  One reason cou ld  have been use 

of t h e  wrong cans. I n  t h i s  e v a l u a t i o n  t he  f a i l u r e  da ta  was i n c l u d e d  under 

XI3 and s e t  a t  ze ro  here.  

Sample Can Damaged Before Loading and Not Corrected (X19). The survey 

r e s u l t s  cou ld  n o t  determine t h e  cause o f  sarr~ple can f a i l u r e .  Therefore,  

t h e  element was i n c l u d e d  i n  XI3 s t a t i s t i c s .  I t s  va lue  was s e t  a t  ze ro  here. 



Sample Cans Damaged by 2R P lug  Closure (X20). Th i s  event  i s  i nc l uded  

i n  t h e  XI3 value. Therefore,  i t s  va lue  was s e t  a t  zero here.  

Sharp Ob jec t  i n  2R Conta iner  (X21). Th i s  event  i s  i nc l uded  i n  t he  X13 

va lue.  Therefore, i t s  va lue  was s e t  a t  zero here.  

Sample Cans Not P rope r l y  Packed i n  2R (X22). Th i s  event  i s  i nc l uded  

i n  t h e  XI3 va lue.  Therefore,  i t s  va lue  was s e t  a t  zero here. 

Sh ipp i r lg  Conta iner  Dropped Dur ing  T ranspor t  (X23). T h i s  event  i s  

i nc l uded  i n  the  X28 va lue .  There fo re ,  i t s  va lue  was s e t  a t  zero here.  

Gas Generated by M a t e r i a l  Present  i n  Can (X24). Based on t h e  p lu ton ium 

r e c e i v e r s  survey u s i n g  bo th  6M and LLD s t a t i s t i c s ,  t h e  occurrence r a t e  o f  

gas genera t ion  i n  t h e  sample can d u r i n g  t r a n s p o r t  i s  es t imated  t o  be 

5  x  l o m 4  p e r  con ta i ne r .  The same va lue was used i n  Both t h e  t r u c k  and 

t r a n s p o r t  eva l  ua t i ons .  

C r i t i c a l i t y  Causes Rupture o f  Sample Can (X25). If c r i t i c a l i t y  occurs,  

t h e  sample can w i l l  r up tu re .  Therefore,  t h i s  element was s e t  a t  1  .O. 

C r i t i c a l  i ty  Occurs Due t o  Extreme Deformat ion i n  T ranspor t  (X26). 

Forces capable  o f  c rush ing  con ta i ne rs  t oge the r  s u f f i c i e n t l y  t o  form a  

c r i t i c a l  a r r a y  do n o t  occur  d u r i n g  normal t r a n s p o r t a t i o n .  Since t h i s  

i s  independent o f  mode o f  t r a n s p o r t ,  t h i s  even t  was used i n  t h e  a n a l y s i s  

o f  b o t h  t r u c k  and a i r  phases o f  t h e  shipment and i t s  va lue  was zero i n  

bo th  . 

6M Shipped i n  Wrong O r i e n t a t i o n  on Truck (X27). The p lu ton ium 

r e c e i v e r s  survey i n d i c a t e d  t h a t  o f  approx imate ly  6200 packages rece ived ,  

none had been shipped i n  t h e  wrong o r i e n t a t i o n .  Assuming a  cons tan t  prob- 

a b i l  i t y  o f  m i s o r i e n t a t i o n ,  no wrong o r i e n t a t i o n s  o f  6200 con ta i ne rs  i n d i c a t e s  

a  m i s o r i e n t a t i o n  r a t e  o f  l e s s  than 1  o - ~  p e r  c o n t a i n e r  a t  t h e  50% conf idence 

l e v e l .  A  va lue  of  1 o - ~  pe r  c o n t a i n e r  was used f o r  X27. 



Outer  Conta iner  F a i l s  f rom Mishand l ing  and Not Detected (X28). Based 

on t h e  p l u ton ium r e c e i v e r s  survey, t h e  p r o b a b i l i t y  t h a t  a  c o n t a i n e r  w i l l  

have an undetected breach d u r i n g  t r a n s p o r t  i s  es t imated  t o  be 2 x  p e r  

con ta i ne r .  The same va lue has been used i n  t h e  a i r  and t r u c k  t r a n s p o r t  

eva l  ua t ions .  

Outer  Con ta iner  Punctured f rom Ob jec t  i n / o r  P r o t r u d i n g  f rom F l o o r  

Board (X29). No d i s t i n c t i o n  cou ld  be made between X28 and X29 f rom the  

survey r e s u l t s .  Therefore,  bo th  events  were i nc l uded  under X28 and t h i s  

element was s e t  a t  zero.  

Con ta iner  Shipped i n  Wrong O r i e n t a t i o n  Dur ing  A i r  T ranspor t  (X30). A 

va lue  o f  pe r  c o n t a i n e r  was used f o r  m i s o r i e n t a t i o n  d u r i n g  t r u c k  sh ip -  

ment (X27). S ince t h e  s t a t i s t i c s  a r e  n o t  expected t o  be mode dependent, 

a  va lue  o f  w i l l  a l s o  be used i n  t h e  a i r  t r a n s p o r t  e v a l u a t i o n .  

Tiedowns Break Dur ing  A i r  Shipment ( X 3 u .  Accord ing t o  a i r  f r e i g h t  

s t a t i s t i c s ,  1% o f  t h e  cargo a i r c r a f t  a r r i v i n g  a t  t h e i r  d e s t i n a t i o n  have a 

p a l l e t  w i t h  unsecured cargo, u s u a l l y  as a  r e s u l t  o f  an a i r c r a f t  l o a d i n g  

e r r o r .  There a r e  40 pa l  l e t s  p e r  a i r p l a n e .  A1 1 p lu ton ium d i o x i d e  con ta i ne rs  

would be sh ipped on a s i n g l e  p a l l e t ,  and t h e  p r o b a b i l i t y  t h a t  t h e  t iedowns 

on t h a t  p a r t i c u l a r  pa l  l e t  would be l oose  o r  broken i s  0.01 x  0.025 o r  

2.5 x  Th is  i s  conserva t i ve ,  s i n c e  a1 1 hazardous m a t e r i a l s  a r e  doubly  

checked by t he  a i r c r a f t  crew p r i o r  t o  t a k e o f f .  

A i r c r a f t  Exposed t o  Extreme Turbulence (X32). S ince most f l i g h t s  

exper ience some t ype  of turbu lence,  t he  va lue  o f  t h i s  element was con- 

s e r v a t i v e l y  s e t  a t  1.0. 

D e f e c t i v e  Sample Can Not Detected (X33). Unless t h e  e n t i r e  sh i pp ing  

c o n t a i n e r  was damaged, i t  i s  d o u b t f u l  t h a t  a  d e f e c t i v e  sample can would be 

detected.  The va lue  assigned t o  t h i s  event  was 1.00. 

Force Which Breached 2R S u f f i c i e n t  t o  Breach Sample Can (X34). Very 

h i g h  f o r c e s  a r e  r e q u i r e d  t o  breach t h e  0 .25- in .  t h i c k  2R con ta i ne r .  The 

a d d i t i o n a l  f o r c e  r e q u i r e d  t o  r u p t u r e  a  sample can i s  ve r y  smal l  i n  com- 

pa r i son .  Thus, a  va l  ue o f  1.0 was used f o r  t h i s  element.  



Free Fa1 1 Acc iden t  Occurs (X35). For con ta i ne rs  t o  f r e e  f a l l  t o  t he  

ea r t h ,  t h e  a i r p l a n e  must have been i n v o l v e d  i n  a  m i d a i r  acc i den t  which 

r u p t u r e d  t h e  fuse lage  and broke the  p a l l e t  t iedowns. Based on t h e  Sandia ( 2 )  

e v a l u a t i o n  o f  t h e  a i r c r a f t  acc i den t  environment,  a  m i d a i r  acc i den t  r e s u l t -  

i n g  i n  a i r c r a f t  d i s i n t e g r a t i o n  cou ld  be encountered a t  a  r a t e  o f  1.6 x  10 -1 0  

acc idents /mi  l e .  The f a u l t  t r e e  i s  based on one con ta i ne r  be ing  shipped 

1500 m i l es .  Therefore,  t h e  l i k e l i h o o d  o f  a  f r e e  f a l l  acc i den t  o c c u r r i n g  

i s  2.4 x  1  o - ~  a c c i d e n t s l c o n t a i n e r  shipped 1500 m i l es .  

Sample Can F a i l s  i n  Free F a l l  Acc iden t  Environment (X36). A sample 

can i s  a  th in -wa l  l e d  sea led  s t e e l  c o n t a i n e r  which i s  n o t  designed t o  

s u r v i v e  ground impact  f o l l  owing f r e e  f a 1  1 . Therefore,  a va lue  of  1 .0  was 

assigned as the  p r o b a b i l i t y  o f  t h i s  even t  o c c u r r i n g .  

Conta iner  Shipped w i t h  De fec t i ve  Bol t Ring (X37). Survey r e s u l t s  

i n d i c a t e  t h a t  2% of  t h e  b o l t  r i n g s  f a i l  when t hey  a r e  be ing  t i gh tened .  

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

d u r i n g  a  shipment. I n  t h i s  ana l ys i s ,  X37 was s e t  a t  0.02 f a i l u r e s / c o n t a i n e r  

i n v o l v e d  i n  an acc i den t .  

B o l t  Ring F a i l s  f rom Free F a l l  .- Acc iden t  Imposed Forces (X381. Th is  

element was i n c l u d e d  i n  X52. Therefore,  i t  was s e t  a t  zero here.  

Free F a l l  Acc iden t  Imposes Design Level  Forces on Threads (X39). 

Forces on t he  th reads  a r e  expected t o  be inward a c t i n g  and would tend  t o  

jam t h e  p l u g  i n  more t i g h t l y  r a t h e r  than  remove i t .  Therefore,  t h i s  

element was s e t  a t  zero.  T h i s  argument was a l s o  used f o r  events  X139, 

X239, and X339. 

P lug  Cross Threaded (X40). T h i s  element i s  one p o s s i b l e  cause o f  

th read  damage. S t a t i s t i c s  f rom t h e  survey a re  i nc l uded  i n  X42. Th is  

element was s e t  a t  zero.  

Cross Threaded Threads Not Detected (X41). T h i s  element was s e t  a t  

zero.  I t  i s  i nc l uded  i n  X42. 



Threads Damaged f rom Use o r  Repai r  (X42). Based on t h e  p l u ton ium 

r e c e i v e r s  survey and LLD s t a t i s t i c s ,  t h e  occurrence r a t e  o f  t h e  c o n t a i n e r  

hav ing damaged th reads  d u r i n g  shipment i s  es t imated  t o  be 2  x  pe r  

con ta i ne r .  

Poor Threads Not Detected Before Use (X43). The va lue  of t h i s  element 

was s e t  a t  1 .0  s i n c e  t h e  va lue  f o r  X42 i s  based on use o f  2R vesse ls  w i t h  

damaged th reads .  

Exposed B o l t  Ring F a i l s  i n  Free F a l l  Acc iden t  (X44). The va lue  o f  

t h i s  element was es t imated  t o  be 4  x  b o l t  r i n g  f a i l u r e s  pe r  c o n t a i n e r  

i n v o l v e d  i n  a  f ree  f a l l  acc i den t .  It was es t imated  on t h e  b a s i s  o f  t he  

so l  i d  ang le  i n  which a  probe must s t r i k e  a  p r o t r u d i n g  b o l t  t o  cause f a i l u r e .  

Th i s  a ~ a l y s i s  and va lue  were a l s o  used i n  e v a l u a t i n g  even ts  X144, X244, and 

X344 because f a i l u r e  i s  independent o f  a c c i d e n t  t ype .  

B o l t  Ring Assembled w i t h  Bol t Turned Up and Exposed (X45). Based on 

the  p lu ton ium r e c e i v e r s  survey, t h e  occurrence r a t e  of t h e  b o l t  r i n g  

t u rned  up d u r i n g  t r a n s p o r t  i s  es t imated  t o  be 0.05 pe r  c o n t a i n e r .  

Improper F i t  Between Male and Female Threads (X46). Th i s  element was 

s e t  a t  zero.  I t  i s  i n c l  uded i n  X42. 

Free F a l l  Impact Forces S u f f i c i e n t  t o  Cause Rupture o f  Outer  Can By 

2R (X47). Sandia t e s t  r e s u l t s ( 3 )  have shown t h a t  a  near end-on impact  o f  

t h e  6M c o n t a i n e r  on to  s o i l  a t  v e l o c i t i e s  i n  excess o f  391 f t / s e c  w i l l  cause 

t h e  2R t o  punch i t s e l f  through t h e  o u t e r  drum. As t h e  6M f a l l s ,  i t  w i l l  

tumble end over  end. Thus, i t  w i l l  s t r i k e  t h e  ground a t  a  random ang le  

between 0  and 180°, 90" be ing  c lasses  as an end-on impact .  The ang le  

must be w i t h i n  22 l / Z O  o f  90" f o r  t h e  impact  t o  be c l a s s i f i e d  as a  near  

end-on impact.  A  45" ang le  o f  a s e m i c i r c l e  represen ts  25% o f  t h e  p o s s i b l e  

impact  angles.  Thus, t h e  f r a c t i o n  o f  in ipacts c lassed  as end-on i s  0.25. 

The l i k e l i h o o d  o f  t h e  c o n t a i n e r  impac t ing  s o i l  i s  es t imated  t o  be 0.68. 

t h e r e f o r e ,  t h e  p r o b a b i l i t y  t h a t  t h e  6M c o n t a i n e r  w i l l  impac t  on to  a  s o i l  

su r f ace  i n  t he  p roper  o r i e n t a t i o n  f o r  t h i s  event  t o  o c c l r  i s  es t imated  t o  

be (0 .25)(0 .68)  = 0.17 pe r  c o n t a i n e r  i n v o l v e d  i n  a  f r e e  f a l l  acc iden t .  How- 

ever ,  s i n c e  t h e  t e r m i n a l  v e l o c i t y  of t h i s  p a r t i c u l a r  t ype  6M c o n t a i n e r  has 

been c a l c u l a t e d  t o  be approx imate ly  280 f t / s e c ,  t h e  c o n t a i n e r  w i l l  n o t  reach 



a v e l o c i t y  d u r i n g  f r e e  f a l l  s u f f i c i e n t  t o  cause r u p t u r e  o f  t h e  o u t e r  drum by 

t h e  2R upon impact.  The va lue  ass igned t o  t h i s  even t  was zero.  

Free F a l l  Puncture Probe Longer Than 11 i n .  and Force Equal t o  Drop 

o f  300 i n .  (X48). Ana l ys i s  has shown t h a t  an 11 - i n .  l o n g  (minimum) punc- 

t u r e  probe w i t h  a  f o r c e  equal t o  a  drop o f  g r e a t e r  than  300 i n .  on to  a  

6 - i n .  diam sp i ke  i s  r e q u i r e d  t o  punch t he  2R c o n t a i n e r  th rough  t h e  o u t e r  

drum. Based on t h e  h i g h  v e l o c i t y  which a  c o n t a i n e r  i n  f r e e  f a l l  a t t a i n s ,  

a1 1  c o n t a i n e r  puncture probe i n t e r a c t i o n s  have s u f f i c i e n t  energy t o  punch 

t h e  2R f rom t h e  o u t e r  drum i f  t h e  a x i s  o f  t h e  2R and t h e  punc tu re  probe 

a r e  n e a r l y  p a r a l l e l .  As a  minimum, t he  probe must s t r i k e  t h e  t op  o r  bot tom 

of t h e  2R such t h a t  t h e  s o l i d  angle  o f  impact  i s  l e s s  than  t he  apex ang le  

of an imaginary  cone formed by l i n e s  drawn th rough  t h e  c e n t e r  of mass of 

t he  2R and t h e  t op  o r  bot tom edge of  t h e  2R. Since t h e  2R has an O D  of 

5.56 i n .  and an o v e r a l l  l e n g t h  o f  11.8 i n . ,  t h e  apex ang le  o f  t h e  imaginary  

cone i s  25". As t h e  6M fa1 I s ,  i t  w i l l  tumble end ove r  end. Thus, t h e  

ang le  of impact,  measured between 0  and 180" i s  expected t o  be e n t i r e l y  

random. The l i k e l i h o o d  o f  t h e  impact be ing w i t h i n  t h e  25" acceptance 

ang le  i s  t h e r e f o r e  0.14. I n  a d d i t i o n  t o  t he  ang le  requi rement ,  t h e  probe 

must s t r i k e  t he  t o p  o r  bot tom o f  t h e  i n n e r  c o n t a i n e r  f o l l o w i n g  punc tu re  o f  

t h e  o u t e r  drum. The f r a c t i o n  o f  probes s t r i k i n g  bo th  surfaces i s  dependent 

on the  area r a t i o .  The r a t i o  o f  c ross  s e c t i o n a l  area o f  t h e  2R t o  t h e  

o u t e r  drum i s  0.128; t hus  t h e  f r a c t i o n  of probes s t r i k i n g  t he  t o p  o r  bottom 

of  the  2R, g i ven  impact w i t h  t h e  t op  o r  bot tom o f  t h e  6M a t  an angle  r e l a -  

t i v e  t o  t h e  a x i s  o f  t h e  2R o f  l e s s  than  25", i s  0.128. To push t h e  2R 

th rough  t h e  o u t e r  drum t h e  probes must be 11 i n .  l ong .  Sandia es t imates  

t h e  l i k e l i h o o d  o f  probe bending i s  p r o p o r t i o n a l  t o  probe l eng th .  T h e i r  

a n a l y s i s  was based on a  4 - i n .  probe l e n g t h .  Thus, t he  requi rement  f o r  an 

11 - i n .  probe reduces the  punc tu re  probabi  1  i t y  by t h e  r a t i o  of 4/11. The 

above f a c t o r s  a r e  m u l t i p l i e d  t o g e t h e r  t o  g e t  t h e  expected f requency o f  

punching t h e  2R through t h e  o u t e r  drum g iven  punc tu re  o f  t h e  o u t e r  drum. 

The expected frequency o f  punching t h e  2R th rough  t h e  6M, g iven  punc tu re  



of the 6M i s  therefore 0.14 x 0.128 x 4/11 = 0.0065 per puncture probe s t r ike  
of outer drum. A similar analysis was used in the evaluation of events 

X148, X248, and X348. 

-. Although there i s  a pos- 

s i b i l i t y  of f i r e  during the i n i t i a l  breakup accident, i t  will not impose 

s t resses  capable of fa i l ing  the 6M container. Furthermore, the free f a l l  

accident i t s e l f  scat ters  the wreckage of the plane over a wide area so that  

the possibil i ty of a ground f i r e  occurring which i s  of suff ic ient  intensity 

t o  cause fa i lure  of the package i s  highly improbable. Therefore, a value 

of zero was assigned to  th is  element. 

Sufficient Moisture Present to  Cause Outer Drum Failure in Fire (X50). 

The plutonium receivers survey indicated no instances where water was pre- 
sent in the 6M containers. Even i f  water were present, the outer drum would 

not f a i l  in a f i r e  due to  the limited free volume and the presence of vent 

holes. Therefore, the value of X50 was s e t  to  zero for th is  evaluation. 

Free Fall Accident Crush Forces Cause Lid Removal (X51). Cr.ush can 

occur only i f  a l l  of the containers impact the earth as a single unit .  

This implies that  the plane intact .  The tiedown s t r i p s  on the pa l le t  are 

not substantial enough t o  allow such a sequence. For th is  reason the value 

for  X51 was s e t  to  zero. 

Free Fall Accident Impact Forces Cause Lid Removal (X52). Based on the 

resul ts  of high-speed impact t e s t s  performed a t  Sandia, (3)  the outer drum 
fa i lure  i s  expected i f  the 6M, traveling a t  i t s  terminal velocity, s t r ikes  

the earth.  Sandia estimates tha t  only 0.015 of the accidents will occur 

over water. For these cases, f a i lu re  of the outer drum i s  not expected. 

Thus for  0.985 of the accidents which resul t  in airplane breakup, the outer 

drum of a l l  the 6Ms involved in the accident will f a i l .  Thus, the analysis 

will use a value for X52 of 0.985/container involved in a breakup accident. 

Free Fall Accident Impact Forces Exceed Design Strength of Outer Drum 

(X53). The evaluation performed t o  obtain a value for  X52 did not dis t in-  

gui sh between outer drum fa i lure  and 1 id removal : T h u ~ ,  the value for  X52 

i s  included in the s t a t i s t i c s  used t o  evaluate X52. For t h i s  reason, the 

value of X52 was s e t  to  zero. 



Free F a l l  Acc iden t  F i r e  St resses Cause Outer Drum F a i l u r e  (X54). For 

the  same reasons g i ven  i n  X49, t h i s  element was assigned a  zero va lue.  

Free F a l l  Acc ident  Crush Forces Exceed Design S t reng th  o f  Outer  Drum 

(X55). Th is  element was i nc l uded  i n  X51 and was g i ven  a  va l ue  of ze ro  

here.  

Puncture Probes Present  Dur ing  Free F a l l  Acc iden t  ( ~ 5 6 ) .  Puncture 

probes w i l l  a lmost  always be p resen t  on t h e  ground where a  f r e e  f a l l i n g  

con ta i ne r  impacts.  Th is  element was c o n s e r v a t i v e l y  g i ven  a  va lue  o f  1.0. 

Free F a l l  Puncture Probe S t r i k e s  Drum (X57). Sandia es t ima tes (2 )  t h a t  

t h e  p r o b a b i l i t y  o f  a  f r e e  f a l l i n g  c o n t a i n e r  impac t i ng  a  punc tu r i ng  agent,  

such as a  t r e e ,  s t r u c t u r e ,  o r  j u t t i n g  r ock ,  i s  no l a r g e r  than  0.1. Thus 

t h e  va lue  assigned t o  t h i s  event  i s  0.1 p e r  c o n t a i n e r  i nvo l ved  i n  a  f r e e  

fa1 1  acc iden t .  

Free F a l l  Puncture Force Equal t o  a  Drop o f  133 i n .  on to  a  6 - i n .  

Sp ike (X58). Ana lys is  has shown t h a t  a  punc tu re  probe w i t h  a  f o r c e  equi  va- 

l e n t  t o  t h a t  exper ienced when a  6M c o n t a i n e r  i s  dropped 133 i n .  on to  a  

6 - i n .  diam sp i ke  w i l l  breach t h e  o u t e r  c o n t a i n e r .  Cons ider ing t he  extreme 

he igh t s  f rom which a  c o n t a i n e r  f a l l s  d u r i n g  t h e  f r e e  f a l l  acc iden t ,  a l l o w -  

i n g  i t  t o  reach  a  t e rm ina l  v e l o c i t y  o f  approx imate ly  280 f t  p e r  second, 

i t  was assumed t h a t  any punc tu re  probe s t r i k i n g  t h e  c o n t a i n e r  a t  t h e  p roper  

ang le  would be capable  o f  caus ing  a  r u p t u r e  o f  t he  o u t e r  vesse l .  Fu r t he r -  

more, t h e  probe would need t o  be s t o u t  enough t o  punc tu re  t he  drum and n o t  

f a i l  due t o  bending. Sandia es t imates  t h a t  a  probe w i l l  be accepted i f  t h e  

angle  o f  the  probe r e l a t i v e  t o  t h e  v e c t o r  drawn between t h e  c e n t e r  o f  mass 

and t h e  impact  p o i n t  i s  l e s s  than  30". The f r a c t i o n  of probes which w i l l  

s t r i k e  w i t h i n  an ang le  o f  30°, assuming t h e  6M t o  be t umb l i ng  end over  end 

i s  0.167. Thus, t he  va lue  used f o r  X58 was 0.167 p e r  c o n t a i n e r  s t r u c k .  

Fai  1  u re  o f  I nne r  Con ta iner  F a i l s  Outer  (X59). Th i s  element was 

c o n s e r v a t i v e l y  s e t  a t  1  .O. 

Outer  Drum Contains Vent Holes (X60). A l l  o u t e r  drums c o n t a i n  vent  

ho les t o  p e r m i t  hea t  d i s s i p a t i o n .  There fo re  t h i s  element was s e t  a t  1  .O. 



Conta ine r  Shipped w i t h  Loose B o l t  R ing  C losu re  (X61 ). Based on t h e  

su rvey  d a t a  p resen ted  i n  S e c t i o n  7, 12% o f  a1 1  c o n t a i n e r s  had b o l t  r i n g s  

wh ich  were f i n g e r  t i g h t  upon r e c e i p t .  A  t e n t h  o f  an i n c h  s l a c k  i n  t h e  b o l t  

r i n g  i s  enough t o  make i t  loose .  When t h i s  i s  compared w i t h  t h e  0 .23 - in .  

expans ion r e q u i r e d  t o  remove t h e  b o l t  r i n g ,  t h e  l o o s e  r i n g  i s  n o t  a  s i g n i f i -  

c a n t  f a i l u r e  mechanism wh ich  i s  l i k e l y  t o  remove t h e  1  i d .  However, i t  

would  p r o v i d e  an a d d i t i o n a l  pathway f o r  r e l e a s e  i f  t h e  m a t e r i a l  were f r e e  

i n s i d e  t h e  drum. Thus, t h e  v a l u e  used f o r  X61 was 0 .12 /con ta ine r .  T h i s  

va lue  was used i n  b o t h  t h e  t r u c k  and a i r  shipment e v a l u a t i o n s .  

L i d ,  Drum M a t i n g  Sur face  Damaged f rom Hand1 i n g  (X62). The p l u t o n i u m  

r e c e i v e r s  su rvey  i n d i c a t e d  t h a t  a1 though some c o n t a i n e r s  showed v i s i  b l e  

s u r f a c e  damage, no d e f e c t s  i n  t h e  l i d ,  drum m a t i n g  s u r f a c e  were n o t e d  d u r i n g  

r e c e i p t  o f  a p p r o x i m a t e l y  3500 drum-type c o n t a i  ners .  Assuming a  c o n s t a n t  

p r o b a b i l i t y  o f  damage, no d e f e c t s  i n  3400 c o n t a i n e r s  i n d i c a t e s  a  damage 

r a t e  o f  l e s s  t h a n  2  x  p e r  c o n t a i n e r  a t  t h e  50% c o n f i d e n c e  l e v e l .  A  

v a l u e  o f  2  x  l o T 4  p e r  c o n t a i n e r  was used f o r  X62. T h i s  v a l u e  was used f o r  

b o t h  t h e  t r u c k  and a i r  shipment e v a l u a t i o n s .  

Dunnage F a i l e d  Dur ing  Free F a l l  A c c i d e n t  (X63). As d e f i n e d ,  a  f r e e  

f a l l  a c c i d e n t  must be preceded by  an a i r c r a f t  breakup i n  which t h e  c o n t a i n e r s  

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

was s e t  a t  1  .O. 

D e f e c t i v e  Outer  Drum Not  Detected (X64) .  T h i s  e lement  was conserva- 

t i v e l y  s e t  a t  1  .O. T h i s  same va lue  was used i n  t h e  t r u c k  shipment e v a l u a t i o n  

S u f f i c i e n t  M o i s t u r e ,  Gas Presen t  I n s i d e  2R t o  Cause F a i l u r e  i n  F i r e  

(X65). M o i s t u r e  p r e s e n t  i n s i d e  t h e  2R c o u l d  cause t h e  2R t o  f a i l  i n  a  f i r e  

f r o m  e x c e s s i v e  p r e s s u r e  b u i l d u p .  However, t h e r e  wou ld  have t o  be t h e  equ iva -  

l e n t  o f  severa l  hundred grams o f  w a t e r  p r e s e n t  f o r  c r e a t i o n  o f  s u f f i c i e n t  

p r e s s u r e  t o  f a i l  t h e  2R s h o u l d  i t  be i n v o l v e d  i n  a  f i r e .  The we igh ings  

and ana lyses  per formed t o  meet sa feguards s h i p p i n g  r e g u l a t i o n s  would  d e t e c t  

t h e  a c c i d e n t a l  a d d i t i o n  o f  severa l  hundred grams o f  wa te r  p r i o r  t o  shipment.  

Thus, X65 was s e t  a t  zero .  



S u f f i c i e n t  Mo i s tu re  Present  t o  Cause 2R F a i l u r e  by C r i t i c a l i t y  (X66). 

A  6M package w i t h  t h e  p l u ton ium r e t a i n e d  i n  t h e  2R c o n t a i n e r  cannot  become 

c r i t i c a l  r ega rd l ess  o f  wa te r  con ten t .  Therefore,  t h e  va lue  f o r  t h i s  

element was s e t  a t  zero.  

C r i t i c a l i t y  Occurs Due t o  Extreme Deformat ion i n  Free F a l l  Acc iden t  

(X67). The c h a r a c t e r i s t i c s  o f  t h e  6M sh ipp ing  package and l o a d i n g  

r e s t r i c t i o n s  p reven t  c r i t i c a l i t y  i n  normal t r a n s p o r t  and d u r i n g  severe 

acc iden ts .  A s i n g l e  6M c o u l d  be crushed down t o  t h e  2R c o n t a i n e r  and 

immersed i n  wa te r  and c r i t i c a l i t y  s t i l l  would n o t  occur .  However, i f  an 

a r r a y  o f  6M con ta i ne rs  were ex t reme ly  crushed t o g e t h e r  and t h e  a r r a y  

immersed i n  water,  c r i t i c a l i t y  would t h e o r e t i c a l l y  be poss ib l e .  If any o f  

these c o n d i t i o n s  a r e  n o t  present ,  c r i t i c a l i t y  cannot occur .  Based on t h e  

Sandia e v a l u a t i o n  o f  t h e  a i r  acc i den t  environment,  a  severe c rush  e n v i -  

ronment i s  n o t  encountered d u r i n g  a i r  t r a n s p o r t  acc i den t s .  Thus, t h e  

p r o b a b i l i t y  t h a t  c r i t i c a l i t y  r e s u l t s  f rom an a i r  t r a n s p o r t  acc i den t  was 

s e t  t o  zero.  Th is  e v a l u a t i o n  i s  a l s o  v a l i d  f o r  even ts  X167, X267, and 

X367. 

Free Fa1 1  Impact  Forces S u f f i c i e n t  t o  Fa i  1  2R Vessel (X68). F a i l  - 
u r e  t h r e s h o l d  va lues presented i n  Sec t i on  6  i n d i c a t e ' t h a t  an impact on to  an 

u n y i e l d i n g  s u r f a c e  a t . v e l o c i t i e s  i n  excess o f  225 f t / s e c  a r e  s u f f i c i e n t  

t o  cause f a i l u r e  o f  t h e  2R i n n e r  c o n t a i n e r .  Ca l cu l a ted  t e rm ina l  v e l o c i t i e s  

o f  bo th  t h e  2R and e n t i r e  6M package a r e  i n  excess o f  t h i s  value. M a t e r i a l  

presented i n  Sec t i on  5  i n d i c a t e s  t h a t  approx imate ly  14% o f  t h e  su r f ace  

below an a i r p l a n e  i n  f l i g h t  can be c l a s s i f i e d  as u n y i e l d i n g  (hard  and s o f t  

r ock ) .  Therefore,  a  va lue  of 0.14 was ass igned t o  t h i s  element. In forma-  

t i o n  f rom t h i s  a n a l y s i s  i s  a l s o  i n c l u d e d  i n  t h e  a n a l y s i s  o f  events  XI68 and X268. 

F i r e  St resses f rom F i r e  Fo l l ow ing  Conta iner  Free F a l l  t o  Ea r t h  

S u f f i c i e n t  t o  F a i l  2R Vessel (X69). Th i s  element i s  used i n  c o n j u n c t i o n  

w i t h  (X49) which was s e t  t o  zero.  F i r e s  a r e  n o t  expected f o l l o w i n g  ground 

impact  o f  d e b r i s  from a  m i d a i r  a i r c r a f t  breakup acc i den t .  If a f i r e  d i d  
occur,  t h e  f i r e  induced s t r esses  would n o t  be s u f f i c i e n t  t o  f a i l  t h e  2R. For  

t h i s  reason, (X69) was ass igned a  ze ro  va lue .  



Free Fall Accident Inlposed Crush Force Exceeds 2R Design Strength (X70). 

For the same reasons presented in the evaluation of X51, th is  element was 

given a val ue of zero. 

Puncture Probe Strikes 2R Container During Free Fa1 1 Accident (X71 ) .  

Only non-bending probes a t  leas t  8 in.  long can s t r ike  the 2R container. 

Furthermore, since the 2R container does not extend the full  height of the 

outer drum of the 6M container not a l l  probes 8 in. long will actually 

s t r ike  the 2R. The fraction of the centerline of the outer drum occupied 

by the 2R i s  14 in.121.5 in. = 0.65. Since the acceptance angle of the 

probe decreases linearly with probe length and the puncture data presented 

in Section 5 i s  based on a mean probe length of 4 i n . ,  half the probes 

puncturing the outer drum will not have the proper angle t o  puncture the 

2R. Thus, of the probes fai l ing the outer drum, the expected frequency of 

s t r ikes a t  the proper angle for penetration of the 2R was s e t  a t  0.65 x 

0.5 = 0.33 per puncture of the outer drum. This value was used for  events 

X71, X171, X271, X371 and in the truck shipment analysis. 

Free Fall Accident Puncture Force Equivalent t o  Drop of 170 in. onto 

a 6-in. Spike (X72) .  Analysis has shown (Appendix C )  tha t  a puncture probe 

with a force equal t o  t h a t  experienced when 6M container i s  dropped from 

170 in. onto a 6-in. diam probe could breach the 2R vessel. The terminal 

velocity of a 6M container i s  approximately 280 f t / sec .  A 2R fa i lure  i s  

expected in a l l  cases, given a s t r ike  on to  a puncture probe (X71 ) .  Thus, 

the value of X72 was conservatively se t  a t  1.0. 

Q / A  Does lVot Detect Defective Weld (X73). This element i s  used in - 
conjunction with X74, namely, defective weld does not  survive i n  a i r c ra f t  

breakup accident environment. Elements (X4) and (X5) considered weld 

fa i lure  during normal transport. Q / A  i s  expected t o  detect badly defective 

welds. However, evaluations of Q / A  performance consistently show that  

minor defects are noticed a n d  corrected in 85% of the cases encountered. 

Therefore, X73 was se t  a t  0.15 for th is  analysis. 



D e f e c t i v e  Weld Cannot S u r v i v e  Free Fa1 1  A c c i d e n t  S t resses  (X74). 

Cons ide r ing  t h e  h i g h  s t r e s s e s  i n v o l v e d  i n  a  f r e e  f a l l  impac t  o n t o  t h e  

ground, t h e  l i k e l i h o o d  t h a t  any d e f e c t i v e  weld  would f a i l  i n  such an 

env i ronment  was c o n s e r v a t i v e l y  s e t  a t  1.0. 

( ~ 7 5 )  th rough  (X134). No t  used. 

Breakup A c c i d e n t  Occurs (X135). T h i s  e lement  i s  i d e n t i c a l  t o  (X35). 

There fo re ,  a  v a l u e  o f  2.4 x  acc iden ts /1500  m i l e  shipment was used 

here .  

Sampl e  Can Fa i  1  s  i n  Breakup A c c i d e n t  Env i  ronnient (XI  36 ) .  Cons ide r ing  

t h e  r e l a t i v e l y  f r a g i l e  n a t u r e  o f  t h e  sample can and t h e  r a t h e r  sma l l  f o r c e s  

r e q u i r e d  t o  breach i t, i t  was c o n s e r v a t i v e l y  assumed t h a t  t h e  breakup 

a c c i d e n t  f o r c e  would be s u f f i c i e n t  t o  cause f a i l u r e .  'The v a l u e  used f o r  

XI36 was 1.0.  T h i s  a n a l y s i s  i s  a l s o  used i n  d e t e r m i n i n g  even ts  X236 and 

X336. 

(X137). No t  used. 

B o l t  R ing Fa i  1s f rom Breakup A c c i d e n t  Imposed Forces (X138). T h i s  

e lement was i n c l u d e d  i n  X37. I t s  v a l u e  i s  s e t  a t  ze ro  here .  

Breakup A c c i d e n t  Imposes Design Leve l  Forces on Threads (X139). T h i s  

e lement was s e t  a t  zero .  See X39. 

(X140) th rough  (X143). Not used. 

Exposed B o l t  R ing Fa i  1  s  i n  Breakup A c c i d e n t  (X144). A v a l u e  o f  

4  x  1  o - ~  p e r  c o n t a i n e r  i n v o l v e d  i n  a  breakup a c c i d e n t  was used. See 

a n a l y s i s  o f  X44 f o r  e x p l a n a t i o n .  

(X145) and (X146). Not  used. 

Breakup Impact  Forces S u f f i c i e n t  t o  Cause Rupture  o f  Ou te r  Can by 

2R ( X I  47) .  Impact  f o r c e s  encountered i n  a  m i d a i r  breakup t y p e  a c c i d e n t  

a r e  n o t  s u f f i c i e n t  t o  cause t h e  2R i n n e r  vesse l  t o  punch th rough  t h e  

o u t e r  c o n t a i n e r .  The v a l u e  o f  t h i s  e v e n t  was s e t  a t  zero .  



Breakup A c c i d e n t  Puncture  Probe Longer t h a n  11 i n .  and Force Equal - 
t o  Drop o f  300 i n .  (X148). The Sandia p u n c t u r e  a c c i d e n t  env i ronment  

a n a l y s i s  shows t h a t  2% o f  t h e  probes w h i c h  s t r i k e  t h e  o u t e r  c o n t a i n e r  w i l l  

possess s u f f i c i e n t  energy t o  push t h e  2R c o n t a i n e r  t h r o u g h  t h e  o u t e r  drum. 

P a r a l l e l i n g  t h e  a n a l y s i s  f o r  e v e n t  X48, i t  i s  found t h a t  t h e  f requency f o r  

even t  XI48 i s  1  .3  x  1  p e r  s t r i  ke o f  t h e  o u t e r  c o n t a i n e r .  

F i r e  Occurs Dur ing  Breakup A c c i d e n t  ( ~ 1 4 9 ) .  ~ a t a ( ~ )  on m i l i t a r y  a i r  

t r a n s p o r t  a c c i d e n t s  show t h a t  i n  a p p r o x i m a t e l y  75% o f  a l l  m i d a i r  breakup 

a c c i d e n t s ,  f i r e  i s  i n v o l v e d .  Therefore ,  a  f requency o f  0.75 p e r  breakup 

a c c i d e n t  was used. 

(XI  50).  Not  used. 

Breakup A c c i d e n t  Crush Forces Cause L i d  Removal (XI  51 ). Crush fo rces  

i n  t h e  breakup a c c i d e n t  were cons ide red  i n s i g n i f i c a n t  due t o  t h e  d e f i n i t i o n  

o f  t h i s  t y p e  o f  a c c i d e n t ,  and t h e  f a c t  t h a t  impac t  f o r c e s  a r e  u s u a l l y  much 

g r e a t e r .  The v a l u e  o f  t h i s  e lement was s e t  a t  ze ro .  

Breakup A c c i d e n t  Impact  Forces Cause L i d  Removal (XI  52).  T h i s  even t  

was i n c l u d e d  i n  X37 and i s  g i v e n  a  v a l u e  o f  z e r o  here.  

Breakup A c c i d e n t  Impact  Forces Exceed Design S t r e n g t h  o f  Ou te r  Drum 

(X153). I t  was assumed, f o r  purposes o f  t h i s  a n a l y s i s ,  t h a t  50% o f  t h e  

impacts  ( w i t h  o t h e r  c o n t a i n e r s ,  a i r c r a f t  s t r u c t u r e ,  e t c .  ) w i l l  be w i t h  a  

f o r c e  exceeding t h e  s t r e n g t h  o f  t h e  o u t e r  6M c o n t a i n e r .  The v a l u e  o f  t h i s  

even t  was s e t  a t  0.50 p e r  c o n t a i n e r  i n v o l v e d  i n  a  breakup a c c i d e n t .  

Breakup A c c i d e n t  F i r e  S t resses  Cause Outer  Drum F a i l u r e  (XI  54 ) .  Any 

f i r e  p r e s e n t  i n  a  breakup a c c i d e n t  env i ronment  i s  n o t  o f  s u f f i c i e n t  s e v e r i t y  

t o  cause a  f a i l u r e  o f  t h e  o u t e r  drum. The v a l u e  ass igned  t o  XI54 was zero .  

Breakup A c c i d e n t  Crush Forces Exceed Design S t r e n g t h  o f  Ou te r  Drum 

(XI 55 ) .  D u r i n g  t h e  breakup o r  d i s i n t e g r a t i o n  o f  an a i r c r a f t ,  f o rces  w i l l  

t e n d  t o  separa te  t h e  c o n t a i n e r s  f r o m  t h e  a i r p l a n e .  Any c r u s h  fo rces  p r e s e n t  

w i l l  be over-shadowed by impac t  f o r c e s .  For  t h i s  reason,  XI55 was g i v e n  a  

v a l u e  o f  ze ro .  



Breakup Acc iden t  Generates Puncture Probes XI56 . Based on r e s u l t s  

o f  t h e  s t u d y  o f  a i r c r a f t  a c c i d e n t  environments ,(5e probab i  1 i t y  o f  

e x p e r i e n c i n g  punc tu re  probes i n  such an a c c i d e n t  was found t o  be 0.12. 

Breakup Acc iden t  - Puncture Probe S t r i k e s  Dru~ii (X157). Puncture  probes 

must be p r e s e n t  and must impact  w i t h  t h e  c o n t a i n e r  a t  t h e  p roper  ang le  and 

w i t h  s u f f i c i e n t  energy t o  cause a  p u n c t u r e  t y p e  breach. Sand ia ' s  a c c i d e n t  

environment a n a l y s i s ( ' )  suggests a  va lue  o f  0.01 5  p e r  a c c i d e n t  as r e p r e -  

s e n t a t i v e  o f  c o n d i t i o n s  i n  an a i r c r a f t  a c c i d e n t .  T h i s  va lue cons ide rs  b o t h  

t h e  p r o b a b i l i t y  t h a t  punc tu re  probes w i l l  be generated,  and t h e  p r o b e ' s  

geometry, s t i f f n e s s ,  and ang le  o f  c o n t a c t .  The frequency w i t h  which a 

c o n t a i n e r  i s  s t r u c k  was ass igned a  va lue  of 0.01 5  per  c o n t a i n e r  i n v o l v e d  i n  

a  breakup acc iden t .  T h i s  v a l u e  was used a l s o  f o r  events  X257 and X357. 

Breakup Puncture Force Equal t o  Drop o f  133 i n .  o n t o  a  6 - i n .  Sp ike 

(X158). I n  Appendix C,  i t  i s  shown t h a t  a  drop o f  a t  l e a s t  133 i n .  on to  

a 6 - i n .  d iameter  s p i k e  i s  r e q u i r e d  t o  breach t h e  o u t e r  drum o f  t h e  6M. 

Using t h e  ~ a n d i a ' ~ '  punc tu re  a n a l y s i s ,  o f  those  punc tu re  probes which 

s t r i k e  t h e  c o n t a i n e r ,  probes w i t h  s u f f i c i e n t  energy t o  breach i t  can be 

expected a t  a  f requency o f  0.825 per  c o n t a i n e r  s t r i k e .  Th is  a n a l y s i s  was 

used f o r  events  X258 and X358 a l s o .  

(X159) th rough  (X162). Not used. 

Dunnage F a i l s  Dur ing Breakup Acc iden t  (X163). T h i s  element was con- 

s e r v a t i v e l y  s e t  a t  1.0.  

(X164) th rough  (X166). Not  used. 

C r i t i c a l  i t y  Occurs Due t o  Extreme Deformat ion i n  Breakup Acc iden t  (XI  67 ) .  

Breakup a c c i d e n t  f o r c e s  w i l l  t end  t o  separa te  t h e  c o n t a i n e r s  and p reven t  a  

c r i t i c a l i t y .  The va lue  o f  t h i s  e lement was s e t  t o  zero.  See X67 f o r  a  more 

co1.1-~plete d i s c u s s i o n  o f  t h i s  f a i  1  u r e  element.  

Impact Forces f rom Breakup Acc iden t  S u f f i c i e n t  t o  F a i l  2R Vessel 

(X168). Forces found i n  t h e  breakup a c c i d e n t  environment a r e  n o t  s u f f i c i e n t  

t o  f a i l  t h e  2R. The va lue assigned t o  XI68 was zero.  See X68 f o r  more 

j u s t i f i c a t i o n .  



F i r e  S t resses  f rom Breakup Acc iden t  S u f f i c i e n t  t o  F a i l  2R Vessel (X169). 

Fo r  t h e  same reasons g i v e n  i n  X I  54, t h i s  e lement was s e t  equal t o  ze ro .  

Breakup Acc iden t  Imposed Crush Force Exceeds 2R Design S t r e n g t h  (XI  70).  

For  t h e  same reasons as presented i n  t h e  a n a l y s i s  o f  X155, t h i s  even t  was 

ass igned a p r o b a b i l i t y  o f  ze ro .  

Puncture  Probe S t r i k e s  2R Con ta ine r  Dur ing  Breakup Acc iden t  (X171). - 
The a n a l y s i s  i s  i d e n t i c a l  t o  t h a t  p resen ted  f o r  X71. The v a l u e  ass igned 

t o  t h i s  even t  i s  0.33. 

Breakup Acc iden t  Puncture Probe Equal t o  Drop o f  170 i n .  o n t o  a  6 - i n .  

Sp ike (X172). T h i s  even t  i s  s i m i l a r  t o  X72. Equat ions developed by Sandia 

show t h a t  80% o f  t h e  probes which s t r i k e  t h e  o u t e r  drum w i l l  have s u f f i c i e n t  

a d d i t i o n a l  energy t o  breach t h e  2R vesse l  . Thus, t h e  v a l u e  o f  XI72 was 

s e t  a t  0.80. 

(X173). Not  used. 

D e f e c t i v e  Weld Cannot S u r v i v e  Breakup Acc iden t  S t r e s s  (X174). The 

2R vesse l  i s  p r o t e c t e d  f rom a l l  b u t  t h e  ve ry  severe a c c i d e n t  s t r e s s e s  by 
R t h e  o u t e r  drum and t h e  Celo tex i n s u l a t i o n .  There fo re ,  t h e  we ld  should  

s u r v i v e  a c c i d e n t s  l e s s  severe than, e.g., punc tu re  o f  t h e  o u t e r  drum 

( l i k e l i h o o d  o f  l e s s  than  0.05 p e r  a c c i d e n t ) .  A va lue  o f  0.05 p e r  d e f e c t i v e  

we ld -acc iden t  was used f o r  X174. T h i s  a n a l y s i s  a l s o  a p p l i e s  f o r  even ts  

X274 and X374. 

(XI  75) t h r o u g h  (X234). Not used. 

Acc iden t  Occurs Dur ing  Takeo f f  o r  Landing (X235). Data on A i r  Force 

t r a n s p o r t  a i r c r a f t  a c c i d e n t s ( 4 )  suggest t h a t  54% o f  t h e  recorded  a c c i d e n t s  

occur red  d u r i n g  t a k e o f f  o r  l a n d i n g .  I f  t h e  1  x  a c c i d e n t  p e r  m i l e  r a t e  

used by Sandia f o r  a l l  a c c i d e n t s  i s  used, t h e  r a t e  f o r  t a k e o f f  o r  l a n d i n g  

a c c i d e n t s  i s  found t o  be 5.4 x  l o - '  a c c i d e n t s  p e r  m i l e .  S ince  t h e  r i s k  i s  

c a l c u l a t e d  f o r  a  1500-mi le  t r i p ,  t h e  v a l u e  f o r  X235 used i n  t h i s  a n a l y s i s  

i s  8.1 x  10 '~ /1500  m i l e  shipment. 

0. T h i s  

element was c o n s e r v a t i v e l y  s e t  a t  1.0. See even t  X136. 



(X237). Not  used. 

Bol t Ring F a i l  s  f r o m  T a k e o f f I L a n d i n g  A c c i d e n t  Imposed Forces (X238). 

T h i s  e lement  has been i n c l u d e d  i n  X37, and has been s e t  t o  ze ro  here.  

T a k e o f f I L a n d i  r ~ g  A c c i d e n t  Imposes Design Leve l  Force on Threads (X239). 

T h i s  e lement  was s e t  t o  zero .  See X39 f o r  e x p l a n a t i o n .  

(X240) th rough  (X243). Not  used. 

Exposed B o l t  R ing Fa i  1  s  i n  T a k e c f f I L a n d i n g  Acc iden t  (X244). T h i s  

e lement was g i v e n  a  v a l u e  o f  4  x  1  o - ~ .  See X44 f o r  a n a l y s i s .  

(X245) and (X246). No t  used. 

T a k e o f f I L a n d i n g  A c c i d e n t  Impact  Forces S u f f i c i e n t  t o  Cause Rupture o f  ,-. 
Oute r  Can by 2R (X247). Us ing i n f o r m a t i o n  s u p p l i e d  by ~ a n d i a , ' "  i t  can 

be shown t h a t  impact  f o r c e s  i n  a  t a k e o f f l l a n d i n g  a c c i d e n t  a r e  n o t  s u f f i c i e n t  

t o  cause t h e  2R t o  r u p t u r e  t h e  o u t e r  c o n t a i n e r .  T h i s  e lement  was s e t  t o  

zero .  The a n a l y s i s  o f  X47 c o n t a i n s  a l l  necessary  parameters f o r  c o n t a i n e r  

f a i  1  ure .  

T a k e o f f I L a n d i n g  Puncture  Probe Longer t h a n  11 i n .  and Force Equal t o  

300 i n .  Drop (X248). Us ing  t h e  e q u a t i o n s  d e r i v e d  i n  Sand ia ' s  p u n c t u r e  

env i ronment  a n a l y s i s , ( 2 )  2% o f  a l l  probes which s t r i k e  t h e  o u t e r  c o n t a i n e r  

w i l l  be capable  of  c a u s i n g  t h e  2R t o  be e j e c t e d  f r o m  t h e  p r o t e c t i v e  o u t e r  

c o n t a i n e r .  Us ing  t h i s  v a l u e  and t h e  a n a l y s i s  p resen ted  i n  t h e  e v a l u a t i o n  

o f  X48, we f i n d  t h a t  t h e  r a t e  f o r  X248 i s  1.3 x  pe r  p u n c t u r e  o f  t h e  

o u t e r  drum. 

F i r e  Occurs -. Dur ing  T a k e o f f I L a n d i n g  A c c i d e n t  (X249). Based on i nforma- 

t i o n  compi led by ~ a n d i a ( ~ )  on t h e  f i r e  env i ronment  i n v o l v e d  i n  c i v i l i a n  

a i r c r a f t  acc iden ts ,  t h e  occur rence  r a t e  o f  f i r e s  i s  e s t i m a t e d  t o  be 0.55 

f i r e s  p e r  t a k e o f f l l a n d i n g  a c c i d e n t .  

(X250). Not  used. 

T a k e o f f I L a n d i n g  A c c i d e n t  Crush Forces Cause L i d  Removal (X251). Th is  

e v e n t  was i n c l u d e d  i n  X255; t h e r e f o r e ,  i t s  v a l u e  he re  i s  zero .  



T a k e o f f I L a n d i  ng Irnpact Forces Cause L i d  Removal (X252). T h i  s  e v e n t  

was i n c l u d e d  i n  t h e  e v a l u a t i o n  o f  e v e n t  X253. I t s  v a l u e  was s e t  a t  z e r o  

here.  

T a k e o f f I L a n d i n g  Impact  Forces Exceed Design S t r e n g t h  of  Ou te r  Drum 

(X253). Based on d a t a  s u p p l i e d  by ~ a n d i a ( ~ )  on t h e  impac t  f o r c e s  expected 

i n  t a k e o f f  and l a n d i n g  a c c i d e n t s ,  and t h e  f a i l u r e  t h r e s h o l d  v a l u e  o f  an 

o u t e r  61Y drum, t h e  p r o b a b i l i t y  t h a t  a  c o n t a i n e r  w i l l  exper ience  impact  

f o r c e s  severe  enough t o  cause f a i l u r e  i s  0.058. 

T a k e o f f I L a n d i n g  A c c i d e n t  F i r e  S t r e s s e s  Cause Outer  Drum F a i l u r e  (X254). 

F i r e  s t r e s s e s ,  a c t i n g  a lone ,  cannot  f a i l  t h e  o u t e r  drum. No c o n d i t i o n s  

which c o u l d  cause f a i l u r e ,  such as m o i s t u r e  i n  t h e  c e l o t e x R ,  were found i n  

t h e  p l u t o n i u m  r e c e i v e r s  survey.  There fo re ,  t h i s  e lement  was s e t  a t  zero .  

Takeo f f ILand ing  A c c i d e n t  Crush Forces Exceed Design S t r e n g t h  o f  Ou te r  

Drum (X255). As shown i n  t h e  a n a l y s i s  per formed by ~ a n d i a , " )  a  c r u s h  

a c c i d e n t  env i ronment  can be expected i n  5% o f  a1 1  t a k e o f f  and 1  a n d i  ng 

a c c i d e n t s  i n v o l v i n g  impact  (68%).  I t  was c o n s e r v a t i v e l y  assumed t h a t  a1 1  

c r u s h  f o r c e s  generated a r e  s u f f i c i e n t  t o  cause a  breach o f  t h e  o u t e r  drum 

t h r o u g h  s t r u c t u r a l  T a i l u r e ,  l i d  removal ,  o r  a  comb ina t ion  o f  bo th .  The 

f requency ass igned  t o  t h i s  e v e n t  was 0.034 p e r  c o n t a i n e r  i n v o l v e d  i n  a  

t a k e o f f l l a n d i n g  a c c i d e n t .  

T a k e o f f I L a n d i n g  A c c i d e n t  Generates Puncture  Probes (X256). Based on 

a n a l y s i s  by Sandia,(') i t  was found t h a t  p u n c t u r e  probes would be p r e s e n t  

i n  12% o f  t a k e o f f  o r  l a n d i n g  a c c i d e n t s .  The v a l u e  o f  X256 i s  0.12. 

T a k e o f f I L a n d i n g  Acc iden t  Punc tu re  Probe S t r i k e s  Drum (X257). T h i s  

e v a l u a t i o n  i s  i d e n t i c a l  t o  t h a t  used f o r  e v e n t  X157. A  v a l u e  o f  0.015 p e r  

c o n t a i n e r  i n v o l v e d  i n  a  t a k e o f f l l a n d i n g  a c c i d e n t  was used. 

T a k e o f f I L a n d i n g  A c c i d e n t  Punc tu re  Force Equal t o  Drop o f  133 i n .  o n t o  

a  6 - in .  Sp ike  (X258). The a n a l y s i s  o f  e v e n t  XI58 was per formed u s i n g  t h e  

e q u a t i o n s  developed by Sandia f o r  a l l  a i r c r a f t  a c c i d e n t  t ypes .  S ince  

these  e q u a t i o n s  do n o t  d i s t i n g u i s h  between t h e  t ypes  o f  a c c i d e n t s  used 

i n  t h i s  r e p o r t ,  t h e  v a l u e  0.825 p e r  c o n t a i n e r  s t r i k e  was a l s o  used f o r  

t h e  v a l u e  o f  X258. 



(X259) th rough  (X262). Not used. 

Dunnage Fa i  1  s  D u r i n g  Takeof f / Land ing  A c c i d e n t  (X263). T i  edowns a r e  

t y p i c a l l y  des igned t o  w i t h s t a n d  5  g ' s  b e f o r e  f a i l i n g .  Wh i le  t h i s  i s  

adequate f o r  normal t r a n s p o r t ,  many a c c i d e n t s  e a s i l y  exceed t h i s  l e v e l .  

S a n d i a ' s  a n a l y s i s ( 2 )  suggests  t h a t  25% o f  a i r p l a n e  a c c i d e n t s  i n v o l v e  

f o r c e s  o f  s u f f i c i e n t  magni tude t o  cause t iedowns t o  f a i l .  There fo re ,  a  

va lue  of  0.25 p e r  t a k e o f f l l a n d i n g  a c c i d e n t  was ass igned t o  t h i s  e lement.  

(X264) th rough  (X266). Not  used. 

C r i t i c a l  i t y  Occurs Due t o  Extreme Deformat ion i n  Takeo f f ILand ing  

A c c i d e n t  (X267). The p r o b a b i l i t y  ass igned  t o  t h i s  e v e n t  was ze ro .  See 

t h e  a n a l y s i s  o f  X67 f o r  a  complete e x p l a n a t i o n .  

Impact  Forces f rom T a k e o f f I L a n d i n g  - A c c i d e n t  S u f f i c i e n t  t o  F a i l  2R 

Vessel (X268). Impact  f o r c e s  expected i n  a  t a k e o f f  o r  l a n d i n g  a c c i d e n t  

a r e  n o t  s u f f i c i e n t  t o  cause f a i l u r e  o f  t h e  2R vesse l .  T h i s  e lement was 

ass igned a  z e r o  va lue .  The a n a l y s i s  i s  s i m i l a r  t o  t h a t  per formed f o r  X68. 

F i r e  S t resses  f r o m  T a k e o f f I L a n d i n g  A c c i d e n t  S u f f i c i e n t  t o  F a i l  2R (X269). 

The m a t e r i a l  b e i n g  sh ipped i s  s t a b l e  a t  h i g h  temperatures .  Thus, t h e r e  i s  

i n s u f f i c i e n t  s t r e s s  generated i n  a  f i r e  t o  cause f a i l u r e .  For t h i s  reason, 

X269 was s e t  a t  zero.  

T a k e o f f I L a n d i n g  A c c i d e n t  Imposed Crush Force Exceeds 2R Design S t r e n g t h  

1x270) .  ~ n a l y s i s ( l )  and t e s t i n g ( 3 )  have shown t h a t  v e r y  l a r g e  c r u s h  f o r c e s  

a r e  r e q u i r e d  t o  cause f a i l u r e  o f  t h e  2R v e s s e l .  Forces of  t h e  magni tude 

r e q u i r e d  t o  c r u s h  a  2R a r e  expected a t  a  f requency o f  no mqre than  

p e r  c o n t a i n e r  a c c i d e n t .  

Puncture  Probe S t r i k e s  2R Con ta ine r  D u r i n g  T a k e o f f I L a n d i n g  A c c i d e n t  

(X271). A  f requency  o f  0.33 p e r  punc tu re  o f  t h e  o u t e r  drum was used f o r  

X271. The a n a l y s i s  used i s  d i scussed  under  even t  X71. 

T a k e o f f I L a n d i n g  A c c i d e n t  Puncture  Force Equal t o  Drop o f  170 i n .  

o n t o  a  6 - i n .  Sp ike (X272). Based on t h e  e q u a t i o n s  p resen ted  i n  Chapter 5, 

80% o f  t h e  probes wh ich  s t r i k e  t h e  drum w i l l  have s u f f i c i e n t  a d d i t i o n a l  



energy t o  breach t h e  2R vesse l .  Thus, t h e  expected f requency  f o r  X272 

i s  s e t  a t  0.8 2R f a i l u r e s  p e r  2R s t r i k e .  

(X273). Not  used. 

D e f e c t i v e  Weld Cannot S u r v i v e  Takeo f f /Land ing  A c c i d e n t  Forces (X274). 

A v a l u e  o f  0.05 p e r  d e f e c t i v e  w e l d - a c c i d e n t  was used f o r  X274. The a n a l y s i s  

i s  i d e n t i c a l  t o  t h a t  used f o r  X174. 

(X275) t h r o u g h  (X334). Not used. 

I n f l  i g h t  Ground Impact  A c c i d e n t  Occurs (X335). Data f r o m  A i r  Force 

i n v e s t i g a t i o n s  o f  m i l i t a r y  t r a n s p o r t  a c c i d e n t s ( 4 )  suggest  t h a t  9.5% o f  

a l l  a c c i d e n t s  i n v o l v e  an a i r p l a n e  c r a s h i n g  i n t o  a  mountain s i d e  o r  t h e  

ground ( b u t  n o t  w h i l e  a t t e m p t i n g  t o  t a k e o f f  o r  l a n d ) .  I f  t h e  a c c i d e n t  r a t e  

o f  1  x  1  a c c i d e n t s l m i l e  i s  used, t h e n  we can assume a r a t e  o f  9.5 x  10  -1 0  

i n f l i g h t  ground impac t  a c c i d e n t s  p e r  m i l e .  S ince t h i s  e v a l u a t i o n  i s  based 

on a  1500-mi le  sh ipment  d i s t a n c e ,  t h e  v a l u e  f o r  X335 used i n  t h i s  a n a l y s i s  

i s  1.42 x  1   container shipped 1500 m i l e s .  

Sample Can F a i l s  i n  I n f l i g h t  Ground Impact  A c c i d e n t  (X336). I n  v iew 

of t h e  r e l a t i v e  f r a i l t y  o f  an u n p r o t e c t e d  sample can, t h e  p r o b a b i l i t y  o f  

e v e n t  X336 o c c u r r i n g  was s e t  a t  1  . O .  

(X337). No t  used. 

B o l t  R ing F a i l s  f rom I n f l i g h t  Ground Impact  A c c i d e n t  Imposed Forces 

(X338). T h i s  e lement  was i n c l u d e d  i n  X37. There fo re ,  i t  i s  s e t  a t  ze ro  

here .  

I n f l  i g h t  Ground Impact  Acc iden t  Imposes Desi gn Leve l  Forces on 

Threads (X339). Forces on th reads  a r e  expected t o  be i n w a r d  a c t i n g  and 

would t e n d  t o  jam t h e  p l u g  on more t i g h t l y  r a t h e r  than  remove i t .  There fo re ,  

t h i s  e lement  was s e t  a t  ze ro .  T h i s  a n a l y s i s  i s  i d e n t i c a l  t o  t h a t  used 

f o r  even t  X39. 

(X340) t h r o u g h  (X343). Not used. 

Exposed B o l t  R ing  F a i l s  i n  I n f l i g h t  Ground Impact  A c c i d e n t  (X344). 

The v a l u e  f o r  t h i s  e lement  was s e t  a t  4  x  1  o - ~ ,  a  v a l  ue i d e n t i c a l  t o  

t h a t  used f o r  X44. See X44 f o r  a n a l y s i s .  



(X345) and (X346). No t  used. 

I n f l i g h t  Ground Impact  A c c i d e n t  Impact  Forces S u f f i c i e n t  t o  Cause 
, -. 

Rupture o f  o u t e r  Can by 2R (X347). I n f o r m a t i o n  s u p p l i e d  by Sandia ( 5 )  

shows t h a t  i n  a p p r o x i m a t e l y  30% o f  a l l  i n f l i g h t  impac t  a c c i d e n t s ,  f o r c e s  

a r e  p r e s e n t  o f  s u f f i c i e n t  magni tude t o  cause t h e  2R c o n t a i n e r  t o  r u p t u r e  

t h e  o u t e r  v e s s e l .  Us ing t h i s ,  and f o l  l o w i n g  t h e  a n a l y s i s  p resen ted  f o r  

even t  X47, a  v a l u e  o f  0.05 p e r  c o n t a i n e r  i n v o l v e d  i n  an i n f l i g h t  impact  

a c c i d e n t  was ob ta ined .  

I n f l i g h t  Ground Impact  Acc iden t  Punc tu re  Probe Longer t h a n  11 i n .  

and Force Equal t o  a  Drop o f  300 i n .  (X348). The a n a l y s i s  f o r  t h i s  even t  

i s  i d e n t i c a l  t o  t h a t  f o r  X248. A v a l u e  of  1.3 x  p e r  p u n c t u r e  probe 

s t r i k e  o f  t h e  o u t e r  drum was used. 

F i r e  Occurs Dur ing  an I n f l i g h t  Ground Impact  A c c i d e n t  (X349). Based 

on d a t a  f rom sandia( ' )  on t h e  f i r e  env i ronment  d u r i n g  c i v i l i a n  a i r c r a f t  

acc iden ts ,  t h e  occur rence  r a t e  of f i r e  i s  e s t i m a t e d  t o  be 0.336 f i r e s  p e r  

i n f l  i g h t  irnpact a c c i d e n t .  

(X350). Not  used. 

I n f l i g h t  Ground Impact  A c c i d e n t  Crush Forces Cause L i d  Removal (X351). 

T h i s  even t  was i n c l u d e d  i n  X355. The v a l u e  ass igned  t o  X351 i s  ze ro .  

I n f l i g h t  Ground Impact  A c c i d e n t  Impact  Forces Cause L i d  Removal (X3521. 

T h i s  e lement  was i n c l u d e d  i n  X353. There fo re ,  i t s  v a l u e  here  i s  ze ro .  

I n f l i g h t  Ground Impact  A c c i d e n t  Impact  Forces Exceed Design S t r e n g t h  

of  Outer  Drum (X353). Based on da ta  s u p p l i e d  by ~ a n d i a ( ~ )  and t h e  f a i l u r e  

t h r e s h o l d  of  an o u t e r  c o n t a i n e r ,  t h e  f requency  w i t h  wh ich  a  c o n t a i n e r  w i l l  

be exposed t o  f o r c e s  which w i l l  cause a  breach was found t o  be 0.753 p e r  

c o n t a i n e r  i n v o l v e d  i n  an i n f l  i g h t  impac t  a c c i d e n t .  

I n f  1  i g h t  Ground Impact  A c c i d e n t  F i r e  S t resses  Cause Outer  Drum Fai  1  u r e  

(X354). T h i s  e lement  was g i v e n  a  z e r o  va lue .  A n a l y s i s  i s  i d e n t i c a l  t o  

t h a t  p resen ted  f o r  X254. 



I n f l i g h t  Ground Impact  A c c i d e n t  Crush Forces Exceed Design S t r e n g t h  

o f  Outer  Drum (X355). R e a l i z i n g  t h a t  a l l  a c c i d e n t s  o f  t h i s  n a t u r e  i n v o l v e  

impact ,  and u s i n g  t h e  a n a l y s i s  s e t  f o r t h  i n  t h e  e v a l u a t i o n  o f  X255, a  

va lue  o f  0.05 p e r  c o n t a i n e r - a c c i d e n t  was ass igned  t o  t h i s  even t .  

I n f l i g h t  Ground Impact  A c c i d e n t  Produces Puncture  Probes (X356).  

A n a l y s i s  by ~ a n d i a ( ~ )  shows t h a t  p u n c t u r e  probes w i l l  be a  p a r t  o f  t h e  

i n f l  i g h t  impac t  a c c i d e n t  env i ronment  12% o f  t h e  t ime .  A  v a l u e  o f  0.12 was 

ass igned t o  t h i s  even t .  

I n f l i g h t  Ground Impact  A c c i d e n t  Punc tu re  Probe S t r i k e s  Drum (X357). 

Based on t h e  a n a l y s i s  by ~ a n d i a , ( ~ )  p u n c t u r e  probe w i l l  be p r e s e n t ,  w i l l  

be s u f f i c i e n t l y  r i g i d ,  and w i l l  s t r i k e  a t  an ang le  wh ich  can produce 

p u n c t u r e  i n  1  . 5 % 0 f  t h e  a c c i d e n t s .  A  f requency  o f  0.01 5  p e r  c o n t a i n e r  

a c c i d e n t  was ass igned  t o  t h i s  even t .  See t h e  a n a l y s i s  o f  X157. 

I n f l  i a h t  Ground I m ~ a c t  A c c i d e n t  Puncture  Force Eaual t o  DroD o f  133 i n .  

o n t o  a  6 - i n .  Sp ike  (X358). The e v a l u a t i o n  o f  t h i s  even t  i s  i d e n t i c a l  t o  

t h a t  used f o r  e v e n t  X158. A  r a t e  o f  0.825 p e r  c o n t a i n e r  s t r i k e  was used. 

(X359) t h r o u g h  (X3622. Not used. 

Dunnage F a i l s  Dur ing  I n f l i g h t  Ground I r ~ i p a c t  A c c i d e n t  (X363). A  v a l u e  

o f  0.25 ( t h e  same as used f o r  even t  X263) was ass igned t o  X363. See X263 

f o r  e v a l  u a t i  on. 

(X364) th rough  (X366). Not used. 

C r i t i c a l  i ty  Occurs Due t o  Extreme Deformat ion i n  I n f l  i g h t  Ground 

I m p a c t  A c c i d e n t  (X367). For  reasons e x p l a i n e d  i n  t h e  a n a l y s i s  o f  X67, 

t h i s  e v e n t  was ass igned a  va lue  o f  ze ro .  

Impact  Forces f rom I n f l i g h t  Ground Impact  A c c i d e n t  S u f f i c i e n t  t o  F a i l  

2R ( ~ 3 6 8 ) .  Us ing  i n f o r m a t i o n  s u p p l i e d  by ~ a n d i a ( ~ )  concern ing  t h e  s e v e r i t y  

o f  impac t  f o r c e s  and t h e  p r o b a b i l i t i e s  o f  h i t t i n g  "hard"  o r  " s o f t "  s u r f a c e s ,  

i t  can be shown t h a t  9% o f  a l l  c o n t a i n e r s  i n v o l v e d  i n  an i n f l i g h t  impact  

a c c i d e n t  w i l l  be exposed t o  f o r c e s  s u f f i c i e n t  t o  cause t h e i r  f a i  1  u r e .  The 

v a l u e  o f  X368 was s e t  a t  0.09. 



F i r e  S t resses  f rom I n f l i g h t  Ground Impact Acc iden t  S u f f i c i e n t  t o  

F a i l  2R (X369). For t h e  reasons o u t l i n e d  under X269, X369 was s e t  a t  

zero.  

I n f l i g h t  Ground Impact Acc iden t  Imposed Crush Force Exceeds 2R 

Design S t r e n g t h  (X370). Event X370 i s  s i m i l a r  t o  even t  X270. Because 

o f  a  l a c k  o f  more d e f i n e d  i n f o r m a t i o n ,  X370 was a l s o  g i v e n  a  va lue  o f  1  o - ~ .  

Puncture Probe S t r i k e s  2R Dur ing  an I n f l i g h t  Ground Impact Acc iden t  

(X371 ) .  T h i s  element was ass igned a  va lue  o f  0.33. See a n a l y s i s  o f  

even t  X71. 

I n f l i g h t  Ground Impact Puncture  Force Equ iva len t .  t o  Drop o f  170 i n .  

o n t o  6 - i n .  Sp ike (X372)-. The a n a l y s i s  o f  t h i s  even t  i s  i d e n t i c a l  t o  

t h a t  o f  X172. Event  X372 was ass igned a  va lue  of 0.80. 

(X373). Not used. 

D e f e c t i v e  Weld Cannot S u r v i v e  I n f l  i g h t  Ground Impact Acc iden t  (X374.). 

As was done f o r  even t  X174, a  va lue  o f  0.05 p e r  d e f e c t i v e  weld-acc ident  

was used f o r  X374. 

9.2 BARRIER RELEASE SEQUENCE PROBABILITIES 

The Bas ic  Event P r o b a b i l i t i e s  i n  S e c t i o n  9.1 p r o v i d e  t h e  d a t a  necessary 

t o  c a l c u l a t e  t h e  f requency o f  any even t  sequence. Only even t  sequences which 

l e a d  t o  a  r e l e a s e  a r e  o f  i n t e r e s t .  As e x p l a i n e d  i n  S e c t i o n  8.3, t h e  com- 

p u t e r  code FAULTG was used t o  e v a l u a t e  t h e  r e l e a s e  sequences. F a u l t  t r e e  

l o g i c  and even t  d e s c r i p t i o n ,  f a i l u r e  r a t e s ,  and sequence l e n g t h  and prob- 

a b i l i t y  c u t o f f  va lues  a r e  i n p u t  t o  FAULTG (see F igu re  9.2).  The code 

determines which sequences w i  11 a c t i a l  l y  r e s u l t  i n  re leases ,  then  e l i m i n a t e s  

those  which c o n t a i n  more elements than  t h e  p r e s e t  c u t o f f  l e v e l  ( t e n  even t  

c u t  s e t s  a r e  t h e  maximum a1 lowed),  and those  n o t  s u r v i v i n g  t h e  p r o b a b i l i t y  

c u t o f f  l i m i t .  Computer runs  were made u s i n g  d i f f e r e n t  sequence l e n g t h s  and 

p r o b a b i l i t y  c u t o f f s .  It was determined t h a t  a  maximum c u t  s e t  s i z e  o f  t e n  

elements and a  p r o b a b i l i t y  c u t o f f  o f  10-18 a l l owed  a l l  ma jo r  c u t  s e t s  t o  be 

i d e n t i f i e d .  Redundant r e l e a s e  sequences a r e  e l i m i n a t e d  a u t o m a t i c a l l y .  



FAULT TREE EVENT AND LOGIC DESCRIPTION, 
FA1 LURE RATE AND U N A V A I  I A B  I L I T Y  DATA, 

SEQUENCE LENGTH AND PROBAB I L I T Y  CUTOFF VALUES 

SEQUENCES NOT S U R V I V I N G  
SEQiJENCE LENGTH CUTOFF 

1 
I 
L,, SEQUENCES NOT S U R V I V I N G  

IDENTITY AND P R O B A B I L I T Y  PROBABI  L ITY CUTOFF 
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CUTOFFS 
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FOR EACH EVENT 

R I  S K  MEASURE 

ORDERED L I S T  OF SEQUENCES WlTH  
HIGHEST R I  SK MEASURE AND THE 
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FIGURE 9.2. Sc reen ing  Process Schemat ic (The r i s k  sum o f  a1 1  d i s c a r d e d  
sequences i s  e s t i m a t e d  f o r  l a t e r  a d d i t i o n  t o  g i v e  t h e  t o t a l  
r i s k  i n  t h e  e n t i r e  f a u l t  t r e e . )  



9.3 RELEASE FRACTIONS 

Due t o  t h e  l a r g e  number o f  c u t  se t s  and t h e  f a c t  t h a t  these sequences 

a r e  system r a t h e r  than  b a r r i e r  r e l ease  sequences, t h e  computer code RAFT 
(7  

was employed t o  c a l c u l a t e  t o t a l  r e l ease  f r a c t i o n s .  The i d e n t i t y  and prob- 

a b i l  i ty  of  sequences s u r v i v i n g  t he  c u t o f f s  i n  FAULT, t o t a l  a v a i l a b l e  inven-  

t o r i e s ,  and re lease  f r a c t i o n s  o f  m a t e r i a l  f o r  each event  a r e  i n p u t  t o  t h e  

code (see F igu re  9.2). The r e s u l t  i s  an ordered l i s t i n g  o f  t h e  r e l ease  

sequences, r e l eased  amounts and t he  p r o b a b i l i t y  o f  t h e  re lease .  

Release f r a c t i o n s  f o r  each even t  were eva lua ted  u s i n g  a  concept bor-  

rowed f rom t h e  i d e a  o f  b a r r i e r  r e l e a s e  sequences. That  i s ,  t h e  r e l ease  

f r a c t i o n  g i ven  f o r  a  b a r r i e r  i s  developed on t h e  bas i s  t h a t  i t  i s  t h e  o n l y  

b a r r i e r  which con ta i ns  t h e  p l  u t o n i  um. Each even t  was examined t o  determine 

i f  i t  a f f e c t e d  one o f  t h e  t h r e e  b a r r i e r s .  Release f r a c t i o n s  were assigned 

accord ing  t o  t h e  g u i d e l i n e s  presented below f o r  each b a r r i e r .  Events n o t  

a f f e c t i q g  a  b a r r i e r  were g i ven  a  r e l ease  f r a c t i o n  o f  one. A  s e n s i t i v i t y  s tudy  

was c a r r i e d  o u t  t o  determine t h e  e f f e c t  o f  t h e  r e l ease  f r a c t i o n  va lues on t h e  

o v e r a l l  r i s k .  

9.3.1 Sample Cans 

The s t e e l  can c o n t a i n i n g  t h e  d i o x i d e  powder i s  n o t  cons idered an e f f e c -  

t i v e  b a r r i e r .  I f  t h e  can i s  d e f e c t i v e ,  a l l  t h e  m a t e r i a l  i n  t h e  can i s  

p o t e n t i a l l y  a v a i l a b l e  f o r  re lease .  S ince t h e r e  a r e  two cans i n  t h e  6M con- 

t a i n e r ,  t h e  r e l ease  f r a c t i o n  f o r  a l l  can f a i l u r e s  from c l osu re  e r r o r s  

o r  d e f e c t s  i s  c o n s e r v a t i v e l y  assumed t o  be 0.5. The f r a c t i o n  re leased  f o r  

r a i l u r e s  f rom acc iden t  f o r c e s  i s  assumed t o  be 1.0. 

9.3.2 2R Vessel 

Two types o f  f a i l u r e s  o f  t he  2R vesse l  can be pos tu l a ted .  One i s  t h e  

loose  cap. Assuming t h a t  a l l  m a t e r i a l  i s  f r ee  i n s i d e  t h e  2R and t h e  cap i s  

loose, i t  i s  s t i l l  necessary f o r  t h e  m a t e r i a l  t o  work i t s  way pas t  t h e  cap 

threads.  Wi th  t h e  p l ug  h a l f  unscrewed, t h e r e  a r e  assumed t o  be f i v e  f u l l  

t u r n s  reamin ing threaded.* For  t h i s  c o n d i t i o n ,  a  f r ac t ' ona l  r e l ease  f rom 

t h e  b a r r i e r  of 1 0 ' ~  of t h e  t o t a l  2R con ten ts  was used i n  t h e  ana l ys i s .  

* Requirements f o r  s p e c i f i c a t i o n  2R con ta i ne rs  a r e  t h a t  o n l y  f i v e  threads 
have t o  be engaged when t h e  ;:lug i s  f u l l j f  t i gh tened .  However, con ta i ne rs  
examined i i i  t i i i s  s tudy  had a t  l e a s t  t e n  threads engaged when t h e  p l u g  
was f u l l y  seated. 



The second f a i l u r e  mode o f  t h e  2R i s  a  f a i l u r e  e i t h e r  because t h e  cap 

i s  comple te ly  unscrewed o r  because t h e  2R i s  breached i n  an acc iden t .  I f  

t h e  2R i s  open and t h e  con ta ine r  i s  on i t s  s ide ,  o r  i f  t h e  bottom weld f a i l s  

i n  an acc iden t ,  then t h e  f r a c t i o n  re leased  i s  assumed t o  be 1  .O. Otherwise 

t h e  f r a c t i o n  re l eased  i s  assumed t o  be 0.5. 

9.3.3 Outer Drum 

The o u t e r  drum represents  a  l e s s  e f f e c t i v e  b a r r i e r  than t h e  2R. I f  t h e  

drum i s  breached by l i d  removal and t h e  drum i s  on i t s  s ide ,  o r  i f  breached 

by impact, a l l  m a t e r i a l  i s  assumed t o  be re leased  f rom t h e  drum. I f  i t  i s  

punctured, t h e  f r a c t i o n  re leased i s  0.5. I f  t h e  o u t e r  drum i s  n o t  exten-  

s i v e l y  damaged, then t he  powder must work i t s  way p a s t  t h e  ce lo texR  and 

o u t  a  ven t  ho le  o r  some o t h e r  smal l  opening i n  t h e  drum. No more than a  

few grams o f  m a t e r i a l  should be re leased i n  t h i s  ma t te r .  Thus, a  r e l ease  

f r a c t i o n  o f  has been se lected.  

9.4 SUMMARY OF RELEASE SEQUENCE EVALUATIONS 

Since a  re l ease  sequence i s  made up o f  a  number o f  bas i c  events,  t h e  

f r a c t i o n  re leased  f o r  a  r e l ease  sequence i s  ob ta ined  by mu1 t i p l y i n g  t h e  

event  r e l ease  f r a c t i o n s  f o r  each se lec ted  re lease  sequence. Release 

sequence p r o b a b i l i t i e s  must be ob ta ined  by forming a  l i s t  o f  bas i c  f a i l u r e  

elements and by e l  i m i n a t i n g  any dupl i cates before t he  probabi  1  i t y  mu1 ti p l  i c a -  

t i o n  i s  performed. Fo l low ing  bo th  o f  these c a l c u l a t i o n s ,  a  r e l ease  f r a c t i o n  

can be p a i r e d  w i t h  a  re l ease  p r o b a b i l i t y  o f  a1 1  t h e  re l ease  sequences. The 

re lease  f r a c t i o n  i s  t h e  A F R ~  term and t h e  re lease  p r o b a b i l i t y  i s  t h e  P R ~  

term i n  Sect ion 3, Equat ion 2: 

Ri = (AF x  P ) x  L ( C  
Ri Ri q Ei ,q P~ q  ) 

The environmental  terms (CEi ,q x PE ) a re  developed i n  Sec t ion  10. 
9  
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EVALUATION OF ENVIRONMENTAL CONSEQUENCES 

I n  S e c t i o n  9, r e l e a s e  sequences were i d e n t i f i e d  and eva lua ted  by d e t e r -  

m i n i n g  t h e i r  expected f requency o f  occurrence and t h e  assoc ia ted  amount of 

m a t e r i a l  re leased.  A  r i s k  number cou ld  be. o b t a i n e d  by f o r m i n g  t h e  p roduc t  

o f  t h e  expected f requency o f  occurrence and t h e  amount o f  m a t e r i a l  r e l e a s e d  

and summing over  a l l  r e l e a s e  sequences. T h i s  number does n o t  f i t  a  c e r t a i n  

c r i t e r i o n  f o r  a  r i s k  assessment as s p e c i f i e d  i n  t h e  I n t r o d u c t i o n .  Namely, 

t h e  r e s u l t s  o f  t h e  assessment must be expressed i n  a  form t h a t  p e r m i t s  com- 

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

T h i s  s e c t i o n  develops t h e  d a t a  r e q u i r e d  t o  compare t h e  p l u t o n i u m  t r a n s -  

p o r t a t i o n  r i s k  assessment t o  o t h e r  s o c i e t a l  r i s k s .  F a c t o r s  i n  deve lop ing  

t h i s  i n f o r m a t i o n  a re :  Q u a n t i t y  A i rbo rne ,  Meteorology,  Demography, I n d i -  

. v i d u a l  and P o p u l a t i o n  Dose, P o p u l a t i o n  Hea l th  E f f e c t s  and Expected Exposure 

Frequency. 

Analyses o f  these f a c t o r s  a r e  summarized s e q u e n t i a l l y  i n  separa te  

p a r t s  o f  t h i s  s e c t i o n .  These f a c t o r s  and t h e i r  r e l a t i o n s h i p s  t o  o t h e r  

s teps i n  t h e  r i s k  assessment a r e  shown i n  F i g u r e  10.1.  

R e s u l t s  g i v e n  i n  t h i s  s e c t i o n  can be though t  o f  as convers ion  f a c t o r s  

r e q u i r e d  t o  o b t a i n  r i s k  va lues which can be compared t o  o t h e r  s o c i e t a l  

r i s k s .  

10.1 QUANTITY AIRBORNE 

S e c t i o n  9.4 shows t h e  method used t o  g e t  r e l e a s e  sequence da ta  and 

summarizes t h e  d a t a  i n  terms o f  B a r r i e r  Release Sequences The re leased  

m a t e r i a l  cons idered i n  S e c t i o n  9 i s  i n  t h e  environment b u t  i t  i s  n o t  

d i spersed .  Based on t h e  p l u t o n i u m  pathway a n a l y s i s  c a l c u l a t i o n s  presented 

i n  Reference 1, t h e  a i r b o r n e  pathway dominates a l l  o t h e r  pathways through 

t h e  environment by  about f o u r  o r d e r s  o f  magnitude. Thus, o n l y  t h e  

a i r b o r n e  pathway was cons idered i n  t h i s  a n a l y s i s .  

T h i s  p a r t  o f  S e c t i o n  10 w i l l  summarize t h e  r e s u l t s  o f  exper iments  which 

p r o v i d e  a  b a s i s  f o r  a i r b o r n e  d i s p e r s a l  es t ima tes .  Many b a s i c  exper imenta l  
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s tud ies  have been performed by Mishima and ~chwendiman. (2-6)  The p e r t i n e n t  

r e s u l t s  f rom these s tud ies  were summarized i n  Appendix C o f  Reference 1. 

Add i t i ona l  da ta  have been ob ta ined  f rom the  Sandia t e s t s  re ferenced i n  

Sec t ion  6. These exper imenta l  s t u d i e s  form the  b a s i s  f o r  eva lua t i ng  t he  

amount o f  p lu ton ium made a i r b o r n e  i f  acc iden t  s t resses  a re  s u f f i c i e n t  t o  

f a i l  a  6M con ta iner ,  be ing  c a r r i e d  on a  cargo a i r p l ane .  The d i spe rsa l  

e v a l u a t i o n  repo r ted  here cons iders  two components of t he  re lease :  Q u a n t i t y  

o f  M a t e r i a l  Immediately Dispersed and Q u a n t i t y  Dispersed Dur ing Time 

I n t e r v a l s  Fo l l ow ing  I n i t i a l  Release. 

10.1 .1 Q u a n t i t y  o f  M a t e r i a l  Immediately Dispersed 

Dur ing a  h i g h  speed impact,  t he  o u t e r  druni o f  t he  6M con ta ine r  i s  an i n e f -  

f e c t i v e  b a r r i e r  and need n o t  be cons idered i n  e v a l u a t i n g  t he  re lease  f r a c t i o n .  

Indeed, most o f  Sandia 's  t e s t s  have been performed us ing  j u s t  t he  i n n e r  con- 

t a i n e r .  Of  t h e  Sandia t e s t s ,  re fe renced  i n  Sec t i on  6, two p rov ide  t h e  most 

s i g n i f i c a n t  da ta  on t h e  f r a c t i o n  made a i r b o r n e  f o l l o w i n g  con ta ine r  f a i l u r e .  

I n  one t e s t ,  a  2R c o n t a i n e r  s t r u c k  a  s t e e l  p l a t e  a t  a  6" i ~ i i p a c t  angle a t  a  

v e l o c i t y  of 399 f t / s e c .  The impact angle was measured between t he  l i n e  drawn 

through t he  c e n t e r l i n e  and i t s  p r o j e c t i o n  down on t o  t he  f l a t  s t e e l  p l a t e .  I n  

t h i s  case, t he  2R was breached; a  v i s i b l e  crack cou ld  be observed around p a r t  

o f  t h e  2R's c ircumference a t  t he  base o f  t he  p lug .  However, none of t he  MgO 

s imu lan t  escaped. The i n n e r  s t e e l  can e f f e c t i v e l y  b locked t he  re l ease  path. 

An impact  a t  15", a t  a  v e l o c i t y  of 385 f t / s e c  produced a  breach of t he  2R and 

a  l o s s  o f  some o f  t h e  MgO s imu lan t .  The f a i l e d  con ta ine r  bounced o f f  t he  

p l a t e  sp inn ing  and e m i t t i n g  t he  MgO i n  pinwheel fash ion .  I n  a l l ,  0.5 I b s  of 

t he  9.0 I b s  o f  MgO was l o s t  be fo re  .the con ta ine r  f i n a l l y  came t o  r e s t  some 

d i s tance  f rom the  impact p o i n t .  The h a l f  pound o f  powder l o s t  represents  

about 6% o f  t he  t o t a l  amount o f  powder i n  t he  con ta ine r .  I f  the  m a t e r i a l  i n  

t h e  con ta ine r  had been Pu02, w i t h  p r o p e r t i e s  l i k e  t h a t  descr ibed  i n  Appendix B y  

i t  can be conse rva t i ve l y  assumed t h a t  a l l  t he  re leased m a t e r i a l  would remain 

a i r bo rne  once re leased.  Based on t h i s  l i m i t e d  data,  an a i r bo rne  re lease  

f r a c t i o n  o f  10% w i l l  be c o n s e r v a t i v e l y  used f o r  impacts severe enough t o  f a i l  

t he  2R vessel .  



10.1.2 Q u a n t i t y  Dispersed Dur ing  Time I n t e r v a l s  Fo l l ow ing  I n i t i a l  Release 

The t o t a l  amount o f  m a t e r i a l  made a i r b o r n e  i s  t h e  sum o f  t h e  f r a c t i o n  

immediate ly  a i r b o r n e  and any subsequent re leases .  Delayed re l eases  c o u l d  t ake  

on t h r e e  forms. I f  a  c o n t a i n e r  f a i l e d  w i t h i n  t he  cargo compartment and t h e  

fuse lage  remained i n t a c t ,  t h e  f use lage  c o u l d  p a r t i a l l y  c o n t a i n  t h e  r e l ease .  

I f  t h e  m a t e r i a l  be i ng  shipped was t h e r m a l l y  uns tab le  and exposed t o  a  p ro -  

longed f i r e ,  a  de layed r e l e a s e  cou ld  occur.  F i n a l l y ,  i f  t he  p l u ton ium was 

p resen t  on a  combus t ib le  m a t e r i a l ;  t h e  combustion process c o u l d  r e l e a s e  t h e  

p lu ton ium.  For p l u ton ium ox ide  shipments by a i r ,  t h e  f i r s t  two types o f  

delayed re l eases  can be e a s i l y  e l im ina ted .  Acc idents  caus ing severe damage t o  

a  6M c o n t a i n e r  des t roy  t h e  fuse lage,  making i t  a  t o t a l l y  i n e f f e c t i v e  b a r r i e r .  

The Pu02 powder i s  t h e r m a l l y  s t ab le ,  thus  prolonged f i r e s  would n o t  cause a  
R re lease .  I f  t h e  Ce lo tex  f i l l i n g  i n  t h e  6M c o n t a i n e r  was contaminated w i t h  

p lu ton ium,  t h e  p l u ton ium would be re leased  i n  any acc i den t  severe enough t o  

f a i l  t he  o u t e r  con ta i ne r .  Based on t he  f l i g h t  r eco rde r  t es t s , ( 7 )  a l l  t h e  
R Ce lo tex  would be des t royed  i n  a  1-hour f i r e .  Dur ing  t h e  f i r e ,  Mishima and 

R ~ c h w e n d i m a n ( ~ )  es t ima te  t h a t  0.15% o f  t he  Pu02 and t h e  Ce lo tex  w i l l  be made 

a i r bo rne .  The r e l e a s e  r a t e  i s  assumed t o  be l i n e a r l y  dependent on t h e  f i r e  

d u r a t i o n  and l i m i t e d  t o  0.15% o f  t he  contaminant  f o r  f i r e s  l a s t i n g  f o r  one 

hour o r  1  onger. 

10.2 METEOROLOGY 

The atmospher ic c h a r a c t e r i s t i c s  a long  t h e  t r a n s p o r t  r o u t e  must be incorpo-  

r a t e d  i n t o  any r i s k  a n a l y s i s  where t h e  atmosphere i s  an impo r tan t  pathway f o r  

dosage t o  man. The impo r tan t  atmospher ic v a r i a b l e s  are:  1 )  w ind  d i r e c t i o n  - 
i n d i c a t e s  t h e  i n i  t i  a1 d i r e c t i o n  o f  t r a v e l  , 2 )  w i  ndspeed - i n d i c a t e s  t h e  r a t e  

o f  t r a n s p o r t ,  and 3 )  atmospher ic s t a b i l i t y  - i n d i c a t e s  t he  r a t e  o f  d i l u t i o n  

and plume r i s e  p o t e n t i a l .  C e r t a i n  c h a r a c t e r i s t i c s  o f  t he  r e l ease  (e.g., 

h e i g h t  and temperature)  a r e  a l s o  impo r tan t  i n  t he  e v a l u a t i o n  o f  t h e  atmospher ic 

pathway . 

I n  terms o f  hazard, t h e  most severe re leases  occur when f a i l u r e  occurs 

c l o s e s t  t o  man's h a b i t a t ,  i . e . ,  upon ground impact.  A  r e l ease  f rom a  m i d - a i r  

c o l l i s i o n ,  can be modeled as an e l eva ted  re lease .  Comparisons o f  consequences 



from ground l e v e l  re1  eases, show t h a t  ground l e v e l  re leases  a r e  much more 

severe.  For t h i s  reason emphasis was p laced  on model ing ground l e v e l  re leases ,  

a lmost  t o  t h e  e x c l u s i o n  o f  models f o r  h i g h  a1 t i t u d e  re leases .  

Assuming a  p o s t u l a t e d  a c c i d e n t  w i t h  a  s u r f a c e  r e l e a s e  and l i t t l e  o r  

no r e l e a s e - r e l a t e d  plume r i s e ,  t h e  immediate and g r e a t e s t  impact  w i l l  be 

i n  t h e  r e g i o n  su r round ing  t h e  l o c a t i o n  o f  t h e  event .  T r a n s p o r t  and d i f f u s i o n  

a r e  o f t e n  determined by l o c a l  i n f l u e n c e s .  Windspeeds and d i r e c t i o n s  show 

c o n s i d e r a b l e  v a r i a t i o n  t h a t  cannot  a lways be summarized by l a r g e  geographic 

r e g i o n s .  Loca l  i n f l u e n c e s  i n c l u d e  topography ( s u r f a c e  roughness, channel - 
i n g ) ,  h e a t  i s l a n d  e f f e c t s ,  and p r o x i m i t y  t o  l a r g e  bod ies o f  wa te r .  The 

i n c l u s i o n  o f  such i n f l u e n c e s  i n  t h e  p r e s e n t  a n a l y s i s  i s  n o t  p o s s i b l e ,  

p r i n c i p a l l y  because t h e  i n f o r m a t i o n  i s  n o t  a v a i l a b l e  e i t h e r  f r o m  a  d a t a  

base o r  f rom c u r r e n t  model ing c a p a b i l i t i e s .  

For  es t ima tes  o f  1 ong-term d i f f u s i o n  averages, t h e  average p e r s i s t e n c e  

of  winds b y  s e c t o r s  a r e  used. Cons ide r ing  w ind  d i r e c t i o n  p e r s i s t e n c e s  

alone, t h e  a c t u a l  s e c t o r  annual-average a i r  c o n c e n t r a t i o n s  can be c o n s i d e r a b l y  

h i g h e r  o r  l o w e r  t h a n  an average. Based on r e p o r t e d  va lues f rom 129 weather  

bureau s u r f a c e  s t a t i o n s  i n  c o n t i n e n t a l  U.S., t h e  c o n c e n t r a t i o n s  range on 

t h e  o r d e r  o f  f rom h a l f  t o  5 t imes  t h e  average. The a i r  c o n c e n t r a t i o n s  

near  a  p a r t i c u l a r  p o p u l a t i o n  c e n t e r  can be expected t o  v a r y  by  t h e  same 

f a c t o r  depending on t h e  d i r e c t i o n  o f  t h e  p o p u l a t i o n  c e n t e r  f rom t h e  s e l e c t e d  

r o u t e .  Such a  f a c t o r  c o u l d  be q u i t e  i m p o r t a n t  i n  d e t e r m i n i n g  t h e  e f f e c t s  

of  re leases  near  l a r g e  p o p u l a t i o n  cen te rs .  Over a  s u f f i c i e n t l y  l o n g  

r o u t e  t h e  e f f e c t  o f  d i f f e r e n t  w ind  d i r e c t i o n  p e r s i s t e n c e s  may tend  t o  cancel  

i f  t h e r e  i s  a  random r e l a t i o n s h i p  between t h e  p r e v a i l i n g  w ind  d i r e c t i o n s  and 

p o p u l a t i o n  cen te rs .  The a l t e r n a t i v e  o f  p i c k i n g  a  r o u t e  based on known d i f -  

f u s i o n  c o n d i t i o n s  t o  m in im ize  r i s k  c o u l d  be b e n e f i c i a l ;  however, a t  t h e  pre-  

s e n t  t i m e  i t  i s  n o t  i n c l u d e d  i n  t h e  model. 

The m e t e o r o l o g i c a l  d a t a  used i n  t h i s  a n a l y s i s  a r e  shown i n  Table  10.1. 

The va lues were developed f rom mic rometeoro log ica l  d a t a  c o l l e c t e d  f o r  d i f -  

f u s i o n  c a l c u l a t i o n s  f o r  r e a c t o r  s i t e s .  Seven s e t s  o f  m ~ c r o m e t e o r o l o g i c a l  d a t a  

were s e l e c t e d  from about  26 c o m p i l a t i o n s  f r o m  r e a c t o r  s i t e s  t o  account  f o r  t h e  

v a r i a t i o n  o f  a tmospher ic  c h a r a c t e r i s t i c s  t h a t  c o u l d  reasonably  occur  a long  



t he  rou te .  The use o f  a  s i n g l e  averaged d i s t r i b u t i o n  a l l ows  f o r  t he  t y p i c a l  

range o f  windspeeds w i t h o u t  undue we igh t i ng  t o  any p a r t i c u l a r  s i t e .  

TABLE 10.1. Average Windspeed/Stabi 1  i ty  C h a r a c t e r i s t i c s  

P a s q u i l l  S t a b i l i t y  C l a s s i f i c a t i o n  

W i  ndspeed 

"k B ( j = l )  D( j = 2 )  E( j = 3 )  F ( j = 4 )  
m/sec k  Pk 

' j / k  

10.3 DEMOGRAPHY 

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  c h a r a c t e r i z e  t he  popu la t i on  d i s -  

t r i b u t i o n  a long t h e  p l u t o n i ~ ~ m  sh ipp ing  rou tes .  As shown i n  F igu re  10.1, t h i s  

i n f o r m a t i o n  i s  needed t o  determine bo th  t he  expected f requency a t  which a  

g iven  popu la t i on  d i s t r i b u t i o n  w i l l  be exposed t o  a  re l ease  and t he  d i s t r i b u -  

t i o n  o f  t he  r e s u l t a n t  exposure. A  comparison o f  t he  t r u c k  and a i r  t r a n s p o r t  

modes has some circumstances where t h e  r e l a t i o n s h i p  between demography and 

t h e  acc iden t  l i k e l i h o o d  i s  s imp le r  f o r  a i r  t r a n s p o r t .  I n  o t h e r  c i rcumstances 

i t  i s  more complex. Along a i r  rou tes  t he  l i k e l i h o o d  o f  an acc iden t  i s  un i f o . r~n  

and i n  a d d i t i o n  t h e r e  i s  never any a t tempt  t o  avo id  f l y i n g  over  a  l a r g e  c i t y .  

Th i s  r e s u l  t s  i n  a  r e1  a t i v e l y  simp1 e  model ing o f  t he  demography descr ibed 

i n  Sec t i on  10.3.1. I n  t he  v i c i n i t y  o f  a i r p o r t s  t he  model ing i s  more com- 

p l ex .  F i r s t  o f  a l l  acc idents ,  a1 though l e s s  severe, a r e  more f requent .  

I n  a d d i t i o n ,  s i nce  cargo ' a i r p l a n e s  s e r v i c e  1  arge m e t r o p o l i t a n  areas, t he  

approach and t a k e - o f f  p a t t e r n s  a r e  more l i k e l y  t o  be over  urban r a t h e r  than 

r u r a l  areas. These d i f f e r e n c e s  must be cons idered when de te rmin ing  t h e  1  i k e l  i - 
hood o f  an acc iden t  i n  t h e  v i c i n i t y  o f  an a i r p o r t .  A n a l y t i c a l  d e t a i l s  i n  

t h i s  case a r e  presented i n  Sec t i on  10.3.2. 



10.3.1 Demography Along Sh ipp ing  Routes 

The p o p u l a t i o n  d i s t r i b u t i o n  a long  sh ipp ing  rou tes  was cha rac te r i zed  by 

d i v i d i n g  t he  c o n t i n e n t a l  U.S. i n t o  f o u r  zones based rough l y  on popu la t i on  

d e n s i t y  and degree o f  u rban i za t i on .  The zones a r e  shown i n  F i g u r e  10.2. A  

r e p r e s e n t a t i v e  s t a t e  was chosen f o r  each o f  t h e  zones. Then f o r  t h e  purpose 

o f  t h e  study, t h e  p o p u l a t i o n  da ta  o f  t he  se l ec ted  s t a t e s  were used i n  f o r e -  

c a s t i n g  p o p u l a t i o n  c h a r a c t e r i s t i c s  o f  t h e i r  r e s p e c t i v e  zones. 

The p o p u l a t i o n  d e n s i t i e s  were grouped i n t o  t h r e e  c lasses :  Urban f o r  

densely  popu la ted  urban areas, Suburban f o r  areas o f  moderate popu la t i on  

dens i t y ,  and Rura l  f o r  t h e  nonurbanized areas. The Suburban area da ta  were 

ob ta ined  by  t a k i n g  t h e  Standard Metropol  i t a n  S t a t i s t i c a l  Area (sMSA) data,  

which i n c l u d e  Urban, and s u b t r a c t i n g  o u t  t h e  p o p u l a t i o n  and l and  area o f  t h e  

c i t i e s .  The urban areas were then cons idered sepa ra te l y  f rom t h e  suburban 

area. I n  t h i s  way no segments o f  t h e  p o p u l a t i o n  a r e  i nc l uded  tw ice .  

The i n i t i a l  approach was t o  e s t a b l i s h  a  s e t  o f  popu la t i on  da ta  f o r  t he  

r e p r e s e n t a t i v e  s t a t e s .  Census da ta  f o r  1960 and 1970 were used as a  da ta  

base. From t h i s  da ta  popu la t i on  p r o j e c t i o n s  were made f o r  t he  Years 1980, 

1990 and 2000 us i ng  t h e  compound i n t e r e s t  fo rmu la  t o  model popu la t i on  

changes. 

The f r a c t i o n  o f  each f u e l  rep rocessor  t o  p lu ton ium f u e l  f a b r i c a t o r  r o u t e  

i n  each o f  t h e  p o p u l a t i o n  zones was i d e n t i f i e d .  Using t h i s ,  a  r o u t e  pop- 

u l a t i o n  d e n s i t y  was c a l c u l a t e d  f o r  each r o u t e  f o r  each o f  t h e  t ime  per iods  

cons idered : 1980, 1990, 2000. 

The techniques employed i n  each s t e p  o f  t he  a n a l y s i s  a r e  descr ibed  i n  

more d e t a i l  below. 

10.3.1.1 Popu la t i on  Zones Data 

The c o n t i n e n t a l  U.S. was d i v i d e d  i n t o  f o u r  popu la t i on  zones (see  

F igu re  10.2). A  r e p r e s e n t a t i v e  s t a t e  f o r  each zone was chosen and da ta  

f o r  t h e  s t a t e  taken t o  be r e p r e s e n t a t i v e  o f  t h e  e n t i r e  zone. The s t a t e s  

chosen by  zone a r e  shown below: 





Zone Represen ta t i ve  S t a t e  

I - H igh  u r b a n i z a t i o n  New Jersey  

I 1  - Densely popula ted Massachusetts 

I I 1  - Moderate ly  popula ted M issou r i  

I V  - Low p o p u l a t i o n  Washington 

The p o p u l a t i o n  c h a r a c t e r i s t i c s  f o r  each o f  t h e  r e p r e s e n t a t i v e  s t a t e s  

based on 1960 census f i g u r e s ( 8 )  a r e  shown i n  Tables 10.2 through 10.5, 

r e s p e c t i v e l y .  

TABLE 10.2 New Jersey Popu la t ion  C h a r a c t e r i s t i c s  - 1960 

Land Area Dens i t y  Land Area, 
Popu la t i on  mi2 Peopl e/mi % 

S t a t e  6,066,782 7,532 806 100 

C i t i e s  2,440,602 226(a)  10,800 3  

S M S A ( ~ )  4,821,032 4,227 1,147 56.1 

Rural  1  ,245,750 3,305 377 43.9 

( a ) C l t y l a n d ,  NJ showed an area o f  67 m i 2 .  Th i s  was co r rec ted  
t o  10 mi2, which i s  l a r g e r  than most c i t i e s  o f  comparable popu la t i on  
i n  New Jersey.  

( b ) ~ n c l u d e s  c i t i e s .  

TABLE 10.3 Massachusetts Popu la t i on  C h a r a c t e r i s t i c s  - 1960 

Land Area, Dens i t y  Land Area, 
Popu la t ion  m i  2  Peopl e/mi % 

S ta te  5,148,578 7,828 657 100 

C i t i e s  2,876,806 71 3  4,035 9.1 

SMSA 4,379,477 2,924 1,498 37.3 

Rura l  769,101 4,904 157 62.7 



TABLE 10.4 Missour i  Popu la t ion  .Cha rac te r i s t i c s  - 1960 

Land Area, Densi ty  Land Area, 
Popu la t ion  m i  2  Peopl e/mi % 

S ta te  4,319,813 69,046 63 100 

C i  t i es 1,715,093 336 5,104 0.5 

SMSA 3,414,071 7,967 429 11.5 

Rural  905,742 61,079 15 88.5 

TABLE 10.5 Washington Popu la t ion  C h a r a c t e r i s t i c s  - 1960 

Land Area, Dens i ty  Land Area, 
Popu la t ion  m i  2  Peopl e lm i  % 

S ta te  2,853,214 66,663 43 100 

C i t i e s  1,066,336 226 4,718 0.3 

SMSA 1,707,136 7,663 223 11.5 

Rural  1,146,078 59,000 19 88.5 

I n  Tables 10.2 through 10.5 t he  c i t y  da ta  i s  based on c i t i e s  o f  25,000 

popu la t ion  o r  g r e a t e r  and t h e  SMSA a re  a l l  t he  standard me t ropo l i t an  s t a t i s -  

t i c a l  areas i n  t h e  s t a t e .  The r u r a l  popu la t i on  and area values a re  those o f  

t h e  t o t a l  s t a t e  minus those of t h e  SMSA. I t  should be recognized t h a t  s i nce  

t h e  SMSA inc ludes  many major c i t i e s ,  t he  c i t i e s  a re  i nc luded  tw i ce  i n  t he  

t ab les .  This  shows up i n  bo th  the  l and  area and t o t a l  popu la t i on  counts which 

r e s u l t  i n  t h e  numbers adding t o  g rea te r  than 100%. I n  t he  ana l ys i s ,  t he  

Suburban c lass  i s  de f i ned  as t h a t  f r a c t i o n  o f  t he  SMSA n o t  i nc luded  i n  t h e  

C i t y  category.  I n  t h i s  way, no segments of t he  popu la t ion  a re  inc luded twice.  

The n e x t  s tep  was t o  ob ta in  t he  same data f o r  1970 and then determine the  

popu la t i on  and l and  area change f o r  major c i t i e s  (100,000 popu la t i on )  f rom 1960 

t o  1970. The 1970 census data were obta ined from the  S t a t i s t i c a l  Abs t rac ts  o f  
a 

t he  u.s.(') The e x t r a p o l a t i o n  t o  2000 was then based on i n f o r m a t i o n  presented 

i n  an a r t i c l e  by J. P. P ickard.  ( l o )  P ickard  s t a t e d  t h a t  by t h e  Year 2000 
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t h e  urban l a n d  area w i l l  double. He a l s o  s t a t e s  t h a t  85% o f  t he  t o t a l  popula- 

t i o n  growth w i l l  occur  i n  major  urban areas. Using t h i s ,  t h e  t o t a l  popu la t i on  

inc rease  i s  t h e  urban inc rease  d i v i d e d  by 0.85. T h i s  leaves t he  r u r a l  

inc rease  a t  15% o f  t he  t o t a l  growth. 

Based on P i cka rd ' s  p r o j e c t i o n s ,  t h e  l a n d  areas and r u r a l  popu la t ions  

were c a l c u l a t e d  f o r  t he  Year 2000. The data f o r  1980 and 1990 were f i l l e d  

i n  us ing  t he  compound i n t e r e s t  f o r~ i i u l a .  The r e s u l t a n t  popu la t i on  charac- 

t e r i s t i c s  f o r  each o f  t he  f o u r  zones i n  t he  years  1980, 1990 and 2000 a re  

presented i n  Table 10.6. The composite popu la t i on  d e n s i t i e s  f o r  t h e  f o u r  

zones a re  shown i n  Table 10.7. 

TABLE 10.6 P ro jec ted  Popu la t ion  Dens i ty  and Land 
Area by Zone and Popu la t ion  C1asse.s 

Zone and 1980 1990 2000 
P o p u l a t i o n  Land D e n s i t y  Land D e n s i t y  Land D e n s i t y  
C lasses Area, % People/mi Area, % People/mi Area, % People/mi 

I Urban 3.8  9290 4 .8  8390 6.0 7570 

Suburban ( a )  66.9 822 84.3 893 94.0 1005 

Rura l  29.3 61 2 10.9 69 6 - - 

I 1  Urban 11.5 31 70 14.5 31 30 18.2 2820 

Suburban ( a )  35.5 845 44.8 762 56.5 686 

Rura l  53.0 238 40.7 350 25.3 635 

I11  Urban 0. 8 3980 1 . O  3930 1.2 3890 

Suburban ( a )  17.3 226 21 . 8  223 27.5 22 1 

Rura l  81.9 17 77.2 24 71.3 2 9 

I V  Urban 0.5 4390 0 .6  4480 0 .8  4560 

Suburban ( a )  15.0 131 ' 18 .9  144 23.7 147 

Rura l  84.5 25 80.6 29 75.5 34 

( a ) ( ~ ~ ~ ~  minus C i t i e s )  



TABLE 10.7 Average P o p u l a t i o n  D e n s i t i e s  
by Zone (people /mi2)  

Zone 1980 1990 2000 

I 1082 1231 1399 

I I 824 936 1061 

I I I 8  4  104 129 

I V 62 7  6  93 

10.3.1.2 Average S i z e  o f  an Urban Area 

The da ta  i n  Tab le  10.6 show t h a t  urban areas occupy a  sma l l  f r a c t i o n  

o f  t h e  l a n d  area.  I f  a  r e l e a s e  occurs  i n  a  c i t y ,  i t  would be i n c o r r e c t  

t o  assume t h a t  t h e  r e l e a s e  plume i s  c o n f i n e d  comp le te ly  t o  an urban area.  

For  t h a t  reason, i t  i s  i m p o r t a n t  t o  determine t h e  s i z e  o f  a  r e p r e s e n t a t i v e  

urban a rea  and t h e r e b y  l i m i t  t h e  urban a rea  i n c l u d e d  i n  any dose c a l c u l a -  

t i o n .  Us ing t h e  r e p r e s e n t a t i v e  s t a t e s  f o r  each o f  t h e  f o u r  zones, t h e  

average urban l a n d  a rea  was determined. Only  urban areas hav ing  a  

p o p u l a t i o n  g r e a t e r  than  25,000 i n  t h e  y e a r  1960 were used i n  t h e  a n a l y s i s .  

The r e s u l t s  o f  t h i s  a n a l y s i s  a r e  summarized i n  Table  10.8 f o r  t h e  years  o f  

i n t e r e s t  . 

TABLE 10.8 P r o j e c t e d  Land Area o f  Urban Areas 
i n  t h e  Four Zones o f  t h e  U. S. 

Number o f  
Urban Areas ( a )  Averaqe Urban, 
(Pop >25,000) Land Area, miL  

Zone 1960 1980 1990 2000 

l a ) O n l y  i n c l u d e s  urban areas i n  r e p r e s e n t a t i v e  s t a t e .  



Sh ipp ing  Route M i leage  by P o p u l a t i o n  Zones 

The second f a c t o r  i n  t h e  c h a r a c t e r i z a t i o n  o f  t h e  demography i s  t o  

r e l a t e  t h e  s h i p p i n g  r o u t e s  t o  t h e  p o p u l a t i o n  zones. P lu ton ium shipment 

r o u t e s  were p r e v i o u s l y  determined i n  S e c t i o n  4. P rev ious  p a r t s  o f  Sec- 

t i o n  10.3 have c h a r a c t e r i z e d  t h e  p o p u l a t i o n  d i s t r i b u t i o n  f o r  t h e  v a r i o u s  

zones o f  t h e  c o u n t r y  f o r  t h e  same years .  T h i s  s e c t i o n  w i l l  develop t h e  

i n f o r m a t i o n  on t h e  r o u t e  m i leage  i n  each zone t h a t  i s  needed t o  o b t a i n  

t h e  p o p u l a t i o n  d e n s i t y  a long  each s h i p p i n g  r o u t e .  

A  map w i t h  t h e  p o p u l a t i o n  zones and t h e  l o c a t i o n  o f  t h e  f a b r i c a t i o n  

and rep rocess ing  p l a n t s  i s  shown i n  F i g u r e  10.2. The d e s i g n a t i o n s  F-1 

th rough  F-5 r e f e r  t o  t h 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  l i s t e d  i n  Table  4.2. 

The d e s i g n a t i o n s  R-1 and R-2 r e f e r  t o  t h e  f u e l  r e p r o c e s s i n g  f a c i l i t i e s  

i d e n t i f i e d  i n  S e c t i o n  4.2. The d i s t a n c e  between each rep rocessor  and 

f a b r i c a t o r  was o b t a i n e d  f r o m  Rand McNal ly  road  maps. (11)  For each r o u t e  

t h e  f r a c t i o n  o f  t h e  r o u t e  i n  each o f  t h e  f o u r  zones was determined by 

drawing a r c s  o f  a  g r e a t  c i r c l e  between each f u e l  f a b r i c a t o r  and rep rocessor  

and d e t e r m i n i n g  t h e  f r a c t i o n  o f  t h e  a r c  i n  each zone. Th is  da ta  i s  

summarized i n  Table  10.9. The f o u r  columns under each rep rocessor  c o n t a i n  

t h e  f r a c t i o n e d  r o u t e  m i leage  i n  each zone t o  each f u e l  f a b r i c a t o r .  

TABLE 10.9 F r a c t i o n a l  Sh ipp ing  Route M i leage  by 
P o p u l a t i o n  Zones ( v a l  ues i n  percentage) 

Reprocessor Number. Name, Locat ion  1, A-G, Barnwel l ,  SC 2, NFS, West Val l ey ,  NY 

Popu la t ion  Zone Numbers I I 1  111 I V  I I 1  I 1 1  I V  

Percent o f  Transport  Route i n  Zone Number 

Fab r i ca to r  Number, Name, Locat ion  

1  Exxon, Richland, WA - - 11 33 56 -- 24 16 60 

2  GE, Pleasanton, CA -- -- 36 64 -- 24 17 59 

3  Kerr-McGee, Cresent, OK -- -- 100 -- -- 52 48 -- 
4  NUMEC, Apo l lo ,  PA -- 27 73 -- -- 100 -- , - - 
5  Westinghouse, Cheswick, PA -- 27 73 -- -- 100 --  -- 

--Denotes zero c o n t r i b u t i o n .  

Con t r i bu t i ons  l e s s  than 0.05 a re  neglected, i . e . ,  added t o  o r  averaged between o the r  zones. 

Example: Route 1-1 Barnwel l ,  SC t o  Richland, WA. 
11% o f  Mileage i n  Zone I 1  
33% of Mi leage i n  Zone I 1 1  
56% o f  Mi leage i n  Zone I V  



The shipping routes a r e  now completely characterized. The mileage 
between any reprocessor and fabr ica tor  can be determined from Table 4.3. 

The f rac t ion  of the route in  each zone i s  shown in Table 10.9, and the 

population d i s t r ibu t ion  in each zone along the route f o r  a par t i cu la r  year 

can be determined from the data presented in Table 10.6. 

Demography in the Vicinity of Large Metropolitan Airports 

The data in the previous section described the population d i s t r ibu-  

t ion fo r  the e n t i r e  country by dividing the country in to  four regions and 

then describing the demographic charac te r i s t i cs  of each region. 

Airports with regular cargo service a r e  adjacent to  large metropolitan 

centers.  In t h i s  analysis ,  i t  wil l  be assumed tha t  a l l  accidents during 

takeoff ,  ascent and descent will occur in  a suburban area. From knowledge of 

the shipping routes summarized in Table 4.3, i t  i s  r e la t ive ly  straightforward 

t o  calcula te  the f rac t ion  of landings and takeoffs occurring i n  each region. 

The population d i s t r ibu t ion  associated with the suburban pop~~ la t i on  in these 

regions i s  presented i n  Table 10.6. Table 10.10 shows the resu l tan t  like1 i -  

hood of accidents occurring in various regions. 

TABLE 10.10. Distribution of Ascent, Descent, Takeoff and 
Landing Accidents Occurring in Selected 
Demographic Zones 

Population ~ e n s i  t y ( a )  
Frict ion of Accidents in Accident Vicinity 

Region Occurring in Region 1ndividuals/mi2 

I 0( b )  822 

I I  0.5 845 

I I I 0.38 226 

(a )~uburban  population density typical f o r  region in 1980 

( b ) ~ o  landings or take-off occur in t h i s  region f o r  the 
case being studies.  



10.4 INDIVIDUAL AND POPULATION DOSE FACTORS 

As shown i n  F i gu re  10.1, f a c t o r s  f rom t h e  me teo ro l og i ca l  and demographic 

c h a r a c t e r i s t i c s  o f  t he  sh i pp ing  r o u t e  a r e  combined w i t h  t h e  dose convers ion 

f a c t o r s  developed here  t o  determine t h e  popu la t i on  doses r e s u l t i n g  f rom an 

acc i den ta l  r e l ease  o f  p lu ton ium.  There a r e  two p a r t s  t o  t he  c a l c u l a t i o n ,  

d iscussed i n  t h e  f o l l o w i n g  subsect ions.  F i r s t ,  Dose Conversion Fac to rs  must 

be developed as a  s t e p  toward t h e  c h a r a c t e r i z a t i o n  o f  t h e  e f f e c t  o f  i n h a l e d  

p lu ton ium on an i n d i v i d u a l ' s  hea l t h .  Second, us i ng  t h e  me teo ro l og i ca l  data ,  

an Atmospheric D i spe rs i on  Model must be developed t o  c h a r a c t e r i z e  t he  p lu ton ium 

aeroso l  concen t ra t i on  downwind f rom t h e  re l ease  p o i n t .  

10.4.1 Dose Conversion Fac to rs  

Tt-e dose r e s u l t i n g  f rom p lu ton ium i n h a l a t i o n  i s  c a l c u l a t e d  us i ng  e i t h e r  

of two l u n g  models recommended by t h e  I n t e r n a t i o n a l  Commission on Radio- 

per iod ,  t h e  p a r t i c l e  s i z e ,  t h e  i s o t o p i c  composi t ion o f  t h e  re leased  p lu ton ium,  

t h e  i n d i v i d u a l ' s  v e n t i l a t i o n  r a t e ,  t h e  s o l u b i l i t y  o f  the  i n h a l e d  m a t e r i a l  i n  

body f l u i d s  and t h e  r e t e n t i o n  t ime  o f  p lu ton ium i n  body organs. 

The dose r e s u l t i n g  f rom p lu ton ium i n h a l a t i o n  i s  c a l c u l a t e d  us i og  e i t h e r  

of two l ung  models recommended by t h e  I n t e r n a t i o n a l  Commission on Radio- 

l o g i c a l  P r o t e c t i o n  (ICRP). The I n i t i a l  Lung Model ( ILM) recommended by  ICRP 

d i f f e r e n t i a t e s  s o l u b l e  and i n s o l u b l e  i n h a l e d  m a t e r i a l  . (12 '13)  When t h e  

i nha led  m a t e r i a l  i s  so l ub le ,  the  uptake by o t h e r  organs i s  assumed t o  be 

e s s e n t i a l  l y  ins tantaneous.  A  more s o p h i s t i c a t e d  Task Group Lung Model (TGLM) , 
r e c e n t l y  suggested by  ICRP, cha rac te r i zes  more comple te ly  t h e  me tabo l i c  path-  

ways o f  t h e  i nha led  m a t e r i a l .  ( I 4 )  The de r i ved  equat ions f o r  e s t i m a t i n g  t h e  

dose t o  organs o t h e r  than  the  l ung  a r e  cons ide rab l y  more complex than  those 

f o r  t h e  ILM. A  computer program has been developed f o r  c a l c u l a t i n g  t he  dose 

t o  l ung  and o t h e r  organs us i ng  the  TGLM. (15)  

A  d e t a i l e d  d i scuss ion  o f  t h e  two l ung  models i s  presented i n  Appendix F  

o f  Reference 1  . Only r e s u l  t s  f rom t h e  TGLM c a l c u l a t i o n s  were used i n  t h e  dose 

convers ion f o r  t h e  p resen t  ana l ys i s .  



For  b o t h  l u n g  models, t h e  i n h a l a t i o n  dose t o  an i n d i v i d u a l  exposed t o  

a  pass ing c l oud  can be expressed by: 

where: 

D. i s  dose t o  organ o f  i n t e r e s t ,  j, d e l i v e r e d  over  t ime,  t, rem 
J 

fa i s  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 of i n t e r e s t  

E i s  e f f e c t i v e  absorbed energy f o r  organ o f  i n t e r e s t ,  
Mev*rem/d is* rad 

P i s  q u a n t i t y  inha led ,  vCi 

A i s  e f f e c t i v e  e l i m i n a t i o n  r a t e  cons tan t  f o r  organ j, d- 
I 

e  

t i s  t ime  f o l l o w i n g  i n i t i a l  i n t ake ,  d  

m i s  mass o f  organ j ,  g  

T(A,, t )  i s  f u n c t i o n  o f  he and t and i t s  exac t  fo rm i s  dependent upon 

l u n g  model used t o  desc r i be  i n h a l a t i o n  uptake. 

The q u a n t i t y  o f  m a t e r i a l  i n h a l e d  i s  dependent upon t h e  t i m e - i n t e g r a t e d  

a i r  c o n c e n t r a t i o n  as expressed by: 

P = bca-c = bE (10-2) 

where: 

3 
b  i s  human v e n t i l a t i o n  r a t e ,  cm /sec 

ca i s  a i r  concen t ra t i on ,  uCi/cm 3 

T i s  d u r a t i o n  o f  i n h a l a t i o n  exposure, sec 

3 
E i s  t i m e - i n t e g r a t e d  a i r  concen t ra t i on ,  pCi*sec/cm . 

The t i m e - i n t e g r a t e d  a i r  concen t ra t i on ,  E i s  ob ta ined  f rom t h e  Atmospheric 

D i spe rs i on  Model d iscussed i n  Sec t ion  10.4.2. 



Combi n i  ng Equat ion 10-1 wi t h  Equat i  on 10-2 and normal i z i  ng t he  r e s u l  t t o  

t he  quan t i  t y  re leased  y i e l d s  : 

where Q i s  t he  q u a n t i t y  re leased  i n  cu r i es ,  o r  

where K i s  t he  i n h a l a t i o n  dose convers ion f a c t o r  f o r  an acc iden ta l  atmo- 

spher ic  re lease.  Dose convers ion f a c t o r s  f o r  50-year dose commitments 

f o r  severa l  p lu ton ium iso topes  and f o r  2 4 1 ~ m  based on both t he  ILM and 

TGLM a r e  t abu la ted  i n  Table 10.11. 

The convers ion f a c t o r s  presented i n  Table 10.11 a re  values o f  K i n  

Equat ion 10-3 f o r  t h e  i n d i v i d u a l  i so topes .  I n  t he  case o f  t he  TGLM c a l c u l a -  

t i o n s ,  t he  p a r t i c l e  s i z e  i s  based on an equ i va len t  aerodynamic median 

d iameter  (AMAD) o f  1  micron. Using t h i s  t ab le ,  one s e t  o f  convers ion 

f ac to r s  f o r  any s p e c i f i e d  i s o t o p i c  m i x t u r e  can be obtained. 

Table 10.12 l i s t s  t he  p lu ton ium i s o t o p i c  m ix tu re ,  assumed t o  be 

rep resen ta t i ve  o f  t h a t  which w i l l  be shipped i n  t he  e a r l y  1980s, which 

was used f o r  t he  dose c a l c u l a t i o n s  repo r ted  i n  t h i s  document. Using 

t h i s  i s o t o p i c  m ix tu re ,  t he  convers ion f a c t o r s  f o r  t he  m i x t u r e  have been 

c a l c u l a t e d  and summarized i n  Table 10.13 us ing  t he  TGLM convers ion 

f a c t o r s .  The s e t  o f  K va lues shown i n  Table 10.13 conver t  t he  amount o f  

m a t e r i a l  i nha led ,  expressed i n  t o t a l  c u r i e s  o f  t he  mix tu re ,  i n t o  50-year 

dose commitments t o  t he  lung  and bone f o r  both s o l u b l e  and i n s o l u b l e  

p a r t i c l e s .  The Task Group Lung Model was used i n  t h i s  a n a l y s i s  w i t h  

Pu02 metabol ized as t r a n s l o c a t i o n  c l ass  Y and a l l  n i t r a t e  compounds a r e  

c l ass  W. 

The re l ease  f r a c t i o n s  developed i n  Sec t ion  10.1 a re  presented as 

f r a c t i o n s  o f  t he  t o t a l  we igh t  o f  p lu ton ium i n  a  con ta ine r  based on t he  

i s o t o p i c  m ix tu re  shown i n  Table 10.12. 



TABLE 10.11 Dose Conversion Factors f o r  I n h a l a t i o n  o f  Plutonium 
and 241~m Isotopes (Standard   an) (a )  

(b )  Conversion Factor  
Organ o f  S o l u b i l i t y  i n  (rem per C i  sec/m3) 

Iso tope Reference Body ~l uids  l a )  ILM(c) TGLM(d ) 

Lung 

Bone 

2 3 9 ~ u  Lung 

Bone 

2 4 0 ~ u  Lung 

Bone 

241 pu Lung 

Bone 

2 4 2 ~ u  Lung 

Bone 

241 A, Lung 

Bone 

Reference Lung 
M i  x t u r e ( f )  

Bone 

I n s o l  (Y) 
Sol ( w )  

I n s o l  (Y) 
Sol (W) 

I n s o l  (Y) 
Sol ( 1 )  

I n s o l  (Y) 
Sol (w) 

I nso l  (Y) 
Sol ( 1 )  

I nso l  (Y) 
Sol (1 )  

I n s o l  (Y) 
Sol (W) 

Inso l  (Y) 
Sol (W) 

Inso l  (Y) 
Sol (W) 

Inso l  (Y) 
Sol (w) 
I nso l  (Y) 
Sol (W) 

Inso l  (Y) 
Sol (W) 

Inso l  (Y) 
Sol (W) 

I n s o l  (Y) 
Sol (W) 

( a ) ~ i o l  o g i c a l  parameters recommended by ICRP. (13) 

( b ) ~ a l c u l a t e d  as a 5"-year dose commitment per  C i  sec/m3 inha led .  
V e n t i l a t i o n  r a t e  assumed t o  be 230 cm3/sec. 

(')1ni t i a l  Lung Model, ICRP. (25) 

( d ) ~ a s k  Group Lung ~ o d e l .  (14) P a r t i c l e  Size: 1 micron (AMAD). 

( e ) 4 . 4 ~  + 4 equ i va len t  t o  4.4 x 104 o r  44,000. 

( f ) ~ e e  Table 10.12 f o r  composit ion o f  Reference Mixture.  



where: 

1 1 . 4  i s  the number of curies per gram in the plutonium isotopic 

mixture being shipped. (See Table 10.12) 

Q i s  the curies released 

A i s  the amount of plutonium in a container in grams 

Fr i s  the release fraction of plutonium dispersed during a release. 

TABLE 10.12 Reference Mixture of 
Plutonium and Americium 

Composi t i  on ( a )  Activity ( b )  
by Weight (%)  (Ci/g of Mix) 

( a ) ~ n i  t i a l  composition, a f t e r  separation 
from U and F P .  Note: Sum does n o t  
equal 100 because only two significant 
figures are used. 

( b ) ~ c t i v i t y  of isotope in mixture 2 years 
a f t e r  separation. 

TABLE 10.13 Dose conversion Factors for Inhalation of 
Reference ~ l u t o n i  um Mixture (Standard Man) 

Organ of Solubility in , ( a )  
Reference Body Fluids 

3 (rem per Ci sec/m ) 

Lung Insol ( Y )  3 5.4 x lo2 
Sol ( W )  4.0 x 10 

Bone Insol ( Y )  3 6.1 x lo4 
Sol ( W )  1 . 7  x 10 

la)constant in Equation 4 

10.19 



10.4.2 Atmospher ic D i s p e r s i o n  Model 

The a tmospher ic  d i s p e r s i o n  model c a l c u l a t e s  t h e  ground l e v e l ,  t i m e  

i n t e g r a t e d  a i r  c o n c e n t r a t i o n  a t  any downwind d i s t a n c e  x  and crosswind 

d i s t a n c e  y. Based on t h e  c o e f f i c i e n t s  d e r i v e d  i n  t h e  p r e v i o u s  s e c t i o n ,  

t h e  dose t o  an i n d i v i d u a l  s t a n d i n g  a t  p o i n t  (x,y)  can be c a l c u l a t e d .  By 
i n t e g r a t i n g  over  t h e  contaminated area, a  p o p u l a t i o n  dose can t h e n  be 

determined . 
10.4.2.1 T ime- In tegrated,  Ground Leve l  A i r  C o n c e n t r a t i o n  

For r e l e a s e s  o f  s h o r t  d u r a t i o n ,  l e s s  t h a n  a  day, t h e  t i m e - i n t e g r a t e d  

a i r  c o n c e n t r a t i o n  a t  ground l e v e l  i s  e v a l u a t e d  by t h e  b i v a r i a t e  normal 

d i f f u s i o n  model u s i n g  P a s q u i l l  d i f f u s i o n  parameters.  ( I 6 )  I n  e q u a t i o n  

form: 

E = 4-- exp [(-y2/2c:) - (h2/20:)] 
na a  O 

y z h  

where: 

E i s  ground l e v e l  t i m e - i n t e g r a t e d  a i r  c o n c e n t r a t i o n  a t  p o i n t  

x, y, Ci=sec/m 3 

x  i s  downwind d i s t a n c e  measured f rom p o i n t  of  r e l e a s e ,  m 

y  i s  c rossw ind  d i s t a n c e  measured h o r i z o n t a l l y  f r o m  c e n t e r l i n e  

o f  c loud,  m 

Q i s  t o t a l  r e l e a s e  f r o m  source, c u r i e s  

a  i s  c rosswind l a t e r a l  s tandard  d e v i a t i o n  o f  c l o u d  concen t ra -  
Y 

t i o n ,  m 

a  i s  c rossw ind  v e r t i c a l  s tandard  d e v i a t i o n  o f  c l o u d  concent ra-  
Z 

t i o n ,  m - 
Uh i s  average windspeed a t  t h e  h e i g h t  of  r e l e a s e  i n  d i r e c t i o n  

o f  t r a v e l ,  m/sec 

h  i s  h e i g h t  o f  re lease ,  m. 



The va lues o f  o and a, a r e  a f u n c t i o n  o f  t he  downwind d i s t ance  x  and 
Y 

t h e  P a s q u i l l  S t a b i l i t y  Category e x i s t i n g  a t  t h e - t i m e  o f  t h e  acc iden t .  

These va lues a re  shown i n  Tables 10.14 and 10.15, r e s p e c t i v e l y .  

TABLE 10.14 Values o f  a f o r  P a s q u i l l  S t a b i l i t y  Categor ies  
Y 

Downwind 
Dis tance a f o r  P a s q u i l l  Type 

(meters) A B C D E F 

TABLE 10.15 Values o f  o, f o r  P a s q u i l l  S t a b i l i t y  Categor ies  

Downwi nd 
Dis tance 
(meters) 

100 

a, f o r  P a s q u i l l  Type 

A -- B C D E F 

15 10 7.8 4.7 3.0 1.4 

4  3  2 6 18 10 7.1 4.0 



The dose t o  an i n d i v i d u a l  a t  p o i n t  (x,y) can now be ob ta ined  by 

s p e c i f y i n g  t h e  windspeed, h e i g h t  o f  r e l ease  and t h e  P a s q u i l l  S t a b i l i t y  

Category. For these cond i t i ons ,  va lues o f  a and oz a t  t h e  downwind 
Y  

d is tance,  x, can be ob ta ined  fro111 Tables 10.14 and 10.15 by i n t e r p o l a t i o n .  

The E/Q can be c a l c u l a t e d  a t  x,y us ing  Equat ion 6  and D/Q ob ta ined  u s i n g  

Equat ion 10-4 and Table 10.13. 

The popu la t i on  dose could,  i n  theory,  be c a l c u l a t e d  by l o c a t i n g  every 

i n d i v i d u a l  o r  groups o f  i n d i v i d u a l s  and go ing  though t h e  above procedure 

u n t i l  a l l  i n d i v i d u a l s  r e c e i v i n g  a  dose have been inc luded  i n  t h e  c a l c u l a t i o n .  

I n  p r a c t i c e ,  however, Equat ions 4  and 6  a r e  used ma in ly  t o  o b t a i n  t h e  

maximum i n d i v i d u a l  dose. The popu la t i on  dose i s  more e a s i l y  es t imated  by 

c a l c u l a t i n g  i s o p l e t h s  o f  cons tan t  dose o r  t ime - i n teg ra ted  a i r  concentra- 

t i o n .  Then t h e  d i f f e r e n t i a l  area between i s o p l e t h s  and t he  mean dose 

rece i ved  by i n d i v i d u a l s  r e s i d i n g  between t he  two i s o p l e t h s  i s  c a l c u l a t e d .  

The i s o p l e t h s  cou ld  t h e o r e t i c a l l y  be c a l c u l a t e d  s t a r t i n g  a t  t h e  r e l e a s e  

p o i n t  and moving downwind. Such a  c a l c u l a t i o n  cou ld  be u n r e a l i s t i c  because 

no one cou ld  r e s i d e  a  few meters f rom t h e  a i r  acc iden t  and n o t  be f a t a l l y  

i n j u r e d  by t h e  deb r i s .  I n  t he  t r u c k  shipment ana lys is , ( ' )  a  100-meter 

exc lus ion  r a d i u s  was used as a  bas is  f o r  a l l  dose c a l c u l a t i o n s .  For a i r  

shipment acc idents ,  use of a  l onge r  c o n t r o l  zone would be i n a p p r o p r i a t e  

s i nce  a  l a r g e  f r a c t i o n  of t he  t o t a l  dose i s  rece ived  c l ose  t o  t he  acc iden t  

scene. Hence, a  100 meter exc lus ion  r a d i u s  was a l s o  used i n  t h i s  s tudy .  

The i s o p l e t h  areas ou t s i de  100 m  f rom t h e  re lease  a re  ob ta ined  us ing  

Equat ion 10-6. Rather than eva lua te  E i n  Equat ion 6  f o r  every  Q and every  

windspeed U, i t  i s  more convenient  t o  move Q and U  t o  t he  o the r  s i d e  o f  

t h e  equat ion  and determine i sop le ths  o f  cons tan t  (uE/Q). The i s o p l e t h s  

a r e  determined by f i r s t  s e l e c t i n g  a  va lue  o f  UE/Q, o b t a i n i n g  va lues o f  

a and o z  f o r  each x  beg inn ing  a t  100, and then s o l v i n g  Equat ion 10-6 us ing  
Y  

t h e  k"" average windspeed (see Table 10.1) t o  o b t a i n  t h e  va lue  o f  y f o r  

each x. The x,y coord ina tes  f o r  an e n t i r e  i s o p l e t h  o f  cons tan t  UE/Q can 

be obta ined i n  t h e  same way. Then by i n t e g r a t i o n ,  t he  area enclosed by 

any i s o p l e t h  can be determined. The area between two i s o p l e t h s  rece i ves  

a  dose which i s  i n t e rmed ia te  between t h e  two boundary i sopleths.  



Table  10.16 p resen ts  a  summary o f  t h e  i s o p l e t h  c a l c u l a t i o n s  f o r  a  

1  m/sec wind speed (Uk = U1), s i m i l a r  t a b l e s  c o u l d  be c o n s t r u c t e d  f o r  o t h e r  

windspeeds. I s o p l e t h s  were c a l c u l a t e d  f o r  UE/Q va lues  a t  o r d e r  o f  magni- 

tude i n t e r v a l s  f rom l o - '  t o  lo-' ' . Areas between a d j a c e n t  i s o p l e t h s  were 

c a l c u l a t e d  and a r e  shown as t h e  a rea  va lues f o r  each P a s q u i l l  S t a b i l i t y  

Class.  The mean v a l u e  o f  UE/Q i s  s e t  a t  2.5 t imes  t h e  v a l u e  o f  UE/Q a t  

t h e  o u t e r  i s o p l e t h .  The n  s u b s c r i p t  r e f e r s  t o  t h e  i s o p l e t h  number and 

t h e  j s u b s c r i p t  denotes t h e  s t a b i l i t y  c l a s s .  A  v a l u e  o f  j = 1  r e f e r s  t o  

B  s t a b i l i t y  and j = 2  r e f e r s  t o  D s t a b i l i t y ,  e t c .  The windspeed index,  k, 

i s  one i n  t h e  t a b l e .  I n  Table  10.16 some o f  t h e  va lues o f  A  a r e  zero.  
n y j y l  

These zeros a r e  p r e s e n t  because t h e  c a l c u l a t i o n s  i n d i c a t e  t h a t  f o r  those  

s t a b i l i t i e s  t h e  i s o p l e t h  areas l i e  e n t i r e l y  w i t h i n  t h e  100 111 evacua t ion  

d i  s t a n c t  . 

TABLE 10.16 Land Areas W i t h i n  I s o p l e t h s  o f  a  Release Plume and More 
Than 100 m  f rom t h e  Release P o i n t  (Uk = U1 = 1  mlsec)  

P a s q u i l l  S t a b i l i t y  C l a s s i f i c a t i o n  
n  - (l~EIQ)n,j , l  B D E F 

A  2  (Area m  ) 
n y j , 1  

o o o 4.4 l o 3  

Acc iden ts  f r e q u e n t l y  a t t r a c t  l a r g e  numbers o f  on lookers .  The dose 

r e c e i v e d  by these  i n d i v i d u a l s  was c a l c u l a t e d  u s i n g  t h e  model developed i n  

t h e  t r u c k  ana lyses.  ) I n  t h e  t r u c k  shipment analyses,  411 i n d i v i d u a l s  

evacuated f rom t h e  100-meter e x c l u s i o n  area were g i v e n  t h e  c e n t e r l i n e  dose a t  

100 meters.  T h i s  was f e l t  t o  more than  compensate f o r  t h e  dose r e c e i v e d  



by on lookers .  The same assumption i s  made i n  t h e  e v a l u a t i o n  o f  a i r  a c c i -  

d e n t  re leases .  Based on t h i s  assumption, Table  10.17 shows t h e  a rea  

w i t h i n  100 m which would be i n  an i s o p l e t h  f o r  t h e  va r i ous  s t a b i l i t y  

c o n d i t i o n s .  A l so  shown a re  t h e  va lues of UE/Q a t  t he  c e n t e r l i n e  100 m 

downwind from t h e  r e l e a s e  p o i n t .  These areas, when m u l t i p l i e d  by t h e  

p o p u l a t i o n  d e n s i t y  assoc ia ted  w i t h  t h e  acc i den t  l o c a t i o n ,  a r e  used t o  

r ep resen t  t h e  dose rece i ved  by on lookers .  

TABLE 10.17 Land Area Contaminated W i t h i n  100 m o f  - 
Acc iden t  Scene and C e n t e r l i n e  Value of 
UE/Q a t  100 m Versus P a s q u i l l  S t a b i l i t y  
C l a s s i f i c a t i o n  

P a s q u i l l  S t a b i l i t y  
C l a s s i f i c a t i o n  UE/Q m-' Area, m 2  

B 2.0 5.9 l o 3  
D 8.6 x  3.3 x  10 3  

E  1.9 x  lo- '  2.5 x  10 3  

F  5.7 x  lo- '  1.9 x  10 3  

10.5 POPULATION HEALTH EFFECTS 

The h e a l t h  e f f e c t s  o f  p lu ton iun i  a r e  d iscussed i n  severa l  survey 

a r t i c l e s .  B a i r  and Thompson ( I 7 )  and Ba i r ,  Richmond and Wachholz (18)  

summarize t h e  major  f i n d i n g s  o f  over 30 years  o f  research  w i t h  p lu ton ium.  

These f i n d i n g s  i n d i c a t e  t h a t  exposure o f  humans t o  l a r g e  q u a n t i t i e s  o f  

p lu ton ium (uCi range)  may u l t i m a t e l y  r e s u l t  i n  undes i r ab le  h e a l t h  e f f e c t s ;  

however, none have been observed t o  date.  The few i n d i v i d u a l s  who have 

been so exposed c o n s i s t  o f  occupa t iona l  workers a t  nuc l ea r  f a c i l i t i e s ,  and 

a f t e r  more t han  25 yea rs  o f  these exposures t h e r e  have been no observable  

d e l e t e r i o u s  e f f e c t s .  Such f i n d i n g s  g i v e  l i t t l e  guidance i n  e s t i m a t i n g  t he  

h e a l t h  e f f e c t s  which may r e s u l t  f rom the  exposure o f  l a r g e  popu la t i ons  t o  

smal l  q u a n t i t i e s  o f  p lu ton ium.  The e f f e c t s  o f  i o n i z i u g  r a d i a t i o n  on l a r g e  

popu la t i ons  a r e  t h e  o n l y  a p p l i c a b l e  da ta  source a v a i l a b l e .  The number o f  

deaths i n  t h e  U.S. p o p u l a t i o n  which m igh t  r e s u l t  from c o n t i n u a l  exposure 

t o  i o n i z i n g  r a d i a t i o n  a t  a  r a t e  o f  0.1 rem/yr has been es t imated  by an 



adv i so ry  c o r n i t t e e  o f  t he  Na t i ona l  Academy o f  Science. (19) Two r i s k  models 

were used t o  es t ima te  t he  number o f  excess deaths due t o  r ad ia t i on - i nduced  
* 

i' cancer. The r e s u l t s  f o r  each model a re  repo r ted  here as Tables 10.18 and 

10.19. D e t a i l s  o f  t he  models can be found i n  t he  NAS-BEIR committee r e p o r t .  (19) 

0 

TABLE 10.18. Est imated Numbers o f  Deaths pe r  Year i n  t he  U.S. Popu la t ion  
A t t r i b u t a b l e  t o  Cont inual  Exposure a t  a  Rate o f  0.1 rem/yr 
from Leu kemi a  and f rom A1 1 Other Ma1 i gnanci es Combi ned ( 19) 

I r r a d i a t i o n  Absolute Risk Model ( a '  R e l a t i v e  Risk Model ( a )  
Excess Deaths Due t o :  Excess Deaths Due t o :  

Dur ing  Per iod  Leukemia A1 1  Other Cancer Leukemia A l l  Other Cancer 

I n  U te ro  75 7  5  56 56 

0-9 years  164 73(b)  9  3  7 1 5 ' ~ )  

1 2 2 ( ~ '  5,869(C' 

10+ yea rs  277 1 , 0 6 2 ' ~ )  589 1  ,665(b) 

1,288(C) 2,415(C) 

Subto ta l  51 6  1,210 (b )  738 ~ ~ 4 3 6 ' ~ )  

1,485"' 8 , 3 4 0 ( ~ )  

TOTAL 1 , 7 2 6 ' ~ )  = 0.6% inc rease  3 ,174 '~ )  = 1  .O% inc rease  

2 ,001 '~ )  = 0.6% inc rease  9,078") = 2.9% inc rease  

( a ) ~ h e  f i g u r e s  shown a re  based on t he  f o l l o w i n g  assumptions: 
7967 U.S. v i t a l  s t a t i s t i c s  can be used f o r  age s p e c i f i c  
r a t e s  f rom leukemia and a l l  o t he r  cancer and f o r  
U.S. popu la t ion .  
Values f o r  t h e  d u r a t i o n  ( b  o r  c )  o f  t he  l a t e n t  p e r i o d  ( t h e  
l e n g t h  o f  t ime a f t e r  i r r a d i a t i o n  be fo re  any excess o f  cancer 
deaths occur) ,  d u r a t i o n  o f  r i s k  ( "p l a teau  reg ion " ) ,  and 
magnitude o f  average inc rease  i n  annual m o r t a l i t y  f o r  each 
qroup a re  as shown i n  Table 10.19. - 

( b ) ~ h i r t y  y e a r  d u r a t i o n  o f  p l a teau  (see Table 10.19). 

( " ~ i f e t i m e  d u r a t i o n  o f  p l a teau  (see Table 10.19). 

A  range o f  r i s k  es t ima to rs  f o r  t h e . p r e s e n t  s tudy  was determined as 

f o l l ows .  The excess deaths due t o  " a l l  o t he r  cancers" f o r  a l l  ages were 

assumed t o  range from the  lower  s u b t o t a l  va lue  o f  t he  "Absolute Risk Model" 

t o  t he  upper s u b t o t a l  va lue  of t he  " R e l a t i v e  Risk Model." As shown i n  



Table 10.18, t h e  r e s u l t i n g  range i s  f rom 1210 t o  8340 excess deaths per  

yea r  due t o  a l l  cancers o t h e r  than  leukemia. Based on a  U.S. popu la t i on  

o f  200 m i l l i o n  people and a  dose r a t e  o f  0.1 rem/yr, t h e  range can be 

expressed as 6  x  t o  4  x  i n  u n i t s  o f  deaths per  man-rem. 

The frequency o f  cancer death by t ype  o f  cancer was est imated f rom 

Table 10.19 t o  be: 

Type o f  Cancer Frequency 

Breas t  0.30 
Lung 0.26 
G I  i n c l u d i n g  stomach 0.20 
Bone 0.04 
A l l  o t h e r  cancer 0.20 

To ta l  1 .OO 

TABLE 10.19 Assumed Values Used i n  C a l c u l a t i n g  
Est imates o f  Risk Shown i n  Table 10.18 

Age a t  Type o f  
I r r a d i a t i o n  Cancer 

I n  U te ro  Leukemia 
A l l  Other 

Cancer 

0-9 years Leukemia 
A l l  Other 

Cancer 

1  0+ years Leukemia 
A l l  Other 

Cancer 

AbsoPki: Est imate 
Dura t ion  Dura t ion  R e l a t i v e  
o f  La ten t  o f  P l a t e  u  R isk  R isk  

Per iod  Region(af  (deaths/ lO / ( %  i n c r .  i n  
(years )  (years )  yr/rem) deaths/rem) 

2  2  5  2.0 5.0 
30 

15 L i f e  1  . O  2.0 

2  25 1  .O 2.0 
30 

15 L i f e  5.0 0.2 

l a ) p l a t e a u  reg ion  i s  t h e  i n t e r v a l  f o l  l ow ing  l a t e n t  p e r i o d  d u r i n g  which 
r i s k  remains e levated.  

( b ) ~ h e  abso lu te  r i s k  f o r  those aged 10 o r  more a t  t h e  t ime o f  i r r a d i a -  
t i o n  f o r  a l l  cancer exc lud ing  leukemia can be broken down i n t o  t h e  2" 

r e s p e c t i v e  s i t e s  as f o l l o w s :  



Type o f  Cancer 

Breas t  1.5 
Lung 1.3 
G I  i n c l .  Stomach 1  . O  
Bone 0.2 
A l l  Other Cancer 1.0 

To ta l  5.0 

These f requenc ies  o f  occurrence were then a p p l i e d  t o  t h e  range o f  

excess deaths p r e v i o u s l y  de r i ved  t o  es t imate  t h e  range o f  excess deaths 

which migh t  occur  f rom p lu ton ium re leases  pos tu l a ted  i n  t h i s  s tudy.  The 

r e s u l t i n g  r i s k  es t ima to rs  a r e  shown i n  Table 10.20. 

TABLE 10.20 Cancer Risk Est imates -. 

f o r  P lu ton ium i n  Man 

Est imated Excess Cancer Deaths 
Organ o f  Per 106 man-rern(a) 
Reference Range o f  Values Value Used(b1 

Lung 

Bone 

( a ) ~ e r i v e d  f rom t h e  BEIR Report  

( b ) ~ e o m e t r i c  Mean 

I t  i s  noted t h a t  t h e  r i s k  es t ima to rs  l i s t e d  i n  Table 10.20 a re  based 

on observed h e a l t h  e f f e c t s  produced a t  h i gh  dose l e v e l s ,  p r i m a r i l y  by low 

l i n e a r  energy t r a n s f e r  (LET) r a d i a t i o n s  and a  hypothes is  o f  l i n e a r i t y  

between e f f e c t  and dose. I t  i s  probable t h a t  these es t ima to rs  a r e  s i g n i -  

f i c a n t l y  dependent on t he  energy t r a n s f e r  (LET) o f  t h e  i o n i z i n g  r a d i a t i o n  

and upon t h e  dose l e v e l s  a c t u a l l y  encountered. ('O) Dete rmina t ion  o f  these 

probable dependencies i s  n o t  w i t h i n  t he  scope o f  t h i s  s tudy and t h e  depen- 

dencies have n o t  y e t  been determined by o thers .  Therefore,  they have been 

ignored i n  t h i s  ana l ys i s .  

Conversion o f  popu la t i on  doses i n  man-rem t o  es t imated  p o s s i b l e  

excess cancer deaths was based on t h e  f a c t o r s  presented i n  Table 10.20. 

These convers ion f a c t o r s  enable a  c o ~ ~ ~ p a r i s o n  t o  be made o f  p lu ton ium 

shipment r i s k  es t imates  w i t h  o t h e r  s o c i e t a l  r i s k s .  



ESTIMATED EXPOSURE FREQUENCY 

As shown i n  F i g u r e  10.1, t h e  r i s k  c a l c u l a t i o n  proceeds a l ong  two 

p a r a l l e l  and i n t e r r e l a t e d  paths.  One pa th  cha rac te r i zes  t h e  consequences 

o f  an acc i den ta l  re lease ,  and t h e  o t h e r  pa th  determines t h e  f requency o f  

occurrence f o r  each event  i n  t h e  consequence a n a l y s i s .  

As b r i e f l y  d iscussed i n  Sec t i on  3, r i s k  i s  expressed by t h e  equa t ion :  

where q  r ep resen t s  a  number o f  i n d i c e s  as i n d i c a t e d  below. 

The terms i n s i d e  t h e  f i r s t  s e t  o f  parentheses rep resen t  t h e  p roduc t  o f  t he  

amount o f  m a t e r i a l  p resen t  i n  a  shipment t imes t h e  f r a c t i o n  o f  t h a t  m a t e r i a l  

which i s  l o s t  t o  t h e  environment i n  t he  ith re lease  sequence t imes t h e  

expected f requency o f  occurrence o f  t h e  r e l ease  sequence. Th i s  p a r t  o f  t h e  

a n a l y s i s  i s  shown as t h e  t o p  h a l f  o f  F i g u r e  10.1 and a l l  t h e  i n f o r m a t i o n  

needed t o  eva lua te  these terms was developed i n  Sec t i on  9. The l a s t  two 

terms rep resen t  t h e  consequences o f  a  u n i t  r e l ease  and t h e  expected f requency 

o f  encoun te r ing  a  g i ven  s e t  o f  environmental  cond i t i ons .  These p a r t s  o f  t he  

a n a l y s i s  a r e  shown i n  t h e  bottom p a r t  o f  F i gu re  10.1. The p r imary  purpose 

o f  p rev ious  p a r t s  o f  t h i s  s e c t i o n  has been t o  determine t h e  f a c t o r s  r e q u i r e d  

t o  eva lua te  t h e  consequences o f  a  re lease .  S imul taneous ly ,  t h e  i n f o r m a t i o n  

r e q u i r e d  t o  determine t h e  expected f requency t h a t  a  g i ven  env i ronmenta l  

consequence w i l l  be encountered has been presented. Th i s  p a r t  o f  Sec t i on  10 

w i l l  show t h e  development o f  t he  f requency o f  occurrence term. 

The a n a l y s i s  presented i n  t h i s  s e c t i o n  t r e a t e d  t h e  windspeed, weather 

s t a b i l i t y  c l a s s  and p o p u l a t i o n  c l a s s  as d i s t r i b u t e d  v a r i a b l e s .  The expected 

frequency o f  encoun te r ing  a  g iven  s e t  o f  environmental  c o n d i t i o n s  can be 

expressed as: 



where: 

j i s  t h e  atmospher ic s t a b i l i t y  c l a s s i f i c a t i o n  index 

k i s  t h e  windspeed index 

a i s  t h e  popu la t i on  d e n s i t y  index i n  zone m o f  t h e  U.S. 

m i s  t h e  zone index f o r  t h e  sh ipp ing  rou tes .  

The n o t a t i o n  j / k  i n d i c a t e s  t h a t  t h e  expected f requency o f  encounter ing t h e  

jth s t a b i l i t y  c l a s s  i s  a f u n c t i o n  o f  t h e  windspeed e x i s t i n g  a t  t h e  t ime  o f  

re lease .  I n  l i k e  manner t h e  expected frequency o f  encounter ing t h e  a t h  

p o p u l a t i o n  d e n s i t y  i s  dependent on t h e  expected f requency t h a t  a shipment 

w i l l  pass through zone m. 

The va lues f o r  t h e  "PI' i n  Equat ion 10-8 a r e  ob ta ined  f rom the  f o l l o w i n g  

t a b l e s  i n  t h i s  sec t i on :  

Pk - Table  10.1, column 3 

'a/m - Table  10.6 

'm - Table 10.9 o r  10.10 depending on acc i den t  c l a s s  be ing  

eva lua ted  ( i  s u b s c r i p t )  

By s p e c i f y i n g  a va l ue  f o r  j, k, 2, and m, one can o b t a i n  t h e  expected 

f requency t h a t  an env i ronmenta l  c o n d i t i o n  w i l l  be exper ienced d u r i n g  a 

shipment. Assoc ia ted w i t h  t h a t  f requency i s  a cor responding va lue  f o r  t h e  

environmental  consequences. The r e l a t i o n s h i p  i s  bes t  summarized by t h e  

f o l l o w i n g  environmental  te rm i n  t h e  r i s k  equat ion:  

- - (10-9) 



where: 

11.4 i s  t h e  f a c t o r  t o  conve r t  grams re leased  t o  c u r i e s  (Table  10.12) 
C 

kl ,i conve r t s  c u r i e s  r ece i ved  t o  organ dose (Table  10.13) 

K2 conve r t s  organ dose t o  h e a l t h  e f f e c t s  (Table  10.20) 

A 
n,j,k 

i s  t h e  area between two i s o p l e t h s  n  and n-1 (Tables 10.16 

and 10.17) 
- 

( E / Q ) n y j , k  i s  t h e  t i m e  i n t e g r a t e d  a i r  concen t ra t i on  r ece i ved  i n  

A n.i.k p e r  c u r i e  r e l eased  
- 
E/Q = UE/Q (Tables 10.16 and 10.17) d i v i d e d  by 0  able 10.6).  

N ~ / m  i s  t h e  p o p u l a t i o n  d e n s i t y  i n  t h e  r e l ease  plume (Tab le  10.6). 

I he  s u b s c r i p t s  and t h e  va lues f o r  P i n  Equat ion 10-9 have been d e f i n e d  f o l l o w -  
C i n g  Equat ion 10-8. The p roduc t  ( Ei,q 'E ) has u n i t s  o f  p o p u l a t i o n  h e a l t h  

q  
e f f e c t s  p e r  gram o f  m a t e r i a l  re leased.  I f  severa l  organs r e c e i v e  a  dose as 

a  r e s u l t  o f  a  re lease ,  then t he  p roduc t  KlyiK2 f o r  each organ r e c e i v i n g  a  

dose must be summed t o  g e t  t he  o v e r a l l  e f f e c t  t o  t he  human body. 

Equat ion 10-9 summarizes t h e  i n f o r m a t i o n  presented i n  t h i s  sec t i on .  I n  

Sec t i on  11, these r e s u l t s  w i l l  be used i n  con junc t i on  w i t h  t h e  r e l e a s e  

sequences developed i n  Sec t i on  9 t o  o b t a i n  t he  r i s k  o f  s h i p p i n g  p l u t o n i u ~ i i  

ox i de  i n  t h e  6M by a i r  i n  t h e  U n i t e d  S ta tes .  
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11.0 THE RISK OF SHIPPING PLUTONIUM DIOXIDE BY AIR 

The r i s k  o f  p l u t o n i u m  d i o x i d e  t r a n s p o r t  by  cargo a i r c r a f t  between f u e l  

c y c l e  f a c i l i t i e s  w i t h i n  t h e  c o n t i n e n t a l  U n i t e d  S ta tes  i s  c a l c u l a t e d  i n  

t h i s  s e c t i o n .  The a n a l y s i s  i s  performed f o r  a  r e f e r e n c e  year ,  sometime i n  

t h e  e a r l y  1980s. I n  t h a t  year  t h e r e  e x i s t s  a  requ i rement  t o  s h i p  1 8  MT o f  

p l u t o n i u m  i n  s u p p o r t  o f  t h e  L i g h t  Water Reactor Fuel  Cyc le .  An i d e n t i c a l  

e v a l u a t i o n  c r i t e r i o n  was used i n  t h e  e a r l i e r  p l u t o n i u m  t r u c k  t r a n s p o r t  

e v a l u a t i o n .  

To p r o v i d e  a  meaningfu l  comparison between t r u c k  and a i r  t r a n s p o r t ,  

eve ry  e f f o r t  was made t o  make t h e  e v a l u a t i o n  c r i t e r i o n  t h e  same. The f l o w s  

between f a c i l i t i e s  a r e  t h e  same, t h e  shipment s i z e  i s  i d e n t i c a l  and t h e  

c o n t a i n e r s  a r e  t h e  same. I n  p r e v i o u s  a n a l y s i s  a l l  t h e  p l u t o n i u m  was sh ipped 

by t r u c k .  I n  t h i s  a n a l y s i s ,  t h e  p l u t o n i u m  i s  taken  t o  t h e  n e a r e s t  a i r p o r t  

w i t h  scheduled cargo a i r  t r a n s p o r t  s e r v i c e ;  a i r  t r a n s p o r t e d  t o  t h e  cargo 

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

f a c i l i t y  by t r u c k .  

A meaningful  comparison between t r u c k  and a i r  t r a n s p o r t  r e q u i r e s  t h a t  

t h e  t r u c k  segments o f  t h e  a i r  t r a n s p o r t  mode be i n c l u d e d  i n  t h e  a n a l y s i s .  

A complete d e s c r i p t i o n  o f  t h e  t r u c k  t r a n s p o r t  segments can be found i n  t h e  

t r u c k  r i s k  r e p o r t ( ' )  and w i l l  n o t  be repeated here.  I n  t h i s  s e c t i o n ,  t h e  

a i r  segment r i s k s  w i l l  be d e s c r i b e d  i n  d e t a i l .  The t r u c k  segment r i s k s  w i l l  

t hen  be p resen ted  and added t o  t h e  a i r  segment t o  o b t a i n  t h e  o v e r a l l  r i s k  

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

F o l l o w i n g  t h e  e v a l u a t i o n  procedure summarized i n  S e c t i o n  3, t h e  f i r s t  

s t e p  i s  t o  comp le te ly  d e s c r i b e  t h e  a i r  t r a n s p o r t  system. Th is  i n f o r m a t i o n  

i s  presented i n  S e c t i o n  11.1. The d a t a  presented i n  S e c t i o n s  9  and 10 a r e  

used t o  e v a l u a t e  t h e  r i s k  o f  a i r  shipments i n  S e c t i o n  11.2, Ma jo r  c o n t r i b u t o r s  

t o  t h e  r i s k  and t h e  s e n s i t i v i t y  o f  t h e  assessment t o  p e r t i n e n t  parameters 

a r e  shown i n  S e c t i o n  11.3. Because o f  i t s  p a r t i c u l a r  i n~por tance ,  t h e  r i s k  

a r i s i n g  f rom many c o n t a i n e r s  f a i l i n g  i n  a  s i n g l e  a c c i d e r t  i s  shown. 

S e c t i o n  11 .4  p r o v i d e s  comparison o f  t h e  o v e r a l l  a i r  t r a n s p o r t  and t r u c k  

t r a n s p o r t  r i s k s .  



11.1 SYSTEM DESCRIPTION 

Two cases were analyzed. The f i r s t  case e v a l u a t e s  t h e  r i s k  o f  s h i p p i n g  

1  MT o f  p l u t o n i u m  d i o x i d e  powder i n  6M c o n t a i n e r s  a  d i s t a n c e  o f  1,500 m i l e s  

u s i n g  ca rgo  a i r c r a f t .  The second case e v a l u a t e s  t h e  annual U.S. r i s k  f rom 

p l u t o n i  um t r a n s p o r t  a t  a  s h i p p i n g  l e v e l  p r o j e c t e d  t o  occur  i n  t h e  e a r l y  

1  980s. 

11.1.1 System D e s c r i p t i o n  f o r  Sh ipp ing  One M e t r i c  Ton o f  P lu ton ium D i o x i d e  

1,500 M i l e s  by A i r  

It i s  assumed t h a t  t h e r e  i s  a  requ i rement  t o  sh-ip 1  m e t r i c  t o n  o f  p l u -  

ton ium d i o x i d e  i n  6M c o n t a i n e r s  1,500 m i l e s  by cargo a i r c r a f t  ac ross  t h e  U n i t e d  

S ta tes .  The number o f  shipments r e q u i r e d  t o  t r a n s p o r t  1  m e t r i c  t o n  o f  p l u t o -  

nium i n  d i o x i d e  f o r m  has been based on s h i p p i n g  r e g u l a t i o n s ,  c o n t a i n e r  capac i -  

t i e s ,  t r a n s p o r t  i n d i c e s  f o r  c r i t i c a l i t y  sa fe ty ,  w e i g h t  l i m i t a t i o n s  and t h e  

p h y s i c a l  d imensions o f  t h e  cargo a i r c r a f t .  These r e s u l t s  and t h e  expected 

a c c i d e n t  f requency p e r  m e t r i c  t o n  sh ipped a r e  shown i n  Tab le  11.1. 

The i s o t o p i c  compos i t i on  o f  t h e  p l u t o n i u m  used i n  t h i s  s tudy  i s  g i v e n  

i n  Table  10.12. The compos i t i on  rep resen ts  t h e  average expected f rom LWR 

fue l  i n  t h e  nearly 1980s. Based on 30 w a t t  p e r  c o n t a i n e r  hea t  g e n e r a t i  on 

l i m i t ,  t h e  mass o f  Pu02 p e r m i t t e d  i n  a  6M i s  2.9 kg  (11.4 w a t t s l k g  o f  Pu02 

f o r  these  i s o t o p i c s ) .  Wi th  t h i s  l i m i t ,  390 c o n t a i n e r s  a r e  r e q u i r e d  t o  h o l d  

1  m e t r i c  t o n  o f  p lu ton ium.  Based on dose r a t e  c a l c u l a t i o n s  by Brackenbush, 

Brown and ~ a u s t , ( ~ )  and assuming t h a t  some neu t ron  s h i e l d i n g  c o u l d  be p laced  

around t h e  a r r a y  o f  c o n t a i n e r s ,  39 c o n t a i n e r s  can be t r a n s p o r t e d  i n  one 

shipment.  T h i s  means t h a t  each shipment would c o n t a i n  100 kg o f  p l u t o n i u m  

and 10 shipments would be r e q u i r e d  t o  t r a n s p o r t  1  m e t r i c  t o n  o f  p lu ton ium.  

11.1.2 System D e s c r i p t i o n  f o r  E v a l u a t i n g  t h e  Risk  o f  P lu ton ium T r a n s p o r t  

~ 
A  major  p o r t i o n  of  t h e  d e s c r i p t i o n  f o r  t h e  comparison case can be used 

i n  t h e  system d e s c r i p t i o n  f o r  t h e  U.S. annual r i s k  e v a l u a t i o n  f o r  t h e  e a r l y  

1980s. Two a d d i t i o n a l  p ieces  o f  i n f o r m a t i o n  a r e  r e q u i r e d .  F i r s t ,  t h e  

t o t a l  q u a n t i t y  sh ipped a n n u a l l y  must be s p e c i f i e d .  Second, a  composi te 



TABLE 11.1. Sh ipp ing  C h a r a c t e r i s t i c s  f o r  6M Assumed f o r  
Ana l ys i s  (Based on t h e  Shipment o f  1  M e t r i c  
Ton o f  Pu) 

Amount PuIContai ner ,  kg 

Contai  ners/MT o f  Pu 

Conta iners /Shi  pment 

ShipmentsIMT o f  Pu 

D i  s  tance/Shi pment , m i  

Shipment Distance, m i  

Acc ident  Probabi 1  i t y ,  # / m i  

Acc ident  Frequency, #/MT o f  Pu 

Pu02 Form 
i n  6M Conta iner  

( a ) ~ a s e d  on 2.9 kg o f  Pu02 pe r  con ta ine r  o f  p r o j e c t e d  Pu 
i s o t o p i c s  i n  t h e  e a r l y  1980s. (Assumed t o  comply w i t h  
30 wa t t s  hea t  generat ion,  10 mrern/hr a t  6 ft, and t o t a l  
we igh t  1 i m i  t s .  A d d i t i o n a l  neut ron s h i e l d i n g  cou ld  inc rease  
t h e  number o f  con ta ine rs  pe r  shipment.) 

( b )~ssumed  average d i s tance  between reprocess ing  p l a n t  and 
f u e l  f a b r i c a t i o n  p l a n t .  

sh ipp ing  rou te ,  r e p r e s e n t a t i v e  o f  p l  u t o n i  um t r a n s p o r t a t i o n  throughout  t he  

cont iguous Un i ted  States,  must be cons t ruc ted .  

As s t a t e d  i n  Sec t ion  4.1, i t  i s  assumed t h a t  i n  t h e  e a r l y  1980s t he  

nuc lea r  power i n d u s t r y  w i  11 have grown t o  i n c l u d e  100 o p e r a t i n g  power 

reac to r s .  I t  i s  f u r t h e r  assumed t h a t  an i n d u s t r y  t h i s  s i z e  w i l l  s h i p  

18 m e t r i c  tons of p lu ton ium annua l l y .  

The composite r o u t e  can be ob ta ined  from i n f o r m a t i o n  developed i n  

Sec t ion  4. I n  1980 t he  reprocess ing  l oad  i s  assumed t o  be met by t he  Barnwel l  

and West Va l l ey  P lan ts ,  w i t h  Barnwell hand l ing  67% o f  t he  load.  Using t h i s  

f a c t o r  and t h e  d i s t r i b u t i o n  o f  p lu ton ium f u e l  f a b r i c a t o r s  l i s t e d  i n  Sec t ion  

4.4, t h e  r e l a t i v e  r e g i o n  mi leage o f  a  corr~posi te shipment r o u t e  i n  t he  

Un i ted  S ta tes  can be developed. The composite r o u t e  i s  shown i n  Tab1 e  11 .2.  



TABLE 11.2. C h a r a c t e r i s t i c s  o f  a  Composite U.S. Route 
f o r  Pl  utonium Transpor t  i n  t h e  E a r l y  1980s 

Average Route F r a c t i o n  of 
Length i n  Zone To ta l  M i  1  eage 

Zone Geographical  (weighted by a1 1  r o u t e s )  T ransvers i  ng 
Number D e s c r i p t i o n  M i  1  es t h e  Zone Truck & A i r  

Truck - A i r  Truck A i r  - 

I Nor th  A t l a n t i c  
Seaboard 0  0  0  

I 1  G r e a t L a k e  
S ta tes  21 251 0.105 0.205 

111 Nor th  Cen t ra l  
& Southeast 130 438 0.663 0.357 

I V West 4  5  53 6  0.232 0.438 

To ta l  E n t i r e  U.S. 196 1225 1  .OOO 1  . 000 

11.2 RISK EVALUATIONS FOR PLUTONIUM DIOXIDE SHIPMENTS BY CARGO AIRCRAFT 

The r i s k  c a l c u l a t e d  f o r  p lu ton ium shipment i s  presented i n  t h i s  sec t i on .  

Sec t i on  11.2.1 p resen ts  a  d e t a i l e d  development o f  t h e  r i s k  equa t i on  and a  

d i scuss ion  o f  measures o f  r i s k .  The r i s k  o f  sh i pp ing  1  MT o f  p l u ton ium 

d i o x i d e  powder i n  6M con ta i ne rs  a  d i s t a n c e  o f  1500 m i l e s  i n  a  cargo a i r c r a f t  

i s  g i ven  i n  Sec t i on  11.2.2. The annual r i s k  i n  the  n e a r l y  1980s f rom a i r  

t r a n s p o r t  o f  p l u t on ium d i o x i d e  i s  g i ven  i n  Sec t i on  11.2.3. 

11.2.1 The Risk Equat ion 

As descr ibed  i n  Sec t i on  3, t h e  t o t a l  r i s k  i s  de f i ned  as:  

where I 



The s u b s c r i p t  "i" r e f e r e s  t o  t h e  ith re lease  sequence. I n  Sec t ion  10, 

a general  equa t ion  was.developed f o r  t h e  terms i n  t h e  second s e t  of paren- 

t h e s i s  i n  Equat ion 11-2. S u b s t i t u t i n g  t h i s  express ion i n t o  Equat ion 11-2 

r e s u l t s  i n  t he  f o l l o w i n g  equat ion. 

The t o t a l  r i s k  of sh ipp ing  one con ta ine r  then becomes 

Equat ion 11-4 has been arranged so t h a t  t h e  frequency o f  occurrence terms 

a re  separated f rom the  consequence terms. As descr ibed i n  Sec t ion  10, 

each con ta ine r  i s  analyzed i n d i v i d u a l l y .  Thus t he  r i s k  of sh ipp ing  Nc 

con ta ine rs  i s  g i ven  by t h e  f o l l o w i n g  equat ion:  

The Nc te rm i s  i nc l uded  i n  t h e  frequency o f  occurrence term. By p u t t i n g  

Nc i n  t h i s  p a r t  o f  Equat ion 11-4, t h e  consequences o f  an acc iden t  a re  made 

p r o p o r t i o n a l  t o  t he  amount o f  m a t e r i a l  i n  one con ta ine r  and t h e  frequency 

of r e l ease  increases w i t h  t h e  number of con ta ine rs  shipped i n  any year .  

I n  Equat ion 11 -5 t h e  frequencies o f  occurrence and t he  consequences 

o f  a l l  acc iden ts  a r e  summed t o  o b t a i n  a s i n g l e  annual r i s k  number. Th is  

number can be though of as t h e  expected frequency of occurrence of a 

f a t a l  i t y  a t t r i b u t a b l e  t o  p lu ton ium t r a n s p o r t .  As d iscussed i n  Sec t ion  1, 



t h e  r i s k  spect rum must a l s o  be cons ide red  because i t  d i f f e r e n t i a t e s  between 

an even t  which occurs  once a  y e a r  and r e s u l t s  i n  one f a t a l i t y  and an e v e n t  

which occurs  once i n  a  thousand years  b u t  r e s u l t s  i n  1000 f a t a l i t i e s .  To 

d i s t i n g u i s h  between these  two even ts  which have t h e  same r i s k  b u t  d i f f e r e n t  

s e v e r i t i e s ,  cu rves  a r e  c o n s t r u c t e d  which p l o t  a c c i d e n t  s e v e r i t y  versus t h e  

expected f requency o f  a c c i d e n t s  w i t h  g r e a t e r  s e v e r i t y .  The two even ts  

desc r ibed  above have d i s c r e t e  c o n t r i b u t i o n s  t o  t h e  graph. Thus f o r  t h e  r i s k  

o f  two o p e r a t i o n s  t o  be t r u l y  comparable, they  must have b o t h  t h e  same r i s k  

and t h e  same r i s k  spectrum. 

Bo th  t h e  r i s k  and t h e  r i s k  spectrum can be o b t a i n e d  f rom t h e  terms i n  

Equa t ion  11-5. The number o f  f a t a l i t i e s  fro111 an a c c i d e n t  r e l e a s e  sequence 

i s  expressed by t h e  te rm i n s i d e  t h e  f i r s t  s e t  o f  b r a c k e t s  i n  Equa t ion  11-5. 

The f requency o f  t h e  consequence ( i  .e., number o f  f a t a l i t i e s )  i s  o b t a i n e d  

by c a l c u l a t i n g  t h e  terms w i t h i n  t h e  second s e t  o f  b r a c k e t s .  These two terms 

can be t h o u g h t  o f  as p a i r s  o f  numbers. The r i s k  spectrum curves  can be 

o b t a i n e d  choos ing  a  v a l u e  o f  N, t h e  number o f  f a t a l i t i e s ,  and t h e n  scanning 

t h e  p a i r e d  s e t s  o f  numbers f o r  any f i r s t  terms which exceed N. The summa- 

t i o n  o f  a l l  second terms which have a  f i r s t  t e r m  g r e a t e r  than  o r  equal  t o  

N  i s  t h e  expected f requency o f  occur rence  of  a c c i d e n t s  which r e s u l t  i n  IV o r  

more f a t a l i t i e s .  T h i s  i s  one p o i n t  on t h e  r i s k  spectrum curve.  T h i s  opera- 

t i o n  i s  c o n t i n u e d  u n t i l  p o i n t s  on t h e  r i s k  spectrum curve  a r e  c a l c u l a t e d  

f o r  s e l e c t e d  va lues of  N down t o  one f a c i l i t y .  

11.2.2 The R i s k  of  Sh ipp ing  P lu ton ium D i o x i d e  1500 M i l e s  by Cargo A i r c r a f t  

Based on t h e  d a t a  shown i n  Table  11.1, a c c i d e n t s  a r e  expected t o  
8  

occur  a t  a  r a t e  of 1 .0  x  1 0 - ~ / s h i ~ m e n t  m i l e ,  i . e . ,  once i n  10 shipment 

m i l e s .  F o r  a  s h i p p i n g  d i s t a n c e  o f  1500 m i l e s ,  t h e  expected f requency a t  

which p l u t o n i u m  shipments w i l l  be i n v o l v e d  i n  an a c c i d e n t  i s  1  i n  66,667 

shipments.  

The f requency of  a  r e l e a s e  has been e s t i m a t e d  u s i n g  t h e  d a t a  p resen ted  

i n  S e c t i o n  9. For t h e  o x i d e  shipment i n  t h e  6M c o n t a i n e r ,  one r e l e a s e  can 
6  be expected f o r  every  5.4 x  1 0  c o n t a i n e r s  shipped. S ince 39 6M c o n t a i n e r s  



a r e  t r a n s p o r t e d  p e r  sh ipment  and a c c i d e n t s  a r e  expec ted  a t  a  r a t e  o f  once 

p e r  66,667 sh ipments ,  t h e n  one a c c i d e n t  i n  two can be expected t o  r e l e a s e  

some o x i d e  powder. 

The r i s k  specturm cu rves  f o r  s h i p p i n g  1  m e t r i c  t o n  o f  p l u t o n i u m  d i o x i d e  

a c r o s s  t h e  U n i t e d  S t a t e s  i s  shown i n  F i g u r e  11.1.  A l s o  shown i n  t h e  f i g u r e  

a r e  t h e  r i s k  s p e c t r a  f o r  m e t e o r i t e s ,  c h l o r i n e  sh ipments ,  t h e  sh ipment  o f  

p l u t o n i u m  d i o x i d e  and p l u t o n i u m  n i t r a t e  by t r u c k ,  t h e  t o t a l  o f  a l l  n a t u r a l  

d i s a s t e r s  and t h e  t o t a l  o f  a l l  man-caused d i s a s t e r s .  These l a t t e r  cu rves  

were taken  f r o m  t h e  d r a f t  v e r s i o n  o f  WASH 1400. ( 4 )  From t h e  r e s u l t s  shown 

i n  t h e  f i g u r e ,  one i n  two a c c i d e n t s  where a  6M c o n t a i n i n g  o x i d e  powder f a i l s  

w i l l  r e s u l t  i n  one o r  more f a t a l i t i e s  a t t r i b u t a b l e  t o  t h e  r e l e a s e .  

Combining t h e  above occu r rence  f r e q u e n c i e s ,  t h e  1  i k e l i  hood o f  one o r  

more f a t a l i  t i e s  f r o m  p l u t o n i u m  r e l e a s e  d u r i n g  a  1500 m i l e  shipment o f  

p l u t o n i u m  d i o x i d e  powder i n  6M c o n t a i n e r s  i s  abou t  1  i n  300,000 

A l though  n o t  shown i n  t h e  spect rum cu rves ,  t h e  c a l c u l a t i o n s  show t h a t  

t h e  h i g h e s t  number o f  f a t a l i t i e s  o c c u r r e d  under  v e r y  s t a b l e  a tmospher ic  

c o n d i t i o n s  ( P a s q u i l l  F  S t a b i l i t y )  and a t  1  me te r  p e r  second windspeeds. 

The cu rves  shown i n  F i g u r e  11.1 do n o t  c o n s i d e r  e v a c u a t i o n  o f  peop le  f r o m  

t h e  r e l e a s e  plume. However, i t  s h o u l d  be n o t e d  t h a t  a t  l o w  windspeeds, 

t h e r e  i s  some t i m e  a v a i l a b l e  t o  evacua te  peop le  b e f o r e  t h e  r e l e a s e  plume 

reaches t h e i r  l o c a t i o n .  For example, i f  t h e  average windspeed i s  1  m/sec, 

a p p r o x i m a t e l y  16 m inu tes  i s  a v a i  1  a b l e  b e f o r e  t h e  r e 1  ease plume t r a v e l s  

1  km. Over 2 .5  hou rs  i s  a v a i l a b l e  1 0  km downwind. A1 though 1 6  m inu tes  

does n o t  a l l o w  t i m e  t o  evacuate  i n d i v i d u a l s ,  two and a  h a l f  hou rs  wou ld  

appear t o  r e p r e s e n t  a  t i m e  i n t e r v a l  d u r i n g  w h i c h  some e v a c u a t i o n  m i g h t  be  

p o s s i b l e .  I n  t h i s  r e s p e c t ,  t h e  r e s u l t s  p r e s e n t e d  he re  r e p r e s e n t  a  con- 

s e r v a t i  ve upper  1  i m i  t. 

S e n s i t i v i t y  ana lyses  p r e s e n t e d  i n  S e c t i o n  11 .3  w i l l  f u r t h e r  ana lyze  

t h e  r i s k  spect rum cu rves  and i d e n t i f y  t h e  more i m p o r t a n t  c o n t r i b u t o r s  t o  

t h e  r i s k .  
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11.2.3 The R isk  o f  Sh ipp ing  P lu ton ium D iox i de  by  Cargo A i r c r a f t  i n  t h e  

E a r l y  1980s 

The annual r i s k  t o  t h e  U.S. f rom p lu ton ium d i o x i d e  powder shipment i n  

6M c o n t a i n e r s  i n  t h e  e a r l y  1980s i s  r e p o r t e d  i n  t h i s  sec t i on .  F i g u r e  11.2 

shows t h e  r i s k  spectrum f o r  t h e  d i o x i d e  shipments. A l so  shown i n  F i g u r e  11.2 

a r e  t h e  r i s k  spec t ra  f o r  p lu ton ium d i o x i d e  and n i t r a t e  by t r u c k  me teo r i t es ,  

c h l o r i n e  shipments, t h e  t o t a l  o f  a l l  n a t u r a l  d i s a s t e r s  and t h e  t o t a l  o f  a l l  

man-caused events.  I t  can be seen t h a t  t h e  a i r  t r a n s p o r t  r i s k  of p l u ton ium 

d i o x i d e  i s  comparable t o  t h e  l i q u i d  n i t r a t e  t r u c k  shipment r i s k  spectrum and 

bo th  a r e  comparable t o  t h e  r i s k  spectrum f o r  me teo r i t es .  Since t he  r i s k s  

from c h l o r i n e  shipments and o t h e r  man-caused events  pose a  s i g n i f i c a n t l y  

g r e a t e r  hazard, t h e  conc lus i on  would be t h a t  many commonly accepted r i s k s  

pose a  hazard which i s  g r e a t e r  than  t h a t  f rom p lu ton ium shipments. 

D iscuss ions of  t h e  u n c e r t a i n t i e s  i n  t h e  r e s u l t s  and t he  s e n s i t i v i t y  o f  

these curves t o  p e r t i n e n t  parameters i n  t h e  a n a l y s i s  a r e  presented i n  

Sec t ion  11.3. 

11.3 RISK CALCULATIONAL UNCERTAINTIES 

There a re  two ma jo r  u n c e r t a i n t i e s  i n  t h i s  a n a l y s i s .  F i r s t ,  t he  a n a l y s i s  

was performed by l o o k i n g  a t  c o n t a i n e r  f a i l u r e s  as i n d i v i d u a l  events.  Th i s  

worked we1 1  f o r  e v a l u a t i n g  t r u c k  t r a n s p o r t  f a i  1  ures.  Sec t i on  11 .3.1 eva l  uates 

t he  l i k e l i h o o d  o f  many con ta i ne rs  f a i l i n g  i n  an acc i den t .  The second major 

u n c e r t a i n t y  i n v o l v e s  t h e  s e n s i t i v i t y  o f  t h e  r i s k  spectrum curves t o  para-  

meters which may be h i g h l y  unce r t a i n .  For example, Sandia found t h a t  t he  

punc tu re  environment was ve ry  d i f f i c u l t  t o  q u a n t i f y .  I f  t h e  r i s k  curves 

a r e  be ing  c o n t r o l l e d  by puncture,  then  i t  i s  i m p o r t a n t  t o  recognize t h a t  

f a c t  s i n c e  t h e  a n a l y s i s  can be no more c e r t a i n  than  t h e  i n p u t  data.  The 

r i s k  s e n s i t i v i t y  eva lua t i ons  presented i n  Sec t i on  11.3.2 i d e n t i f y  t h e  

impo r tan t  parameters which c o n t r i b u t e  t o  t h e  r i s k .  

11.3.1 Ana lys is  o f  Mu1 t i p l e  Conta iner  F a i l u r e s  

Based on t h e  i n f o r m a t i o n  presented i n  Sec t i on  6, t h e  6M con ta i ne rs  can- 

n o t  s u r v i v e  'impacts w i t h  u n y i e l d i n g  sur faces  i f  t h e  impact  v e l o c i t y  i s  g r e a t e r  
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than  400 f t l s e c .  Impacts a t  h i ghe r  v e l o c i t i e s  a r e  p o s s i b l e  as a  r e s u l t  o f  

i n f l i g h t  acc i den t s  (see F igu re  5 .2) .  Thus, i t  i s  p o s s i b l e  t h a t  a l l  39 con- 

t a i n e r s  cou ld  f a i l  i n  a  s i n g l e  acc i den t  i f  t h e  packages s t r i k e  r o c k - l i k e  

sur faces.  

Thus t h e  s i n g l e  c o n t a i n e r  a n a l y s i s  does n o t  y i e l d  a  good approx imat ion 

t o  t h e  r i s k  spectrum f o r  t he  impact r e l ease  sequence from an i n f l i g h t  

acc i den t .  S ince on a  s i n g l e  c o n t a i n e r  bas is ,  t h i s  sequence was found t o  

c o n t r i b u t e  approx imate ly  80% t o  t h e  o v e r a l l  r i s k  spectrum, a  spec ia l  eva lu -  

a t i o n  was made. Th is  sequence was mathemat ica l l y  removed from the  r i s k  

spectrum, t r e a t e d  sepa ra te l y ,  and then  added back i n t o  t he  r i s k  curve.  The 

a n a l y s i s  used t h e  acc i den t  r a t e  f o r  shipments i n s t e a d  o f  t he  s i n g l e  con- 

t a i n e r  r a t e .  The shipment acc i den t  r a t e  i s  39 t imes  sma l l e r  than  t h e  con- 

t a i n e r  r a t e ,  because 39 con ta i ne rs  a r e  i n v o l v e d  i n  a  s i o g l e  acc iden t .  

S imul taneous ly ,  t h e  r e l e a s e  f r a c t i o n  f o r  t h e  mu1 t i  p l e  con ta i ne r  r e l ease  

sequence was m u l t i p l i e d  by 39 s i nce  a l l  con ta i ne rs  a r e  assumed t o  f a i l .  

F i gu re  11.3 shows t h e  r e s u l t  o f  t h i s  r e l ease  sequence man ipu la t i on  t o  

i n c l u d e  t h e  e f f e c t  o f  m u l t i p l e  con ta i ne r  f a i l u r e s .  It should be noted t h a t  

t h e  o r d i n a t e  o f  t he  graph shown i n  F i gu re  11.3 extends down o n l y  t o  a  

f requency o f  A t  lower  f requenc ies ,  t he  curves c ross  and t h e  m u l t i p l e  

c o n t a i n e r  f a i l u r e  r i s k  spectrum i s  above t h e  s i n g l e  c o n t a i n e r  spectrum. 

The area under bo th  curves i s  t h e  same s i nce  t he  t o t a l  r i s k  does n o t  depend 

on t h e  da ta  man ipu la t i on  method used. Again, i t  should be noted t h a t  

t h i s  r e l ease  sequence tends t o  dominate t h e  r i s k  spectrum curve.  

Because t h e r e  i s  a  s i g n i f i c a n t  d i f f e rence  between t he  s i n g l e  and 

m u l t i p l e  c o n t a i n e r  r i s k  spectrum curves f o r  t h i s  r e l e a s e  sequence, subse- 

quent sec t i ons  w i l l  use t h e  s i n g l e  c o n t a i n e r  curves ad jus ted  f o r  r e l ease  

sequences which can induce m u l t i p l e  c o n t a i n e r  f a i l u r e s .  I n  t h i s  way, t h e  

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

e f f e c t i v e l y  combined w i t h  t h e  ve r y  severe acc i den t  environment generated 

i n  a  high-speed ground impact acc iden t .  I f  t h i s  m o d i f i e d  method were t o  be 

used i n  a  1 -me t r i c  ton,  1500-mi le ana l ys i s ,  (see S e c t i o r  11.2.2.) t h e  e f f e c t  

would be t o  reduce t h e  m u l t i p l e  c o n t a i n e r  cu rve  by a f a c t o r  o f  approx imate ly  18. 



- 

- 

- 

MULTIPLE CONTAINER 
- ANALYSIS 

- 

- 

- 

1 10 100 loo0 10,000 100,000 

N (FATALITIES) 

FIGURE 11.3. R i sk  Spectrum Eva lua t i on  o f  S i n g l e  and M u l t i p l e  Con ta iner  
F a i l u r e  f rom Impact Forces Imposed on t h e  6M i n  t h e  
Acc iden t  Environment. Note: M u l t i p l e  c o n t a i n e r  cu rve  
drops more s l o w l y  be1 ow 1 0 - I  Even ts lyear .  

11.4 RISK SENSITIVITY EVALUATIONS 

P r i o r  t o  d i scuss ion  o f  t he  s e n s i t i v i t y  o f  t h e  r i s k  e v a l u a t i o n  t o  t h e  

values o f  c e r t a i n  system parameters,  i t  i s  impo r tan t  t o  p o i n t  o u t  a  funda- 

mental s e n s i t i v i t y  o f  t h e  r i s k  eva lua t i on ;  i . e . ,  t h e  c a l c u l a t e d  r i s k  i s  a  

f u n c t i o n  o f  the  s h i p p i n g  assumptions. The p resen t  r i s k  assessment i s  made 

f o r  the  system descr ibed  i n  Sec t ion  11 .l. Shor te r  shipment d is tances ,  t h e  

Iuse o f  d i f f e r e n t  s h i p p i n g  con ta i ne rs ,  e tc . ,  would r e s u l t  i n  a  d i f f e r e n t  

r i s k .  I n  general  , r e e v a l u a t i o n  would be r e q u i r e d  t o  determine t h e  r i s k  



under these changed cond i t i ons .  However, f o r  some s imp le  changes i n  

shipment cond i t i ons ,  de te rm ina t i on  t h a t  t he  r i s k  would be l e s s  than, o r  

g rea te r  than, t h a t  c a l c u l a t e d  f o r  t h e  systems cons idered i n  t h i s  a n a l y s i s  

cou ld  be made w i t h o u t  r e c a l c u l a t i o n .  

Risk s e n s i t i v i t y  eva lua t i ons  pe rm i t  a n a l y s i s  o f  t h e  importance o f  the  

va r i ous  f a c t o r s  which c o n t r i b u t e  t o  t h e  r i s k .  They can be used: 1 )  t o  

i d e n t i f y  and q u a n t i f y  t h e  e f f e c t s  o f  t h e  major  c o n t r i b u t o r s  t o  t he  r i s k ,  

and 2 )  t o  i d e n t i f y  ways t o  improve t h e  c e r t a i n t y  i n  t h e  r i s k  eva lua t i on .  

Most s e n s i t i v i t y  s t u d i e s  a r e  performed by r e p e a t i n g  t h e  r i s k  c a l c u l a -  

t i o n  w i t h  a  changed va lue  f o r  t h e  parameter o f  i n t e r e s t .  I n  general , t h e  

dependence o f  t h e  r i s k  on a  p a r t i c u l a r  parameter i s  complex. I n  some cases, 

however, a  parameter en te r s  s imp ly  and d i r e c t l y  i n t o  t h e  r i s k  equa t ion  and 

t h e  s e n s i t i v i t y  can be determined d i r e c t l y .  

The r e s u l t s  o f  r i s k  s e n s i t i v i t y  s t u d i e s  f o r  t h e  ox i de  shipment a n a l y s i s  

a r e  g iven  i n  Table  11.3. The e f f e c t  on t h e  r i s k  spectrum o f  t h e  more impor- 

t a n t  cases a r e  a l s o  shown i n  F i gu re  11.4. I t  i s  seen t h a t  packaging d e f i -  

c i e n c i e s  and puncture o f  t h e  2R c o n t a i n e r  do n o t  c o n t r i b u t e  s i g n i f i c a n t l y  t o  

t h e  r i s k  of p lu ton ium d i o x i d e  powder a i r  shipment i n  6M con ta iners .  The t h r e e  

curves have been presented as one because t h e  d i f f e r e n c e s  a r e  t o o  smal l  t o  

be shown g r a p h i c a l l y .  A1 1  s e n s i t i v i t y  s t u d i e s  were donw on t h e  bas i s  o f  a  

s i n g l e  c o n t a i n e r  eva lua t i on .  

TABLE 11.3. R isk  S e n s i t i v i t y  Cases f o r  D iox i de  Shipments 
i n  t h e  U.S. i n  t h e  E a r l y  1980s 

Risk Level  Risk Level  
(Est imated Annual Frequency Re1 a t  i ve 

of Occurrence o f  One t o  
S e n s i t i v i t y  Case o r  More F a t a l i t i e s )  Base Case 

Base ( s i n g l e  c o n t a i n e r )  

Zero Packaging Cond i t i on  D e f i c i e n c i e s  4.93 0.99 

Zero Puncture o f  2R Conta iner  4.84 0.97 

Re1 ease F r a c t i o n s  = 1 .0  8.81 1.77 

44 f t / s e c  impact f a i l u r e  t h r e s h o l d  4.74 x  1 0 - j  
350 f t l s e c  impact  f a i l u r e  t h r e s h o l d  1.00 

( a ) ~ h i p m e n t  i n  e a r l y  1980s as descr ibed  i n  Sec t i on  11.1.2 
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FIGURE 11.4. S e n s i t i v i t y  o f  t h e  Risk Spectrum Curves 
t o  Several Parameters f o r  P lu ton ium 
D iox ide  Shipments i n  t h e  6M Conta iner  

As an upper l i m i t  example, a  r u n  was made which assumed t h a t  any re l ease  

sequence re leases  t he  e n t i r e  con ten t  o f  a  con ta ine r  ( i . e . ,  t h e  f r a c t i o n  

re leased  = 1 ) .  The r e s u l t s  i n d i c a t e  t h a t  t h i s  increases t h e  r i s k  about a  

f a c t o r  o f  1  .77. 

A f o u r t h  s e n s i t i v i t y  s tudy  was c a r r i e d  o u t  t o  determine t he  e f f e c t s  o f  

conta' iner impact f a i l u r e  t h resho lds  on t h e  r i s k .  One case, us i ng  a  f a i l u r e  

t h r e s h o l d  e q u i v a l e n t  t o  t h e  drop t e s t  l i m i t s  which a l l  Type B con ta ine rs  must 

pass (30 ft. drop h e i g h t  w i t h  impact v e l o c i t y  of approx imate ly  44 f t / s e c )  was 



used as a  lower  bound. A  second case, assuming a  350 f t l s e c  impact  v e l o c i t y  

was eva lua ted  t o  determine t h e  e f f e c t s  o f  a  h i ghe r  f a i l u r e  t h resho ld .  

These s e n s i t i v i t y  s t u d i e s  have i d e n t i f i e d  areas i n  which f u r t h e r  s t ud ies  

cou ld  r e s u l t  i n  inc reased  knowledge o f  events and processes p e r t i n e n t  t o  

t h e  assessment. 

11.5 COMPARISON OF PLUTONIUM SHIPMENT RISKS FOR TRUCK AND CARGO AIRCRAFT 

As d iscussed i n  t h e  i n t r o d u c t i o n  t o  Sec t i on  11, t h e  t o t a l  r i s k  o f  sh ip -  

p i n g  p l u ton ium by a i r  must i n c l u d e  b o t h  t h e  ground and a i r  t r a n s p o r t  segments. 

The p rev ious  sec t i ons  have presented r e s u l t s  f o r  t h e  a i r  t r a n s p o r t  segments. 

F i g u r e  11.5 shows t h e  r i s k  spectrum f o r  t h e  ground and a i r  segments and a l s o  

adds t h e  two t oge the r  t o  g e t  an o v e r a l l  r i s k  spectrum f o r  sh i pp ing  p lu ton ium 

by  a i r .  It can be seen t h a t  t h e  ground t r a n s p o r t  segment adds ve ry  l i t t l e  

t o  t h e  o v e r a l l  r i s k .  ( I n  f a c t ,  i t  adds so l i t t l e  t h a t  t h e  change cannot be 

represented g r a p h i c a l l y .  ) 

F i gu re  11.6 compares t h e  o v e r a l l  a i r  t r a n s p o r t  shipment r i s k  spectrum 

w i t h  t h e  p r e v i o u s l y  r e p o r t e d  shipment r i s k s  spectrums f o r  p lu ton ium ox ide  

and n i t r a t e  by  t r u c k ,  c h l o r i n e  shipments, me teo r i t es  and t h e  t o t a l  o f  a l l  

man-caused and n a t u r a l  events.  

It can be seen t h a t  a l though  sh ipp ing  Pu02 by a i r  i s  more hazardous 

than t r u c k  t r a n s p o r t  o f  Pu02, i t  i s  l e s s  hazardous than  p lu ton ium n i t r a t e  

shipments by t r u c k .  A l l  t h r e e  pose a  r i s k  which i s  much lower  than  c h l o r i n e  

shipments and many o t h e r  n a t u r a l  o r  man-cause r i s k s .  
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APPENDIX A 

DESCRIPTION OF 6M PACKAGE USED TO SHIP PuOp 

The 6M des igna t i on  represen ts  a  c l a s s  o f  con ta ine rs  which have been 

approved f o r  r a d i o a c t i v e  m a t e r i a l  t r a n s p o r t .  The general  s e t  o f  des ign 

c r i t e r i a  a r e  found i n  49CFR 178.104. The o u t e r  drum must conform t o  

Spec. 6C and 17C as de f i ned  under paragraph 178.99 and 178.115, r e s p e c t i v e l y .  

The i n n e r  con ta ine r  design must meet o r  exceed t h e  2R s p e c i f i c a t i o n  present  

i n  paragraph 178.34. 

The o u t e r  con ta ine r  o f  t h e  6M can vary  f rom a  10 t o  110 ga l  capac i t y .  

The f o l l o w i n g  d e s c r i p t i o n  i s  based on t h e  15-gal s i z e .  Th is  s i z e  6M was 

used throughout  t h e  r e p o r t  and i s  shown i n  F igu re  A.1. Much o f  t h e  in forma-  

t i o n  shown below was taken from Reference l. Other i n f o r m a t i o n  has been 

ob ta ined  from ac tua l  con ta ine r  measurements. 

Author ized Contents:  

Up t o  4.5 kg o f  p lu ton ium metal ,  a l l o y  o r  compound o r  up t o  13.5 kg 

o r  uranium 235 metal  o r  a l l o y .  A d d i t i o n a l  d e t a i l s  and r e s t r i c t i o n s  a r e  

prov ided i n  49CFR 173.396. 

I n t e r i o r  and E x t e r i o r  Dimensions: 

I n t e r i o r  5.25 i n .  I D  x  10.5 i n .  deep i ns i de ;  Drum - 15.57 i n .  diam. x  

21.25 i n .  h i g h  o u t s i d e  w i t h  18 ga. w a l l .  

D e s c r i p t i o n  o f  Conta iner :  

The o u t e r  con ta ine r  i s  a  15-gal  DOT Spec. 17C drum. The i n n e r  con ta ine r  

i s  a  5 - in .  Sch. 80 s t e e l  p i pe  w i t h  a  threaded p lug.  The bottom end i s  

c losed  by welded 112- in.  t h i c k  s t e e l  cap. The d i o x i d e  powder i s  conta ined i n  

two sealed No. 8  s t e e l  cans which a r e  p laced i n s i d e  t h e  i n n e r  con ta iner .  The 

i n n e r  con ta ine r  i s  l i n e d  w i t h  padding t o  min imize damage t o  t he  s t e e l  cans 

d u r i n g  a  shipment. 
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Type and Thickness of I n s u l a t i o n :  

The i n n e r  c o n t a i n e r  i s  i n s u l a t e d  by ce lo texR  I n d u s t r i a l  Board w i t h  

a  minimum th ickness  o f  3  i n .  

Sh ie l d i na :  

No a d d i t i o n a l  s h i e l d i n g  beyond t h a t  by s t r u c t u r a l  m a t e r i a l  provided; 

may be added w i t h i n  t he  containment vessel  when requ i red .  

Heat Removal Capaci ty:  

Normal l i c e n s e d  l i m i t  o f  10 wat ts .  Specia l  permi ts  have been 

i ssued  f o r  des igns which a l l o w  f o r  up t o  50 wat ts .  The 10-watt  l i m i t  

r e s u l t s  i n  a  containment vessel  temperature 1  i m i  t o f  155°F f o r  a  70°F 

ambient temperature.  There a r e  spec ia l  handl i r rg requ i re~ i ien ts  f o r  sh ipp ing  

m a t e r i a l s  t h a t  generate more than 10 wat ts .  

Au thor ized  Modes o f  T ranspor t :  

Vessel, cargo o r  passenger-carry ing a i r c r a f t ,  motor veh i c l e ,  r a i l  

f r e i g h t ,  and r a i l  express. 

REFERENCE 

1. D i v i s i o n  o f  Waste Management and Transpor ta t ion ,  D i r e c t o r y  o f  
Packagings f o r  T ranspo r ta t i on  o f  Rad ioac t i ve  Ma te r i a l s ,  WASH-1279, 
Un i t ed  S ta tes  Atomic Energy Commission, Washington, DC, 1973. 



APPENDIX B  

PHYSICAL AND CHEMICAL PROPERTIES OF PLUTCINIUM DIOXIDE 

Th i s  appendix presents  a  b r i e f  summary o f  t h e  Pu02 p r o p e r t i e s  p e r t i n e n t  

t o  t h e  p resen t  s tudy.  The t r u c k  shipment r i s k  r e p o r t ( l )  and t h e  re ferences 

s i t e d  i n  t h i s  appendix can be consu l ted  f o r  f u r t h e r  d e t a i l s .  

P lu ton ium d i o x i d e  may be prepared i n  many ways. I t  i s  norma l l y  a  

buff powder, b u t  i t s  c o l o r  and p a r t i c l e  s i z e  i s  a  f u n c t i o n  o f  t h e  method 

of p repa ra t i on .  I t s  d e s i r a b l e  p r o p e r t i e s  i n c l u d e  h i g h  m e l t i n g  p o i n t ,  

i r r a d i a t i o n  s t a b i l i t y ,  c o m p a t i b i l i t y  w i t h  meta ls ,  and ease o f  p repa ra t i on .  ( 2  

A  l i s t i n g  of some o f  t h e  phys i ca l  c h a r a c t e r i s t i c s  o f  p lu ton ium d i o x i d e  i s  

g i ven  i n  Table  B.1. 

TABLE B.1. Se lec ted  Sumnary o f  Pu02 P r o p e r t i e s  ( 3 )  

3  T h e o r e t i c a l  Dens i t y  (g/cm ) 11.45 

Me1 t i n g  P o i n t  2400 _+ 30°C 

C o e f f i c i e n t  o f  L i n e a r  Thermal Expansion 10.9 

( " c - I  , Range 25" t o  1000°C) 

Thermal C o n d u c t i v i t y  0.023 a t  1000°C 

(W/cm - "C, a t  95% TD) 

Res is tance t o  Thermal Shock F a i r l y  Good 

Plu ton ium d i o x i d e  i s  p r a c t i c a l l y  i n s o l u b l e  i n  water  and d i l u t e  ac ids ,  

b u t  i s  d i f f i c u l t l y  s o l u b l e  i n  some concen t ra ted  ac ids .  The bes t  so l ven t s  

a r e  12 t o  16 normal (N) - HN03 w i t h  0.01 t o  0.1 HF, 5  t o  6  - N  HI ,  and 

9  - N  HBr. I nc reas ing  a c i d i t y  g e n e r a l l y  inc reases  t h e  r a t e  o f  d i s s o l u t i o n .  ( 4 )  

The d i o x i d e  c a l c i n e d  a t  temperatures below 275°C i s  s o l u b l e  i n  h y d r o c h l o r i c  

a c i d .  Concentrated s u l f u r i c  a c i d  w i l l  d i s s o l v e  d i o x i d e  c a l c i n e d  a t  tempera- 

t u r e s  up t o  6 0 0 " ~ .  ( 5 )  Re f l ux i ng  i s  necessary i n  a l l  cases, and d i s s o l u t i o n  

i s  ve r y  slow, g e n e r a l l y  r e q u i r i n g  a t  l e a s t  severa l  hours t o  d i s s o l v e  smal l  

samples. ( 4 )  



I f  exposed t o  humid a i r ,  ca l c i ned  p lutonium d i o x i d e  powder w i l l  

adsorb moisture.  The powder even tua l l y  sa tu ra tes  about 1  t o  2  w t %  water. 

Study of t h e  s i z e  of p lu tonium d i o x i d e  p a r t i c l e s  revea ls  t h a t  i t  i s  

an extremely f i n e  powder. Some d i s t r i b u t i o n s  o f  p a r t i c l e  s i z e  a r e  shown 

i n  F igure  B.1. ( 6 )  Many o f  t he  p a r t i c l e s  a re  small enough t o  become a i r -  

borne and be inhaled.  ( 7 )  

P A R T I C L E  C I A V E T E R .  M I C R O N S  

FIGURE B.l Plutonium Diox ide  P a r t i c l e  S ize  
D i s t r i b u t i o n  Formed Ca lc ina t i on  ?i o f  Plutonium Oxalate 
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MECHANICAL ANALYSIS OF THE 6M CONTAINER 

The 6M c o n t a i n e r  w i  11 w i ths tand ,  w i t h o u t  f a i l u r e ,  t h e  h y p o t h e t i c a l  

a c c i d e n t  c o n d i t i o n s  s p e c i f i e d  i n  10CFR71. These h y p o t h e t i c a l  c o n d i t i o n s  
1 

i n v o l v e :  ( 1 )  a  f r e e  d rop  o n t o  a  f l a t  e s s e n t i a l l y  u n y i e l d i n g  s u r f a c e  f rom 

a  h e i g h t  o f  30 ft, ( 2 )  a  f r e e  d rop  th rough  40 i n .  o n t o  t h e  t o p  end o f  a  

6 - i n .  d iamete r  c y l i n d r i c a l  m i l d  s t e e l  bar,  ( 3 )  exposure t o  a  thermal  

r a d i a t i o n  environment o f  1475°F f o r  30 min, and ( 4 )  immersion i n  3  f t  o f  

wa te r  f o r  8 h r .  The q u a l i f i c a t i o n  t e s t s  demonstrate t h a t  t h e  c o n t a i n e r  

can w i t h s t a n d  t h e  s i m u l a t e d  a c c i d e n t  c o n d i t i o n s ,  b u t  y i e l d  no i n f o r m a t i o n  

r e g a r d i n g  f a i l u r e  p o i n t s .  Tes ts  t h a t  exceed t h e  q u a l i f i c a t i o n  t e s t s  f o r  a  

l - i m i t e d  range o f  c o n t a i n e r  o r i e n t a t i o n s  and o t h e r  t e s t  parameters have 

been performed by Sandia L a b o r a t o r i e s  and o t h e r s .  y 2 y 3 y 4 y 5 )  The a n a l y t i c a l  

r e s u l t s  presented h e r e i n  have been compared w i t h  t h e  t e s t  d a t a  a v a i l a b l e  

and found t o  be i n  genera l  agreement. 

Severa l  a n a l y t i c a l  approaches a r e  a v a i l a b l e  t o  determine f a i l u r e  

t h r e s h o l d s  o f  t h e  6M c o n t a i n e r ,  i n c l u d i n g :  (1  ) fo rce -d isp lacement  methods 

o u t l i n e d  i n  t h e  Cask D e s i g n e r ' s  ~ u i d e , ' ~ )  ( 2 )  f i n i t e  element a n a l y s i s  

u s i n g  computer codes, and ( 3 )  mass-spr ing models. The use o f  t h e  more 

p r e c i s e ,  b u t  expensive,  computer a n a l y s i s  methods was cons idered i n a p p r o p r i a t e  

f o r  t h e  purposes of t h e  p r e s e n t  s tudy .  The genera l  a n a l y t i c a l  approach 

used i n  t h i s  appendix i s  t h e  fo rce -d isp lacement  method based on l i n e a r -  

e l a s t i c  s t r u c t u r a l  behav io r .  T h i s  approach i s  cons idered s u f f i c i e n t l y  

a c c u r a t e  as t o  n o t  c o n t r o l  t h e  r i s k  assessment u n c e r t a i n t i e s .  

T h i s  appendix p resen ts  t h e  mechanical ana lyses used i n  t h e  determina-  

t i o n  o f  t h e  f a i l u r e  d rop  h e i g h t s  shown i n  Table  6.1, S e c t i o n  6  o f  t h i s  

r e p o r t .  F a i l u r e  o f  t h e  o u t e r  c o n t a i n e r  by  impact  o r  c r u s h  f o r c e s  i s  

assumed t o  occur  when t h e  p e r i m e t e r  o f  t h e  l i d  i n  t h e  deformed s t a t e  becomes 

s m a l l e r  than  t h e  undeformed i n s i d e  c i r cumference  o f  t h e  clamp r i n g .  The 

a n a l y s i s  i s  based on e l a s t i c  de fo rmat ion  o f  t h e  o u t e r  c o n t a i n e r  and should  



be conse rva t i ve  because s i g n i f i c a n t  energy would be d i s s i p a t e d  i n  

l o c a l i z e d  buck l i ng  o r  p l a s t i c  deformat ion.  However, l o c a l  buck l i ng  o r  

o b l i q u e  angles o f  impact cou ld  l e a d  t o  o the r  undef ined mechanisms o f  f a i l u r e .  

6M Conta iner  Ana l ys i s  

Case 1: Determine t h e  drop h e i g h t  which r e s u l t s  i n  r u p t u r e  o f  t he  o u t e r  

con ta ine r  ( s i d e  drop) .  

S p e c i f i c a t i o n  o f  6M Conta iner :  

Weight ( t o t a l )  = 160 l b  

OD = 15.57 i n .  x  21.25 i n .  h i g h  (15-gal s i z e )  

S h e l l  th i ckness  - 0.0478 in .  (18 GA) 

Pressure Vessel: 

I D  = 5-1/4 i n .  x  10-1/2 i n .  h i g h  

Wall th i ckness  = 1 /4  i n .  

Dynamic Flow Stress:  

S h e l l :  us = 50,000 p s i  (6) 

Celotex: oc = 100 p s i  (assumed). 

It was assumed t h a t  t h e  6M con ta ine r  was dropped on an u n y i e l d i n g  

sur face.  A l l  t h e  energy due t o  impact would be absorbed by t h e  con ta ine r .  

The de fo rmat ion  o f  t h e  s h e l l  versus drop h e i g h t  was c a l c u l a t e d  us ing  an 

equat ion  f rom t h e  "Cask Des igner ' s  Guide. 11(6) 
- 

where: 

F~ ( 8 )  = Q - - ' s i n  28 2  

F2(Q) = s i n  Q (2  - cos Q) - Q 

W = we igh t  o f  s h e l l ,  1  bs 



R = o u t e r  s h e l l  r a d i u s ,  i n .  

t = o u t e r  s h e l l  t h i ckness ,  i n .  
S 

L = l e n g t h  o f  s h e l l ,  i n .  

a = t h e  dynamic f l o w  s t r e s s  o f  t h e  s h e l l ,  p s i  
S 

o = t h e  dynamic f l o w  s t r e s s  o f  t h e  v e r m i c u l i t e  m a t e r i a l ,  p s i  v  

8 = t h e  a n g l e  a s s o c i a t e d  w i t h  t h e  deformed c o n f i g u r a t i o n  o f  s h e l l ,  

degrees and r a d i a n s  

te = t h i c k n e s s  o f  s t e e l  end p l a t e ,  i n .  

The e q u a t i o n  above was o r i g i n a l l y  developed f o r  s tee l -encased s o l i d  l e a d  

c y l i n d e r s .  An approx imat ion  o f  d e f o r m a t i o n  i n  a  s tee l -encased c y l i n d e r  
R f i l l e d  w i t h  Ce lo tex  was o b t a i n e d  by assuming a  v a l u e  f o r  dynamic f l ow 

R s t r e s s  f o r  Ce lo tex  (100 p s i )  and s u b s t i t u t i n g  f o r  t h e  p r o p e r t i e s  o f  l e a d  

i n  t h e  equa t ion .  The assumed v a l u e  f o r  dynamic f l o w  s t r e s s  needs 

exper imen ta l  v e r i f i c a t i o n .  

The d e f o r m a t i o n  o f  t h e  o u t e r  c o n t a i n e r  versus drop h e i g h t  i s  shown 

i n  F i g u r e  C.1. The drop h e i g h t  r e q u i r e d  t o  pop o f f  t h e  l i d  o f  t h e  o u t e r  

c o n t a i n e r  was found t o  be 194 ft. Again t h i s  was based on t h e  assumpt ion 

t h a t  t h e  l i d  would come o f f  when t h e  p e r i m e t e r  o f  t h e  l i d  i n  t h e  deformed 

s t a t e  i s  s m a l l e r  t h a n  t h e  undeformed i n s i d e  c i r cumference  o f  t h e  clamp 

r i n g .  T h i s  drop h e i g h t  corresponds t o  a  f o r c e  o f  95,000 1b u s i n g  t h e  

r e l a t i o n s h i p  i n  Equa t ion  1  o f  S e c t i o n  6. 

Case 2: Determine t h e  drop h e i g h t ' w h i c h  would cause r u p t u r e  o f  t h e  i n n e r  

c o n t a i n e r  

I t  was assumed t h a t  t h e  i n n e r  2R vesse l  would n o t  deform u n t i l  t h e  

o u t e r  s h e l l  c o n t a c t e d  t h e  i n n e r  vesse l .  The drop h e i g h t  t o  cause t h i s  

c o n t a c t  was found t o  b e . a p p r o x i m a t e l y  260 ft. ( 7 )  

The deformat ion versus drop h e i g h t  f o r  an i n n e r  vesse l  i s  shown i n  

F i g u r e  C.2. The p o i n t  a t  which r u p t u r e  would occur  due t o  de fo rmat ion  

cannot be d e f i n e d .  The s o l u t i o n  may o n l y  be found by a  p h y s i c a l  t e s t .  

The d a t a  used i n  de te rm in ing  d e f o r m a t i o n  u s i n g  e q u a t i o n  C-1 a re :  
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D R O P  H E I G H T  ( f t )  

FIGURE C.1. S h e l l  Deformat ion from Impact Versus 
Drop He igh t  f o r  t h e  6M Conta iner  

D R O P  H E I G H T  ( f t )  

FIGURE C.2 Deformat ion o f  Inner  Vessel f rom Impact as a 
Func t ion  o f  Drop He igh t  - 6M Conta iner  



te = Thickness o f  s t e e l  end p l a t e  = 112 i n .  

tes = Thickness o f  screwed end p l ug  = 1.31 i n .  

a = The dynamic f low s t r e s s  i n  s t e e l  = 50,000 p s i  s  

ts = The o u t e r  s h e l l  t h i c kness  = 0.25 i n .  

R = The o u t e r  s h e l l  r a d i u s  = 2.875 i n .  

L  = The l e n g t h  of s h e l l  = 10.5 i n .  

I t was a l s o  assumed t h a t  t h e  con ten ts  o f  t h e  i n n e r  pressure vessel  were 

compressi b l  e. 

A d d i t i o n a l  c a l c u l a t i o n s  r ega rd i ng  t h e  punc tu re  o f  t h e  6M con ta i ne r  i n  

a  s i d e  drop on to  a  6 - in .  diam p i n  were made i n  Reference 7  us ing  t h e  

equat ion:  (8)  

H = 
39 (S)  t ls4 

i j (a)  
where: 

H = drop he igh t ,  i n .  

S  = u l t i m a t e  t e n s i l e  s t r e s s  o f  con ta i ne r ,  p s i  

t = t h i ckness  o f  con ta i ne r ,  i n .  
- 
W = we igh t  o f  con ta iner ,  I b .  

The drop h e i g h t  r e q u i r e d  t o  punc tu re  t he  o u t e r  c o n t a i n e r  was found t o  

be 133 i n .  The i n n e r  c o n t a i n e r  w i l l  f a i l  due t o  bending a t  a  drop h e i g h t  

of 37 i n .  The t o t a l  drop h e i g h t  r e q u i r e d  t o  r u p t u r e  bo th  t h e  o u t e r  and 

i n n e r  con ta i ne rs  i s  170 i n .  I t  i s  i n t e r e s t i n g  t o  no te  t h a t  i n  a  c o n t r o l l e d  

drop t e s t  c a r r i e d  o u t  by ~ a n d i a , "  ) a  6M c o n t a i n e r  was s i d e  dropped on to  

a  6 - i n .  diam p i n  f r om  a  h e i g h t  o f  119 i n .  w i t h o u t  punc tu r i ng  t h e  o u t e r  

con ta i ne r .  The r e s u l t s  o f  t h i s  t e s t  t end  t o  v e r i f y  these c a l c u l a t i o n s .  

( a ) ~ o r  con ta i ne rs  l e s s  than  30 i n .  d iameter  (e.g. t h e  L-10 c o n t a i n e r )  i n  
Equat ion C-2 shou ld  be inc reased  by a  f a c t o r  o f  1.3. ( 8 )  

REFERENCES 

1. L. F. S t r avasn i  k, Spec ia l  Tests  f o r  P l u t o n i u ~ n  Sh ipp ing  Conta iners  6M, 
SP5795, and L-10, AEC R&D Report  TID-4500, Sandia Report  SC-DR-72 0587, 
September 1972. 



2. M. C. Jurgensen, The V e r m i c u l i t e  Sh ipp ing  Package: Drop Tes ts  on t h e  
Closure,  ORNL-TM-1312, Vol . 15, January 1975. 

3. 0.  A. K e l l y  and C. W. C. S toddar t ,  "Highway Veh i c l e  Impact S tud ies :  
Tests  and Mathematical  Analyses o f  Vehic le ,  Package and Tiedown 
Systems Capable of Ca r r y i ng  Rad ioac t i ve  Ma te r i a l s , "  ORNL-NSIC-61, 
Nuc lear  S a f e t y  I n f o r m a t i o n  System, Oak Ridge Na t i ona l  Labora to ry ,  
Oak Ridge, TN, 1970. 

4. J.  V .  O t t s ,  Spec ia l  C losure f o r  Rad ioac t i ve  Sh ipp ing  Conta iner ,  
SAND75-0517, D r a f t  o f  November 1975. 

5. M. McWhir ter  e t  a l . ,  F i n a l  Repor t  on Spec ia l  Tests  o f  P lu ton ium 
Oxide Sh ipp ing  Conta iners  t o  FAA F l i g h t  Recorder Standards,  
SAND75-0446, September 1975. 

6. L. B. Shappert ,  A  Guide f o r  t h e  Design, F a b r i c a t i o n ,  and Opera t ion  o f  
Sh ipp ing  Casks f o r  Nuc lear  A p p l i c a t i o n s ,  ORNL-NSIC-68, February  1970. 

7. T. I .  McSweeney, R. J. H a l l  e t  a l . ,  An Assessment o f  t h e  Risk  o f  
T ranspo r t i ng  P lu ton ium Oxide and L i q u i d  P lu ton ium N i t r a t e  by Truck,  
BNWL-1846, B a t t e l l e ,  P a c i f i c  Nor thwest  Labora to r ies ,  R ich land,  MA, 
August 1975. 

8. H. A. Nelms, S t r u c t u r a l  A n a l y s i s  of Sh ipp iug  Casks, Vol .  3, E f f e c t s  
o f  Jacke t  Phys i ca l  P r o p e r t i e s  and Curva tu re  on Puncture Resistance, 
ORNL-TM-1312, Vol .  3, June 1968. 



D i s t r i b u t i o n  

No. of 
Copies 

No. o f  
Copies 

OFFS ITE 

A. A.  Churm 
ERDA Chicago Patent Group 
Chicago Operations O f f i c e  
9800 South Cass Avenue 
Argonne, I L  60439 

160 ERDA Technical In fo rmat ion  Center 

K. A. T r i c k e t t  
ERDA D i v i s i o n  o f  Reactor Develop- 

ment and Demonstration 
USERDA Headquarters 
Germantown, MD 20014 

25 W .  Brobst  
ERDA D i v i s i o n  o f  Environmental 

Contro l  Technology 
Transpor ta t ion  Branch 
USERDA Headquarters 
Washington, DC 20545 

J. Counts 
ERDA D i v i s i o n  o f  Environmental 

Contro l  Techno1 ogy 
Transportat ion Branch 
USERDA Headquarters 
Washington, DC 20545 

M. Chais 
ERDA D i v i s i o n  o f  Environmental 

Contro l  Technology 
Transpor ta t ion  Branch 
USERDA Headquarters 
Washington, DC 20545 

W .  S. Holman 
ERDA D i v i s i o n  o f  Environmental 

Contro l  Technology 
Transpor ta t ion  Branch 
USERDA Headquarters 
Washing ton, DC 20545 

J. A. S i s l e r  
ERDA D i v i s i o n  o f  Environmental 

Contro l  Technology 
T r a r ~ p o r t a t i o n  Branch 
USERDA Headquarters 
Washi ng ton, DC 20545 

R. M. Moser 
ERDA Chicago Operations O f f i c e  
9800 South Cass Avenue 
Argonne, I L  60439 

W .  G. O'Quinn 
ERDA Savannah River  Operations 

O f f i c e  
P.O. Box A 
Aiken, SC 29801 

N. Stetson 
ERDA Savannah R iver  Operations 

O f f i c e  
P.O. Box A 
A i  ken, SC 29801 

L. L. Turner 
ERDA Savannah River  Operations 

O f f i c e  
P.O. Box A 
Aiken, SC 29801 

D. Davis 
ERDA Albuquerque Operations O f f i c e  
P.O. Box 5400 
A1 buquerque, NM 871 15 

J. A. Lamb 
ERDA Oak Ridge Operations 

O f f  i c e  
P.O. Box E 
Oak Ridge, TN 37830 

J. J. Schreiber 
ERDA Oak Ridge Operations 

O f f  i c e  
P.O. Box E 
Oak Ridge, TN 37830 



No. o f  
Copies 

No. o f  
Copies 

J. C. Sherwin 
Environmental and Safety D i v i s i o n  
ERDA - San Francisco Operations 

O f f i c e  
1333 Broadway 
Oakland, CA 94612 

J. H. Blaes 
ERDA - Idaho Operations O f f i c e  
550 Second S t r e e t  
Idaho F a l l s ,  I D  83401 

A. T. Neumann 
ERDA - Nevada Operations 

O f f i c e  
P. 0. Box 14100 
Las Vegas, NV 89114 

R. C. Dove 
U n i v e r s i t y  o f  C a l i f o r n i a  
Los Alamos S c i e n t i f i c  Laboratory 
P. 0. Box 1663 
Los Alamos, NM 87545 

T. K. Keenan 
U n i v e r s i t y  o f  C a l i f o r n i a  
Los Alamos S c i e n t i f i c  Laboratory 
P. 0. Box 1663 
Los Alamos, NM 87545 

T. A. B u t l e r  
U n i v e r s i t y  o f  C a l i f o r n i a  
Los Alamos S c i e n t i f i c  Laboratory 
P. 0. Box 1663 
Los Alamos, NM 87545 

W. C.  B r i g h t  
ERDA Abuquerque Operations 

O f f i c e  
Rocky F l a t s  Area O f f i c e  
P. 0. Box 928 
Golden, CO 80401 

L. Benner 
Nat iona l  Transpor ta t ion  

Safe ty  Board 
Washington, DC 20594 

A. L. Schmieg 
Nat ional  Transpor ta t ion  

Safety Board 
Washing ton, DC 20594 

J. Power 
Westinghouse E l e c t r i c  Corp. 
P.O. Box 355 
P i t tsburgh,  PA 15230 

P .  J. E icker  
Sandia Laborator ies,  Livermore 
Livermore, CA 94550 

J. W. Langhaar 
E. I .  Dupont de Nemours & 

Company 
Savannah R iver  P l a n t  
Aiken, SC 29801 

J. C u r t i s  
Department o f  Transpor ta t ion  
Ma te r ia l  s Transpor ta t ion  Bureau 
2100 Second S t .  S.W. 
Washi ng ton, DC 20590 

A. G r e l l a  
Department o f  Transpor ta t ion  
Ma te r ia l s  Transpor ta t ion  Bureau 
2100 Second St .  S.W. 
Was h i  ng ton, DC 20590 

H. Thompson 
Department o f  Transpor ta t ion  
Ma te r ia l s  Transpor ta t ion  Bureau 
2100 Second S t .  S.W. 
Washi ng ton, DC 20590 

W. Rowe 
Environmental P ro tec t i on  Agency 
401 M. S t r e e t  
Washi ng ton, DC 20460 

A. J. Nertney 
Aero je t  Nuclear Company 
550 2nd St .  
Idaho F a l l s ,  I D  83401 



No. o f  No. o f  
Copies Copies 

R. G. Bradley J. K. Cole 
ERDA D i v i s i o n  o f  Nuclear Fuel Sandia Laborator ies 
Cycle and Product ion P. 0. Box 5800 
USERDA Headquarters A1 buquerque, NM 871 15 
Germantown, MD 2001 4 

J. T. Foley 
C.  S t a r r  Sandia Laborator ies 
E l  e c t r i c a l  Power Research I n s t .  P. 0. Box 5800 
P. 0. Box 10412 A1 buquerque, NM 871 15 
Pal o A1 to, CA 94304 

J. Freedman 
C.  Comar Sandia Laborator ies 
E l e c t r i c a l  Power Research I n s t .  P. 0. Box 5800 
P.O. Box 10412 A1 buquerque, NM 871 15 
Pal o A1 to,  CA 94304 

W. F. Hartmann 
E. Zebrowski Sandia Laborator ies 
E l e c t r i c a l  Power Research I n s t .  P. 0. Box 5800 
P.O. Box 10412 A1 buquerque, NM 871 15 
Pal o A1 to, CA 94304 

R.  M. Je f fe rson  
R. Wi l l iams Sandia Laborator ies 
E l e c t r i c a l  Power Research I n s t .  P. 0. Box 5800 
P. 0. Box 10412 A1 buquerque, NM 971 15 
Palo A l to ,  CA 94304 

R. Luna 
Combustion Engineering, Inc .  Sandia Laborator ies 
Windsor, CT 06095 P. 0. Box 5800 

A1 buquerque, IVM 871 15 
J. Desmond 
Babcock & Wilcox, Co. T. G. Pr iddy 
P.O. Box 1260 Sandia Laborator ies 
Lynchburg, VA 24505 P. 0. Box 5800 

A1 buquerque, NM 871 15 
C. Woods 
Babcock & Wilcox Co. A. W. Snyder 
P.O. Box 1260 Sandia Laborator ies 
Lynchburg, VA 24505 P. 0. Box 5800 

Albuquerque, NM 871 15 
Prof .  Norman C. Rasmussen 
Massachusetts I n s t i t u t e  of R. Yoshimura 

Techno1 ogy Sandia Laborator ies 
Cambridge, MA 02139 P. 0. Box 5800 

A1 buquerque, NM 871 15 
L. Bonzon 
Sandi a Labora tor i  es R. F. Barker 
P. 0. Box 5800 Nuclear Regulatory Commission 
A1 buquerque, NM 871 15 Washington, DC 20555 



No. of 
Copies 

No. of 
Copies 

C. B. B a r t l e t t  
Nuclear Regulatory Commission 
Washington, DC 20555 

S. H. Hanauer 
Nuclear Regulatory Commission 
Washington, DC 20555 

S. Levine 
Nucl ear Regulatory Commission 
Washington, DC 20555 

R. B. Minogue 
Nuclear Regulatory Commission 
Washington, DC 20555 

C. McDonald 
Nuclear Regulatory Commission 
Washington, DC 20555 

W .  E. Vesely 
Nuclear Regulatory Com~mission 
Washing ton, DC 20555 

I. Wall 
Nuclear Regulatory Commission 
Washi ng ton, DC 20555 

M. J. S t e i n d l e r  
Argonne Nat iona l  Laboratory 
9700 South Cass Avenue 
Argonne, I L  60439 

S. J. Basham 
B a t t e l l e  Memorial I n s i t i t u t e  
Columbus Operat ions 
505 King Avenue 
Columbus, OH 43201 

E. C. Lusk 
B a t t e l  l e  Memorial I n s t i t u t e  
Col unibus Operat ions 
505 King Avenue 
Columbus, OH 43201 

E. E. Rice 
B a t t e l l  e Memorial I n s t i t u t e  
Columbus Operat ions 
505 King Avenue 
Columbus, OH 43201 

R. A. Robinson 
B a t t e l  l e  Memorial I n s t i t u t e  
Columbus Operat ions 
505 King Avenue 
Columbus, OH 43201 

Atomics I n t e r n a t i o n a l  
8900 DeSoto Avenue 
Conoga Park, CA 91304 

A. L. Kaplan 
General E l  e c t r i c  Co. 
Nuclear Fuel D i v i s i o n  
P. 0. Box 780 
W i l m i  ng ton, NC 28401 

G. Lapier  
Babcock & Wilcox Co. 
Apol lo ,  PA 15613 

D. Pence 
General Atomic 
P. 0. Box 92138 
San Diego, CA 92138 

R. D. Seagren 
Union Carbide Corporat ion 
Oak Ridge Nat iona l  Labora tor ies  
P. 0. Box X 
Oak Ridge, TN 37830 

L. Shappert 
Union Carbide Corporat ion 
Oak Ridge Nat ional  Labora tor ies  
P. 0. Box X 
Oak Ridge, TN 37830 

J. Duckworth 
Nuclear Fuel Service, I nc .  
P. 0. Box 124 ? 
West Val ley,  NY 14171 



No. of 
Copies 

No. o f  
Copies 

G. L Stukenbroeker 
N L I ndus t r i es ,  Inc .  
Nuclear Transpor ta t ion  Dept. 
919 Market St. ,  S u i t e  1701 
Wilmington, DE 19801 

H. G. Shealy 
Bureau o f  Rad io log ica l  Heal th  
South Carol  i na Department of 

Hea l th  and Environmental 
Contro l  

Columbia, SC 29405 

J. S. Corbet t  
ChemNucl ear Systems, I nc. 
P. 0. Box 1866 
Be1 levue, WA 98009 

J. A. Hebert 
B a t t e l l  e S e a t t l e  Research 

Center 
P.O. Box 5395 
Sea t t l e ,  WA 98105 

P. T. T u i t e  
H i  t tman Nuclear and Develop- 

ment Corpora ti on 
9190 Red Branch Rd. 
Columbia, MD 21045 

D. A. Ed l i ng  
Mound Labora tor ies  
P. 0. Box 32 
Miamisburg, OH 45342 

J. W .  Doty 
Mound Labora tor ies  
P. 0. Box 32 
Miamisburg, OH 45342 

D. Okrent 
Department o f  Engineering and 

Appl ied Science 
U n i v e r s i t y  of C a l i f o r n i a  
Los Angeles, CA 90024 

2 L. F o r r e s t  
C a l i f o r n i a  Energy Resources 

Conservat ion and Development 
Commission 

1111 Howe Avenue 
Sacramento, CA 95825 

M. Gordon 
Atomic I n d u s t r i a l  Forum 
7101 Wisconsin Ave. 
Washington, DC 20014 

A. L. Babb 
Department of Nuclear Engineering 
Benson H a l l  
U n i v e r s i t y  of Washington 
Sea t t l e ,  WA 98195 

W. S. Fel lows 
Southern I n t e r s t a t e  Nuclear 

Board 
7 Dunwoody Park, S u i t e  104 
A t l an ta ,  GA 30341 

D. G. Maxwell 
N .  L. I n d u s t r i e s  
Nuclear D i v i s i o n  
11 1 Broadway 
New York, NY 10006 

W. R. Teer 
Transnucl ear  Inc .  
One N. Broadway 
White P la ins ,  NY 10601 

S. Hartwig 
B a t t e l l e  I n s t i t u t e ,  e.v. 
Am Romerhof 35 
600 F r a n k f u r t  Main 90 
GERMANY 

M. Stammler 
B a t t e l l e  I n s t i t u t e ,  e.v. 
Am Romerhof 35 
600 F r d n k f u r t  Main 90 
GERMANY 



No. o f  
Copies 

No. of 
Copies 

R. S. Lowrie 
Union Carbide Corporat ion 
O f f i c e  o f  Waste I s o l a t i o n  
P. 0. Box Y 
Oak Ridge, TN 37830 

D. Turner 
Union Carbide Corporat ion 
O f f i ce  o f  Waste I s o l a t i o n  
P. 0. Box Y 
Oak Ridge, TN 37830 

S. C.  Cohn 
Teknekron 
4701 Sangamore Rd. 
Washing ton, DC 2001 6 

I. N. La fon ta ine  
Belgonucl e a i r e  
Rue de Champ de Mars 25 
8-1 050 Bruxel 1 es 
BELGIUM 

K. R .  Shu l tz  
Atomic Energy Contro l  Board 
P.O.B. 1046 
Ottawa K I P  5S9 
CANADA 

W. R. Tay lo r  
Atomic Energy o f  Canada Ltd. 
Chalk R iver  Laborator ies 
Chalk River ,  Ontar io  KOJIJO 
CANADA 

Y. Soussel i e r  
CEAICEN 
B.P. No. 6 
F-92260 Fontenay-aux-Roses 
FRAlVC E 

H. Hubner 
Bundesanstal t fiir Mate r ia l -  

p r u f  ung 
Unter den Eichen 87 
D-1000 B e r l i n  45 (West) 
GERMANY, FED. REPUBLIC 

B. Schulz-Forberg 
Bundesanstal t f u r  Ma te r i a l  - 

pruf ung 
Unter den Eichen 87 
D-1000 B e r l i n  45 (West) 
GERMANY, FED. REPUBLIC 

R. G. Deshpande 
Isotope D i v i s i o n  
Bhabha Atomic Research Centre 
Trombay, Bombay 400 085 
I N D I A  

S. Aoki 
Research Laboratory f o r  

Nuclear Reactors 
Tokyo I n s t i t u e  of 

Techno1 ogy 
Ookayama , Meguroku , Tokyo 152 
JAPAN 

G. D. B e l l  
United Kingdom Atomic Energy 

Author i  t y  
Safety and Re1 i a b i  1 i ty  

D i rec to ra te  
Warring ton  WA3 4NE 
UNITED KINGDOM 

A. Onedera 
H i tach i  Sh ipbu i ld ing  and 

Engineering Co., L td .  
5-4 Sakura j ima, K i  tano-cho 
Konohana-ku, Osaka-shi 
JAPAN 

K. Ikeda 
Sci  ence and Tec hnol ogy Agency 
2-2-1 Kasumigaseki , 
Chi yoda- ku , Tokyo 
JAPAN 

M. Tomlinson 
White She1 1 Nuclear Research 

Establ ishment 
Pinewa, Manitoba ROE ILO 
CANADA 



No. o f  
Copies 

110. o f  
Copies 

S.  A. Mayman 
Fuel Recycle Waste 

Management Program 
Whi t e s h e l l  Nuclear Research 

Es tab l  ishment 
Pinewa, Manitoba ROE ILO 
CANADA 

D r .  F. G i r a r d i  
Euratom 
21020 Centro Euratomdi 
I s p r a  (Varesse) 
ITALY 

Ake Hul t g r e n  
A 6  Atomenergi, S tudsv ik  
Fack 
S-611 01 Nykoping 1 
SWEDEN 

B. Gustafson 
C / O  Ake H u l t g r e n  
AB Atomenergi , Studsv i  k 
Fack 
S-611 01 ~ y k o p i n g  1 
SWEDEN 

D r .  Schmidt-Kuester 
Beim Bundesmi n i  s t e r  f u r  

Forschung and Techno1 og ie  
Stresemanns t r a s s e  2 
5300 Bonn 
GERMANY 

W. J. She l l ey  
Kerr-McGee Co rpo ra t i  on 
Oklahoma City, OK 

R. W.  Peterson 
A l l i e d  General Nuclear Serv ices 
P.  0. Box 847 
Barnwel l  , SC 2981 2 

A. Carson 
General E l e c t r i c  Company 
175 Cur tner  Avenue 
San Jose, CA 95125 

R. A. Koynenburg 
l l n i v e r s i  ty  of C a l i f o r n i a  
Lawrence Livermore Labora to r ies  
P. 0. Box 808 
Livermore, CA 94551 

W. E. Po l l ock  
Oregon Department o f  Energy 
Salem, OR 97301 

K. Woods 
Oregon Department o f  Energy 
Salem, OR 97301 

W. M. Rogers 
Western I n t e r s t a t e  Nuclear 

Board 
1300 Carr  
Denver, CO 80226 

G. P. Jones 
U n i v e r s i t y  o f  Southern 

C a l i f o r n i a  
U n i v e r s i t y  Park 
Los Angeles, CA 90007 

L. L. P h i l i p s o n  
U n i v e r s i t y  o f  Southern 

C a l i f o r n i a  
U n i v e r s i t y  Park 
Los Angeles, CA 90007 

C. V. Hodges 
Holmes & Narver 
400 E. Orangethrope Ave. 
Anaheim, CA 92801 

E. A. S t rake r  
Science App l i ca t i ons ,  I n c .  
P. 0. Box 2351 
La J o l  l a ,  CA 92038 

R. C. Erdman 
Science Appl i c a t i  ons , I n c .  
2680 Hanover S t .  
Palo A1 t o ,  CA 94304 



No. o f  
Copies 

No. o f  
Copies 

G. Waymi r e  
Exxon Nucl ear  Company, Inc .  
P. 0. Box 3990 
MS 8A-68 
Sea t t l e ,  WA 98124 

ONSITE 

1 ERDA Richland Operations O f f i c e  
Programs D i v i s i o n  

H. E. Ranson 

6 ERDA Richland O ~ e r a t i o n s  O f f i c e  

T. A. Bauman 
W .  A. Burns 
R. B. Goranson 
P. E. Lamont 
J. M. Peterson 
D. J .  Squires 

3 A t l a n t i c  R i ch f  i e l d  Hanford Com~anv 

W .  G. Bevan 
W.  M. Har ty  
D. D. Woodrich 

3 Un i ted  Nuclear I ndus t r i es ,  I n c .  

J.  A. Adams 
P. A. C r o s e t t i  
T. E. Dabrowski 

Washington Pub l i c  Power Supply 
Sys tem 

G. F. B a i l e y  
J.  B. Vetrano 

2 Exxon Nuclear Company, I nc .  b 

R. Ni 1 sen 
R. K. Robinson 

Hanford Engineering Development 
Laboratory 

A. W.  DeMerschman 

B a t t e l l  e-Northwest 

W .  B. Andrews 
W. J .  B a i r  
C. L. Brown 
S. H. Bush 
N. E. Car te r  
J .  G. DeSteese 
H. K. E lder  
R. J .  H a l l  

H. Har ty  
S. W.  Heaber l in  
H. L. Henry 
J. F. Johnson (25) 
W.  S. Ke l l ey  
S. N. L i u  
T. I. McSweeney 

J .  Mishima 
E. S. Murphy 
P. L. Peterson 
R. E. Rhoads 
E. C. Watson 
R. D. Widr ig  
L. D.  Wi l l i ams 
W.  K. Winegardner 
Technical  I n fo rma t i on  ( 3 )  
Technical  Pub1 i c a t i o n s  




