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This volume (Volume 11) summarizes the  results of the  1981-1982 
Battelle Columbus L a k r a t o r i e s  preliminary assessment of the  r i s k  of nuclear  
waste disposal  i n  space. The study objec t ive  was t o  provide NASA and 
DOEIOffice of Nuclear Waste I so la t ion  with preliminary space d isposal  r i s k  
est imates and est imates of space r i s k  uncer ta in ty ,  such t h a t  po ten t i a l  t o t a l  
(mined geologic repos i tory  r i s k s  included) system r i s k  benef i t s  of space 
disposal  of c e r t a i n  nuclear  waste cmponents could be evaluated. To 
accomplish the  objec t ive  of the  study, the  following work areas were defined: 

Review Risk Models and Appropriate Data (Task 1) 

F o w ~ l a t e  a Risk Model Approach (Task 2) 

%f ine  Safety Requirements (Task 3) 

e Estimate Space Disposal Risks (Tasks 4 and 5) 

In tegra te  Mined Geologic Repository (HGR) Risks with Space 
Disposal Risks t o  Determine Possible Risk BenefIts (Task 6) 

Define a Reference Space Disposal Concept (Task 7). 

The various sec t ions  of the  f i c a l  repor t  a r e  reviewed below. 

Section 2.0 provides an update/revision t o  previous system s a f e t y  
design guidel ib~es tha t  have been developed f o r  space disposal  over the years. 
The sec t ion  f i r s t  presents what is ca l led  "general s a f e t y  guidel ines",  a pre- 
senta t ion  of guidel ines re la ted  t o  such things as: (1)  r ad ia t ion  exposure and 
shielding,  (2)  containment, (3)  accident environments, ( 4 )  c r i t i c a l i t y ,  (5) 
postaccident recovery, (6)  monitoring systems, and ( 7 )  i so la t ion .  The 
discussion provides guidance i n  these areas  on how t o  minimize exposure t o  
humans and the  environment t o  the  radioact ive  waste mater ia ls  duriag space 
disposal  nissions. A discussion of how these  "general" guidel ines r e l a t e  t o  
t h e  s p e c i f i c  aspects  of the  current  (February 1982) Reference Concept f o r  
space disposal  is presented i n  Section 2.2. A d e f i n i t i o n  of terms is 
presented a t  the  end of the sect ion.  

Section 3.0 provides a summary of the  current  space disposal  concept. 
The overa l l  Reference Concept i s  discussed i n  Sectioq 3.1. Speci f ic  def in i -  
t ions  of space disposal  system elements a r e  given ir. Section 3.2. Accident 
and malfunction contingency plans f o r  the  Reference Concept a r e  presented i n  
Section 3.3. Section 3.4 assesses  the projected quan t i t i e s  of hardware items 
and propellants required t o  ca r ry  out the  Reference T r a f f i c  ?fadel. Section 
3.5 provides a brief  discubsion of the a l t e rna t ive  Tc-99 and 1-129 payloads. 
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Sect ion  4.0 b r i e f l y  d i scusses  t h e  o v e r a l l  r i s k  model approach used i n  
t h i s  study. 

Sect ion 5.0 provides a t echn ica l  d i scuss ion  of how t h e  space d is -  
posal r e l ea se  r i s k  es t imates  were amde. S p e c i f i c  s e c t i o n s  inc lude  t h e  fo l -  
lowing topics :  (1) space acc ident  i d e n t i f i c a t i o n ,  (2)  mission phase and f a u l t  
t r e e  development, (3) f a i l u r e  p robab i l i t y  e s t ima te s ,  (4) payload response 
a n a l y s i s ,  ( 5 )  consequence a n a l y s i s ,  and (6) prel iminary space d i sposa l  r i s k  
est imates .  

T e r r e s t r i a l  d i sposa l  r i s k  es t imates ,  as generated by P a c i f i c  North- 
west Laboratory, under con t r ac t  t o  DOE* s Off i c e  of Nuclear Waste I s o l a t i o n ,  
a r e  summarized i n  Sec t ion  6.0. 

Sect ion 7.0 of t h i s  r e p o r t  i n t e g r a t e s  t h e  "space r i s k  es t imates"  of 
Sect ion 5.0 and t h e  " t e r r e s t r i a l  r i s k  e s t ima te s  (PNL)" of Sect ion 6.0. The 
r e s u l t s  of t h e  i n t e g r a t i o n  and d iscuss ion  of bene f i t s  and d i s b e n e f i t s  f o r  
var ious r e l e a s e  r i s k  scenar ios  a r e  provided, 

Sect ion 8.0 provides a summary of r e s u l t s  of t h e  s tudy ,  Sect ion 9.0 
s t a t e s  the  study conclusions, and Sec t ion  10.0 p re sen t s  t he  s tudy 
recommendations. 

Appendix A conta ins  a l l  t he  re ferences  c i t e d  i n  t he  f i n a l  r epo r t .  
Appendix B provides d e f i n i t i o n s  of acronyms and abbreviat ions.  Appendix C 
presents  a handy nsetric/English u n i t  conversion f a c t o r s  t a b l e .  The space 
d i sposa l  f a u l t  t r e e s  foz a l l  n ine  mission phases a r e  given i n  Appendix D. 
Appendices E and F g ive  a b r i e f  d i scuss ion  of Uprated Space S h u t t l e  f a i l u r e s  
t h a t  can occur. Appendix G provides a summary l o g  of t he  f a i l u r e  probabil-  
i t i e s  t h a t  match the  f a u l t  t r e e s  given i n  Appendtx D. Appendix H presents  
f i g u r e s  and p l o t s  r e l a t ed  t o  the  waste payload ground impact response. 



2.0 SYSTEM SAFETY DESIGN GUIDELINES FOR REFERENCE CONCEPT 

One of t h e  most important f a c t o r s  i n  t h e  u l t ima te  decision-making 
process f o r  t h e  space d i s p o s a l  concept i s  publ ic  h e a l t h  s a f e ty .  For space 
d i sposa l  t o  be an  acceptab le  approach, i t  i s  l i k e l y  t h a t  t h e  t o t a l  long-term 
h e a l t h  r i s k  of a space d i s p o s a l  concept coupled with t e r r e s t r i a l  d i s p o s a l  must 
be  a t  a comparable o r  p r e f e r ab ly  a t  a much lower l e v e l  than t h a t  of terres- 
t r i a l  d i sposa l  of a l l  t h e  waste. The short-term h e a l t h  r i s k  must be  a t  a n  
acceptab le  l e v e l .  

Over t h e  years  of s tudying space d i sposa l ,  a " sa fe ty  concept" has  
been developing. The var ious  a spec t s  of t h i s  s a f e t y  concept a r e  presented i n  
t h i s  sec t ion .  Work done on s a f e t y  s p e c i f i c a t i o n s  f o r  rad io iso tope  thermal 
g sne ra to r s  (U.S. DOE, 1977)*, was included i n  t h e  development of s a f e t y  
gu ide l ines  f o r  space d i sposa l .  As a r e s u l t  of t h e  c u r r e n t  s tudy ,  t h e  s a f e t y  
gu ide l ines  have been modified. 

This s e c t i o n  de f ines  system s a f e t y  gu ide l ines  f o r  t h e  nuc lear  waste 
d i sposa l  i n  space missions and he lps  t o  a s su re  t h a t  nuc lear  waste payloads and 
t h e i r  assoc ia ted  handl ing may be considered acceptab le  and r a d i o l o g i c a l l y  
s a f e .  These gu ide l ines  should be used f o r  cu r r en t  s t u d i e s  and modified a s  new 
information and understandings evolve. 

The fol lowing subsec t ions  desc r ibe  t h e  gene ra l  and s p e c i f i c  system 
gu ide l ines  f o r  nuc lear  waste d i sposa l  i n  space missions.  The gene ra l  system 
s a f e t y  gu ide l ines  a r e  based upon t h e  assumption t h a t  t h e  waste payload i s  
ca r r i ed  i n t o  space by t h e  upra ted ,  l i q u i d  rocket  boosted Space S h u t t l e  veh i c l e  
and is  processed a t  t h e  launch s i te  i n  a f a c i l i t y  named t h e  Nuclear Payload 
Preparat ion F a c i l i t y  (NPPF). De f in i t i ons  of terms a r e  loca ted  a t  t h e  end of 
t h i s  sec t ion .  References a r e  shown i n  Appendix A. 

2.1 General Safe ty  Guidel ines  

W.- ge rc rp l  s a f e t y  o b j e c t i v e s  f o r  t h e  nuc lear  waste d i sposa l  i n  space 
missia.1 are: (1) t o  conta in  t h e  s o l i d  r ad ioac t ive  waste m a t e r i a l s ,  and ( 2 )  t o  
l i m i t  t h e  exposure of humans and t h e  environment t o  t he  r ad ioac t ive  waste 
mater ia l s .  For normal ope ra t i ons ,  complete containment and minimal radiolog- 
i c a l  exposure a r e  required.  For p o t e n t i a l  acc ident  s i t l l a t i o n s ,  t h e  degrees  of 
containment and i n t e r a c t i o n  s h a l l  r e s u l t  i n  an acceptab le  r i s k  t o  humans and 
t h e  ecviroinnent and be as low a s  reasonably achievable  (.QLARA). Many of t he  
genera l  s a f e t y  gu ide l ines  have been s e l e c t e d  us ing  our b e s t  judgment and do 
not  have the  b e n e f i t  of d e t a i l e d  ana lys i s .  

The general  system s a f e t y  gu ide l ines  f o r  t he  nuc lear  waste d i sposa l  
i n  space mission involve the  following s a f e t y  aspec ts :  

*See Appendix A f o r  t e fe rences .  



(1 )  Radiat ion Exposure and Shie ld ing  
(2)  Containment 
(3) Accident Environments 
(4)  C r i t i c a l i t y  
(5 )  Pos t acc iden t  Recovery 
(6)  Monitoring Systems 
(7 )  I so l a t i on .  

The information g iven  below d e f i n e s  t h e  gu ide l ines  t h a t  should be  
followed f o r  t h e  development of any nuc lear  waste d i s p o s a l  i n  space d s s i o n ,  
employing conventional space technology approaches such a s  t h e  Space Shutcle .  

2.1.1 Radiat ion Exposure and Sh ie ld ing  

Radiation exposure gu ide l ines  f o r  normal opera t ions  f o r  t h e  pub l i c  
and ground crews a r e  those contained i n  ERDA-MC-0524 (U.S. DOE, 1975) and 
shown i n  Table 2-1. Radiat ion exposure l i m i t s  f o r  a s t ronau t  crew members 
during normal o p e r a ~ i o n s  a r e  those contained i n  t n e  Space S h u t t l e  F l i g h t  and 
Ground Spec i f i ca t i on ,  JSC 07700 (NASA/JSC, 1979) and shown i n  Table 2-2. 

The normal r a d i a t i o n  exposure l i m i t s  f o r  t h e  cu r r en t  t e r r e s t r i a l  
t r anspo r t a t i on  of nuc lear  waste ma te r i a l s  would a l s o  apply t o  ground t ranspor-  
t a t i o n  of nuc lear  waste payloads. The r a d i a t i o n  l i m i t s  [49 CFR 173.393(j)] 
a r e  given as:  

1  m from e x t e r n a l  con ta ine r  surface...l000 mremlhr (c losed  
t r a n s p o r t  veh i c l e  on ly)  

External  su r f ace  of t r a n s p o r t  vehicle...200 mremlhr (c losed 
t r a n s p o r t  veh i c l e  only)  

2  m from e x t e r n a l  su r f ace  of t r a n s p o r t  vehicle...lO mrem/hr 

Normally occupied pos i t i on  of t r anspo r t  vehicle...2 mrem/hr. 

For acc ident  condi t ions  of t e r r e s t r i a l  t r a n s p o r t ,  t h e  pos tacc ident  
dose r a t e s  a r e  l imi ted  t o  1000 mrem/hr a t  1 m from t h e  e x t e r n a l  su r f ace  of t h e  
waste package. 

A genera l  g u i d e l i n e  f o r  t he  waste package shipped t o  space Is t h a t  
the  r ad i a t i on  dose a t  1  m from t h e  f l i g h t  s h i e l d  su r f ace  is not  g r e a t e r  than 
1000 mranihr. This  value can be obtained by including sh i e ld ing  con- 
t r i b u t i o n s  from ou te r  l a y e r s  of t he  payload. In t he  absence of t he se  l a y e r s ,  
tho more than 2000 mrem/hr a t  1  m should be allowed. The s h i e l d  should be 
ca r r i ed  a l l  t h e  way t o  t he  d e s t i n a t i o n .  

2.1.2 Containment 

Containment must be def ined f o r  t h e  var ious  por t ions  of t he  d i sposa l  
mCsslon. Five genera l  mission phases inc lude  fabr ica t ion /assembly  of t he  
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TABLE 2-1. NORMAL OPEBATIONS EXPOSURE LIMITS FOR INDIVIDUALS 
IN CONTROLLED AND ~ C O ~ O L L E D  AREAS 

Dose Equivrlent  (Dose o r  
e p e  of Exposure Exposure Period b*ae  ~oami tment (a ) ,  rem) 

Whole body, head and t ruak ,  Year 
gonads, l e n s  of t h e  eye(b), Calendar Quarter 
red bone marrow. a c t i v e  
blood-formlng organs. 

Unlimited a r e a s  of t h e  s k i n  Year 
(except hands and forearms). Calendar Quarter 
Other organs, t i s s u e s ,  and 
organ eystems ;except 
bone). 

Bone. 

b n d s c d )  and f e e t .  

Year 
Calendar Quarter 

Year 
Calandar Quarter  

Year 
Calendar Quarter 

INDIVIDUALS IN UNCONTROLLED AREAS: 

Annual Dose Equivalent o r  Dose Commitment 

Based on an Average 
Based on Dose t o  Individuals  Dose t o  a  Su i tab le  

W P ~  of a t  Points of Sample of Exposed 
Exposure ~ x l m u m  Probable Exposure Population 

Whole body, gonads, 0 .5  
o r  bone marrow 

Other organs 1.5 0.5 

( a )  To meet the  above dose commitment s tandards,  operat ions mst be conducted 
i n  such a  manner t h a t  it uould be unl ikely t h a t  an individual  would assim- 
i l a t e  fn a c r i t i c a l  organ, by inha la t ion ,  inges t ion ,  o r  absorpt ion,  a  
quant i ty  of a  radionucl ide(s)  t h a t  m u l d  coomit the  individual  to  an organ 
dose which exceeds the l imfrs  spec i f ied  i n  t h e  above t a b l e .  

( b )  A beta exposure belaw an average energy of 700 Kev w i l l  not pene t ra te  the 
lens of t3c eye; there fore ,  the  app l icab le  l l m i t  f o r  these energies  would 
be t h a t  f o r  the  sk in  (15 r d y r ) .  

( c )  In  spec ia l  cases v f th  the  approval of the Di rec tor ,  Division of Opera- 
t i o n a l  SE'ety, a  worker may exceed 5 rcm/yr provided h i s  average exposure 
per ye.  since age I8 w i l l  not exceed 5 remlyr. 

( d )  All r anable e f f o r t s  s h a l l  be made co keep exposures of f o r e a m s  and 
hands the  general limit f o r  the  sk in .  

( e l  In keeping with ERDA policy on l?west p rac t icab le  exposure, expoauras t o  
the publ ic  r h a l l  be l imited re a s  emall a  f rac t ion  of the  respec t ive  
annual dune l i m i t r  a s  i s  pract icable .  

Source: C.S. DOE. 1975. 



TABLE 2-2. RADIATION EXPOSURE LIMITS FOR 
SPACE SWTTLE FLIGET CREWS(~) 

Const ra in ts ,  
rem 

Bone Marrow, Skin, Eye, 
5 cm 0.1 mm 3 mm ~ e s  t e s ( c )  

1-year average d a i l y  r a t e  0 -2 0.6 0.3 0.1 

30-day maximum 25 7 5 37 13 

Quar t e r ly  maximum(b) 35 105 5 2 18 

Yearly m a x i m u m  75 225 112 38 

Career l i m i t  400 1200 600 200 

( a )  These exposure limits and exposure r a t e  c o n s t r a i n t s  apply t o  a l l  sources 
of r a d i a t i o n  exposure. In  making t rade-offs  between man-made and n a t u r a l  
sources of r a d i a t i o n ,  adequate allowance must be made f o r  t h e  contingency 
of unexpected exposure. These d a t a  a r e  from Space S h u t t l e  F l i g h t  and 
Ground Spec i f i ca t ion ,  JSC 07700, Volume X, Revision F, %apter  7.4 ( N A S ~  
JSC, 1979). Estimated doses f o r  S h u t t l e  crew members, a s  based upon STS-1 
launch, a r e  ' ~ 0 . 0 1  rem per day; worst normal case  dose e s t ima te  f o r  S h u t t l e  
crew members performing Reference d i sposa l  mission is expected t o  be l e s s  
than 0.10 rem per mission. 

(b) May be allowed f o r  two consecut ive q u a r t e r s  followed by 6 months of 
r e s t r i c t i o n  from f u r t h e r  exposure t o  maintain year ly  l i m i t .  

(c )  These dose and dose r a t e  l i m i t s  a r e  app l i cab le  only where the  p o s s i b i l i t y  
of o l i g o s ~ e r m i a  and temporary i n f e r t i l i t y  a r e  t o  be avoided. For most 
manned space f l i g h t s ,  t h e  al lowable exposure accumulation t o  t he  t h e  
germinal epi thel ium (3  cm) w i l l  be t he  sub jec t  of a r i s k / g a i n  dec is ion  f o r  
t he  p a r t i c c l a r  program, mission, and ind iv idua ls  concerned. 



waste  form, t e r r e s t r i a l  t r a n s p o r t ,  launch s i t e  hand l ing ,  l aunch  t o  E a r t h  
o r b i t ,  and o r b i t  t r a n s f e r  t o  d e s t i n a t i o n .  For a l l  normal o p e r a t i o n s ,  t h e  
systems should be designed s o  t h a t  no r e l e a s e  of r a d i o a c t i v e  m a t e r i a l  occurs .  
For a c c i d e n t  environments t h e  sys tem should be des igned s o  t h a t  t h e  r i s k  t o  
t h e  p u b l i c  i s  accep tab le .  Cur ren t  U.S.  f e d e r a l  r e g u l a t i o n s  cover  li t t l e  
beyond t r a n s p o r t a t i o n  and g e n e r a l  hand l ing  a a p e c t s .  The d i s c u s s i o n  below 
o u t l i n e s  t h e  g e n e r a l  g u i d e l i n e s  f o r  containment of t h e  high- level  waste form 
dur ing  each phase of t h e  space d i s p o s a l  miss ion.  

The i d e a l  g o a l  f o r  cor,tainment of h igh- level  was te  material is  t o  
(1 )  provide an abso1ut.e b a r r i e r  between t h e  waste and t h e  environment,  and 
( 2 )  minimize t h e  r a d i a t i o n  exposure  t o  humans under a l l  normal and t.ccident 
c o n d i t i o n s .  Various eovernmental  r e g u l a t i o n s  have been developed and a p p l i e d  
t o  c u r r e n t  t e r r e s t r i a l  t r a n s p o r t a t i o n  a c t i v i t i e s  i n v o l v i n g  r a d i o a c t i v e  
m a t e r i a l s ,  i n c l u d i n g  i r r a d i a t e d  n u c l e a r  f u e l .  No r e g u l a t i o n  a p p l i e s  t o  t h e  
space t r a n s p o r t  of h igh- level  waste.  Consequently,  t h e  containment g u i d e l i n e s  
developed h e r e  a r e  based on c o n s i d e r i n g  e x i s t i n g  r e g u l a t i o n s  f o r  o t h e r  
r a d i o a c t i v e  m a t e r i a l  hand l ing ,  s t o r a g e ,  and t r a n s p o r t  a c t i v i t i e s .  The 
containment phi losophy is  a p p l i e d  f i r s t  t o  meet c u r r e n t  r e g u l a t i o n s  and,  
second, t o  minimize human exposure t o  as low a s  reasonably  a c h i e v a b l e  (ALARA) 
where r e g u l a t i o n s  do no t  e x i s t .  

The a c c e p t a b l e  amount of r a d i o a c t i v e  m a t e r i a l  t h a t  may be r e l e a s e d  
should be a f u n c t i o n  of t h e  miss ion  phase, a c c i d e n t  s e v e r i t y ,  and f requency o f  
t h e  load ing  c o n d i t i o n ,  keeping i n  mind ALARX c r i t e r i a .  Allowable r e l e a s e s  
from t h e  primary c o n t a i n e r  a r e  expected t o  range from z e r o ,  f o r  normal condi- - 
t i o n s ,  t o  minimal v a l u e s  (ALARA) , f o r  extremely s e v e r e ,  low-probab i l i ty  
a c c i d e n t s .  

Containment g u i d e l i n e s  a r e  presented i n  t e r n s  of t h r e e  independent 
c a t e g o r i e s :  ( 1 )  s p e c i f i c  parameters  i n d i c a t i v e  of t h e  response of v a r i o u s  
containment systems; ( 2 )  s p e c i f i c  systems f o r  conta i l l ing t h e  waste ( w a s t e  
form, c o n t a i n e r ,  e t c . ) ;  and ( 3 )  v a r i o u s  miss ion phases  d u r i n g  which s p e c i f i c  
l e v e l s  of c o n t a i w e n t  c o n d i t i o n s  a r e  requ i red .  Table 2-3 l ists t h e  components 
of t h e s e  c a t e g o r i e s .  These t h r e e  l e v e l s  of containment c a t e g o r i e s  can be used 
t o  d e f i n e  any a s p e c t  of containment.  

Containment g u i d e l i n e s  t a k e  t h e  form of s p e c i f i c  l i m i t s  f o r  key 
parameters.  For the  space  d i s p o s a l  miss ion ,  t h e  s i g n i f i c a n t  parameters  can be 
grouped i n t o  t h r e e  major c a t e g o r i e s :  ( 1 )  t h e r m a l ,  ( 2 )  mechanical ,  and ( 3 )  
chemical. Within each ca tegory ,  many s p e c i f i c  parameters  can b: included i f  
t h e  des ign  i s  known; on ly  t h e  g e n e r i c  parameters  a r e  included ir. c h i s  d i scus -  
s i o n .  Once a conceptual  des ign  i s  known/postula ted,  s p e c i f i c  t e c h n i c a l  d a t a  
( t empera tu res ,  e t c . )  may be s u b s t i t u t e d  t o  o b t a i n  s p e c i f i c  working g u i d e l i n e s .  
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2.1.2.2.1 Thermal 

T h e ~ . a l  gu ide l ines  consider  only l i m i t i n g  condi t ions  which, i r r e spec -  
t i v e  of c r i t i c a l  parameters i n  o t h e r  a r e a s ,  s e rve  a s  upper bounds t o  determine 
permiss ib le  designs and responses,  I n  i n t e r r e l a t i o n s  with c t h e r  major param- 
e t e r s ,  a s i n g l e  parameter i s  considered a s  t h e  l i m i t i n g  gu ide l ine  and, through 
i ts  dependence upon o t h e r  parameters,  i n  e f f e c t  produces corresponding l i m i t s .  
Thus, parameters such a s  mel t ing temperature v i l l  be independent l i m i t s ,  while  
y i e l d  s t r e n g t h  w i l l  be a func t ion  of temperature.  The l i m i t i n g  thermal condi- 
t i o n s  f o r  a l l  forms of containment and mission phases should r e q u i r e  t h a t  t h e  
containment b a r r i e r  no t  be a l t e r e d  i n  phys ica l  o r  chemical phase during 
opera t ions  t h a t  a r e  no t  remote from t h e  human environment. For normal condi- 
t i o n s ,  40 percent  of t h e  material m e l t  ab so lu t e  temperature is t h e  gu ide l ine  
(ma te r i a l  c reep  not  expected t o  be s i g n i f i c a n t  below t h i s ) .  I f  t h e  m e l t  
abso lu te  temperature is not known, then 90 percent  of t h e  f a b r i c a t i o n  abso lu t e  
temperature is t h e  gu ide l ine .  For acc ident  cond i t i ons ,  t h e  temperature limit 
i s  90 percent  of t he  m e l t  ab so lu t e  temperature. (See Table 2-4.) 

2.1.2.2.2 Mechanical S t rength  

For a l l  normal mission phases ,  and containment b a r r i e r s ,  t h e  mechani- 
c a l  s t r e n g t h  must maintain s t r e s s  and s t r a i n  l i m i t s  wi th in  90 percent  of t h e  
normal y i e l d  l i m i t s  f o r  given temperature condi t ions  ( s tandard  0.2 percent  
o f f s e t ) .  For acc ident  condi t ions ,  where s t r e s s / s t r a i n  l i m i t s  a r e  provided, 
one should no t  exceed 90 percent  of u l t ima te  s t r e n g t h  requirements a t  t h e  
temperature a n t i c i p a t e d .  Mechanical s t r e n g t h  l i m i t s  a r e  assumed t o  be 
dependent on temperature and loading condi t ions .  Xn a d d i t i o n ,  i t  is  assumed 
t h a t  a l l  containment b a r r i e r s  must a l s o  have s u f f i c i e n t  f r a c t u r e  toughness,  
f a t i g u e  endurance, and buckling s t a b i l i t y  t o  withstand normal and acc ident  
condi t ions.  (See Table 2-5.) For acc idents  a s soc i a t ed  wi th  r e e n t r y ,  t o t a l  
mechanical i n t e g r i t y  f o r  a l l  components is  not  f e a s i b l e .  Rather ,  a gu ide l ine  
t o  be used would be t o  a l low deformation but no t  a l low major breach of 
containment. 

2.1.2.2.3 Chemical 

Containment ma te r i a l s  s h a l l  be compatible wi th  ad jacent  media t o  t he  
ex ten t  t h a t  no s i g n i f i c a n t  de t r imen ta l  chemical r e a c t i o n s  occur and t h e  mate- 
r i a l  is nonpyrophoric i n  an a i r  environment a t  sea- leve l  (SL) pressure.  For 
condi t ions r.ot covered by e x i s t i n g  U.S. f e d e r a l  r egu la t i ons ,  gu ide l ines  a r e  
provided f o r  t h e  var ious containment b a r r i e r s  and mission phases. (See 
Table 2-6.) 

2.1.2.3 Containment Components 

Containment components c o n s t i t u t e  t he  b a r r i e r  between the  payload and 
the  e x t e r n a l  environment. Depending on t h e  mission phase, t h e  containment 
b a r r i e r  may be a s i n g l e  item (e.g., waste primary conta iner )  o r  mu l t i p l e  items 
(e.g., primary ,ontaine:, r a d i a t i o n  s h i e l d ,  impact absorber ,  e t c . ) .  
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TABLE 2-3. SPECIFIC COMPONENTS OF CONTAINMENT 

- .  

Parameters Components Mission Phases 

Thermal 
Mechanical 

e Chemical 

Waste Form Fabrication/Assembly 
Primary Container* Terrestrial Transport 

a Radiation Shield* Launch S i t e  Handling 
Impact Absorber* Launch t o  Earth Orbit 

a Ablation Shield s Crbit Transfer to Destination 
a Shipping Cask 

*Note: These may be combined. 

TABLE 2-4. THERMAL GUIDELINES FOR CONTAINMENT OF 
HIGE-LEVEL W- FOR SPACE DISPOSAL 

Mission Phase 
Orbit  

Fabrication/ Te r r e s t r i a l  Launch S i t e  Lslmch t o  Traosf e r  t o  
Component Aesembly Transport Elandling Earth Orbit Destination 

Waste Form 40% M e l t /  40% M e l t /  40% M e l t /  40% Melt/ 40% Melt1 
90% Melt** 90% Melt 90% M e l t  90% Melt 90% M a l t  

Primerg 40% mltl 40% Melt1 40% Melt/ 40% Melt1 40% M e l t /  
Container 902 Melt 90% M e l t  90% M e l t  90% Melt 90% M e l t  

Flight Radia- 40% M e l t /  40% Melt/ 40% M e l t /  40% Melt/ 40% Melt/ 
t ion Shield 90% Melt 90% W-lt  90% M e l t  90% M e l t  90% Melt 

Impact Absorber - - 40% Malt/ 40% M e l t /  40% M e l t /  
90% Melt 90% M e l t  90% Melt 

ablat ion Shfeld - - 40% ablation/-- 40% Ablation/-- 40% ~bla t ion / - -  

Shipping Cask -- DOT, NRC - 
Reg 

**Note: h e  normal absolute temperature l u t  i s  given f i r s ? ;  tne accident absolute 
temperature limit is  given sec0r.J- Lf the melt a b ~ o ~ u t e  temperatures a r e  not 
appropriate for  the  material i n  .luestion, then 90 percent of the fabricat ion 
abeolute temperature should apply. 
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TABLE 2-5. H E W I C A L  GUIDELINES FOR CONTAINMENT OF 
HIGB-LEVEL WASTE FOR SPACE DISPOSAL 

Mission Phase 
Orbi t 

Fabrication1 T e r r e s t r i a l  Launch S i t e  'Launch to  Transtar  to 
Component Assembly Transport Baudling Earth Orbit- Destination 

Waste Form 90% Yield! 90% Yield/ 90% Yield/ 90% Yield1 90% Yield1 
90% Ultimate* 9LIX Ultimate 30% U l t h t e  No Preach a t  No Breach a t  

95% Confidence 95% Confidence 

prima- 90% Yield1 N T ,  NIX 90% Yield/ 90% Yield/-- QCX Yield/-- 
Coat a iner  90% Ultimate Reg 90% Ultimate 

F l i g h t  Radia- 90%. Yield1 90X Yield1 90% Yield1 90% Yield/-- 90% Yield/-- 
t i o n  Shield 90% Ultimate 90% Ultimate 90% Ultimate 

Impact Absorber - - 90% yield/-- 90% Yield/-- 90% yield/-- 

Ablation Shield - - 40% Yield/-- 90% Yield/-- 90% Yield/-- 

Shipping Cask -- DOT, NRC - 

*Note: The normal mechanical l i m i t  i s  g i v e ~  f i r s t ;  t h e  accident mechanical l i m i t  i s  given 
second. 
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TABUS 2-6. m C A L  mfDIZtLHBS FOB OF 
Elm-LBVRL WBSrS FOB SPA= DISPOSAL 

P a b r i o t i o d  Terreetrlal Launch S i t e  Ia\mch t o  =amafar t o  
Caponcnt Asmmkly T m m m r t  Earth Orbit Deatinatlaa 

i k s t e  F o a  Containar ~ o o t o i a a r  Coatlincr Cgptafn,r Coatainer 
Caq. t ib le ,  Coqat ib le ,  Cuqmtible, Coqatible,  Ctmpatlble. 

!bapyropboric Uoilpyropboric Uonpyropbric lbapycopboric Uampympbric 
la Nr a t  SL i n  LUr a t  S t  i n  LUr a t  S t  In  A t r  at  SL in Air a t  SL 

Pr-rg S i r i l a r  t o  Slmllar t o  S I I i l a r  t o  Unste P o a  
Container m, mC ms mx ms m C  m, mRc Caqmtlble 

ats. Esg- aes* Bag* mnpmpbr,fic 
I n A i r a t S L  

' Flight Badla- SirFlar  to Sf r r l a r  t o  S i r l l a r  t o  Similar to Cootainsr 
cioa Shfeld DOT, X C  DOT, 2%C DOT, !4EC DfJ'fs mtC -tale, 

Beg- aeg. aeg* w- Boopyrophoric 
In Alr at SL 

Impact dbaotbet Srai lar  t o  S f r i l a r  t o  S i r l l n t  t o  Sirilar t o  Shield 
ms IfRC DOT3 = m. me m. IdRC Carpatible 
Beg- Beg- =kg- aes- Jonpmpboric 

i n  Mr at SL 

Ablation Shield - - S k F l a r  to  S i r i l a r  to Impact Abeorkr 
DOT. URC m, = Gmpntible 

S h f y -  ing Cask -- DOT, NRC - 
aes- 

Beg- a o n p ~ ~ ~ r i c  
in Air 



Consequently, a p a r t i c u l a r  component may not  be a part of containment i n  a l l  
a i s s i o n  phases. I f  i t  is not  a p a r t  of t h e  c o n t a l ~ n t  b a r r i e r ,  then t h e  
s p e c i f i c  liaits f o r  contai?uent,  as appl ied t o  a p a r t i c u l a r  subsys t~m,  do not  
apply 

21.2.3.1 Waste Porn 

The pr inc ipa l  conta ia ren t  b a r r i e r  f o r  t h e  space d i s p  sal opt ion  is 
the pr iuJry  container.  A s t rong ,  nondispersible ,  waste form is required t o  
m i n t i e e  t h e  p o s s i b i l i t y  and quant i ty  of w c l i d e  release.  To meet these  
requfrements, t h e  waste form wil l  st i l l  have limits f o r  thermal,  mechanical, 
aod chemlcst parameters. The nuclear  waste a i x  and form dl1 be designed t o  
meet the c r i t i c a l i t y  limit spec i f i ed  i n  later paragraphs. 

A meeting ms held a t  B a t t e l l e  U l u b u s  Laborator ies  on J u l y  19, 
1979, t o  eva lua te  waste forms f o r  =he space d i sposa l  of c o r e r c i a l  and defense 
high-level waste (RLli) .  Par t i c ipan t s  included ONWI, NASA, BCL, and DOE- 
Richland Operations (former NPO) personnel and taste form expe r t s  f r o 3  
B a t t e l l e  Pac i f i c  Northwest Laboratory, Qak Ridge National Laboratory, Idaho 
Chemical Processiog P laa t ,  a d  Sandia Laboratories.  During t h a t  meeting, t h e  
following set of parameters ( l i s t e d  i n  order  of p r i o r i t y )  was determined t o  be  
appl icable  and important t o  t h e  s e l e c t i o n  of a space d i sposa l  waste form. 

IUgh waste loadlsg - Thi s  is an  important pa r rne t e r  wheg con- 
s ide r ing  t h e  d i sposa l  of t h e  l a r g e  mass of coeoerclal or defense 
RLU. Vaste f o r r s  having high waste loadings w i l l  r e q u i r e  fewer 
laucches, thus  not  on ly  lo=ring opera t iona l  c o s t s  but a l s o  p ie ld ing  
lower cons t ruc t ion  c o s t s  foz  dedicated l a w c h  f a c i l i t i e s .  Rating: 
primary importance. 

Bigb thermal conduct iv i ty  - Commercial H W ,  e s p e c i a l l y  i~ waste 
f o m s  haying high mste loadings, genera tes  a s i g n i f i c a n t  quant i ty  
of heat.  To prevent c e n t r a l  regions from becoming excess ive ly  hot ,  
t he  waste form should possess a r e l a t i v e l y  high hea t  t r a n s f e r  
coe f f i c i en t .  S imi la r ly ,  upon unplanned r een t ry  of a waste package, 
t he  waste form should be capable of r ap id ly  c0nductir.g hea t  away 
from the  conta iner  surface.  Lou heat  waste payloads imply t h a t  t h i s  
is not an  important consideration. Rating: primary impnrtance. 

Toughness - An aspec t  of d i spers ion  r e s i s t ance  is mater ia l  
toughness. The wastc form should be s h a t t e r -  and abras ion- res i s tan t  
upon inpact ,  and should deform t o  absorb Impact. Ret r ieva l  of the  
waste form as a s i n g l e  piece r a t h e r  than many fragmented p a r t s  is 
des i rab le .  Powdered forns a r e  not des i r ab l e ;  l i qu ld  f o w s  a r e  
unacceptable. Rating: primary importance. 

T b e r r o c h a c a l  s t a b i l i t y  - I n  launch pad o r  ree?try acc idents ,  t h e  
waste form should remain chemically s t ab l e .  I t  should not degrade, 
decompose, o r  otherwise be a l t e r e d  i n  i t s  chemical form i n  such a 
way t h a t  a s i g n i f i c a n t  r e l ea se  of radionucl ides  occurs during such 
postuis ted accidects .  Rating: primary importance, 



Resistance to thermal shock - The waste fonn should be r e s i s t a n t  t o  
s h a t t e r i n g  which may be caused by thermal shock. This property w i l l  
he lp  i n  achieving l o w  d i s p e r s i b i l i t y  of t h e  waste form, Rating: 
secondrry importance. 

Resistance to leeching - A low l each  r a t e  r a y  be important i f  t h e  
waste form package impacts i n t o  water a f t e r  a n  unplanned reent ry .  
Uhile leach  rate m y  be important,  i t  is not  as important as i n  
t e r r e s t r i a l  d i sposa l  where rad ionucl ide  t r anspor t  by g r c m d  water is 
cansidered t h e  most probable mechanism f o r  l o s s  of i s o l a t i o n .  
Rating: secondary importance. 

Resistance t o  o d d a t i o n  - Another aspec t  of d i spe r s ion  resis- 
tance is  waste form r e s i s t a n c e  t o  oxidat ion.  I f  an uoplanned r een t ry  
of t h e  d a ~ a g e d  waste package occurs ,  t h e  su r f ace  of t h e  waste form 
should not  r ap id ly  oxid ize  and break away from t h e  main body of t h e  
waste package. Rating: secondary importance. 

EcoeoQics and resource otilieatioa - Waste fonn materials and 
f a b r i c a t i o n  processes should not  be p roh ib i t i ve ly  expensive. Also, 
waste form ma te r i a l s  should not  severe ly  d e p l e t e  valuable  raw 
mater ials .  Since the  cos t  of a b o s t e r  Iaunch is  expected t o  be t h e  
major p a r t  of t he  t o t a l  c o s t ,  waste form ma te r i a l  add process  c o s t s  
w i l l  not  be over ly  important. Rating: secondary importance. 

For t h e  uaste form, t h e  maximum temperature l i m i t  f o r  nonaal condi- 
t i o n s  is 90 percent  of t he  f a b r i c a t i o n  o r  creep abso lu t e  temperature; f o r  
accident  condi t ions  the  l in r l t  is  90 percent  of t h e  melt ing abso lu t e  
tmpera tu re .  Mechanical limits, when app l i cab le  f o r  c o n t a i m e n t  , a r e  y i e l d  
(normal) and u l t imate  s t r e n g t h s  o r  low d i spe r s ion  (acc ident ) .  Chemical lijnits 
requ i r e  t h a t  t he  waste f o m  be compatible wi th  conta iner  m t e r i a l s ,  e x h i b i t  
low r e a c t i v i t v ,  and be ~onpyrophc r i c .  It 1s a l s o  required t h a t  a s u b c r l t i c a l  
cond i t i c r  be nai3 tz ined  at a l l  tijles ( s e e  d iscuss ion  on c r i t i c a l i t y  i n  Sect ion 
2.1.4). 

2.1.2.3.2 Primary Container/Core 

The p r h a r y  conta iner ,  designed t o  enc lose  the  waste form throughout 
a l l  n iss ion  phases beyand uas t e  form f a b r i c a t i o n ,  is a l s o  the  primary contain- 
ment boundary. The thermal l i m i t  f o r  normal condi t ions  is  43  percent  of t h e  
melt absolu te  temperature. For acc ident  condi t ions ,  90 percect  of t h e  m e l t  
abso lu te  temperattire is the  guide l ine ,  Mechanicaf l h i t s  a r e  y i e l d  (normal) 
and u l t imate  s t r e n g t h s  o r  low d i spe r s ion  ( acc iden t ) .  Chemical l i m i t s  a r e  
covered by e x i s t i n g  f ede ra l  regula t ions  (U.S.  NRC, 1978). 

2.1.2.3.3 Radiation Shield 

The r ad ia t ion  s h i e l d  f o r  f l i g h t  should be designed t o  funct ion during 
a l l  mission phases through t r a n s f e r  t o  t he  f i n a l  des t ina t ion .  The r ad ia t ion  



st.ield should be eupplemented wi th  a u x i l i a r y  sh i e ld ing  m a t e r i a l s ,  as needed 
during var ious  mission phases, such t h a t  r a d i a t i o n  expoewe limits are not  
reached. For mechanical s t r eng th ,  90 percent  of t h e  y i e l d  (normal) and 90 
percent  of t h e  u l t ima te  (acc ident )  stress limits apply (u l t ima te  does no t  
apply f o r  launch and o r b i t  t r a n s f e r  opere t ions) .  T h e m 1  limits a r e  40 
percent of t h e  uelt abeolu te  temperature ( n o ~ l  condi t ions)  and 90  percent  of 
the melt absolu te  t m p e r a t u r e  ( acc iden t  condit ions) .  Chemical requirements 
w i l l  be similar t o  those  i n  e x i s t i n g  f e d e r a l  r egu la t ions  (U.S. NRC, 1078). 

Radiation sh i e ld ing  l imit8 f o r  the payload package (1000 mrem/hr a t  
1 m) ha re  been assumed f o r  condi t ions  not  covered by e x i s t i n g  regula t ions .  
Conservat ive  1 b i t s  (such as those  f o r  t r a n s p o r t a t  ion)  have not  been ae l ec t ed  
due t o  t h e  s e n s i t i v i t y  of t h e  o v e r a l l  system design (payload/shield mass 
r a t i o )  t o  t he  dose limits. Rather,  t h e  guide l ine  l i d t s  chosen r e f l e c t  t h e  
f a c t  t h a t  t he  waste payload package w i l l  be i s o l a t e d  from t h e  genera l  publ ic  
throughout a l l  but a smll f r a c t i o n  of i t s  l i f e t ime .  

2.1.2.3.4 Impact Absorber and Ablation Shie ld  

The impact absorber  and a b l a t i o n  s h i e l d  have s i m i l a r  containment 
limits. For thermal guide l ines ,  40 percent  of t h e  melt  (normal) and 90 
percent  of t h e  melt  ( a c c i d e r t )  abso lu t e  temperatures apply t o  t h e  impact 
absorber;  40 percenr of t h e  minimum a b l a t i o n  temperature (absolu te)  a p p l i e s  as 
t h e  upper l i m i t  f o r  t h e  a b l a t i o n  s h i e l d  m d e r  normal condit ions.  For 
mechanical s t r eng th ,  y i e ld  (nonaal)  1 imits e x i s t  . The absorber and a b i a t i o n  
s h i e l d  w i l l  be chemically nonreact ive ui t h  o t h e r  containment l a y e r s  ( s i m i l a r  
t o  o t h e r  DOT/NRC regula t ions) .  They w i l l  be nonpyrophoric. The impact 
absorber  is designed t o  absorb mechanical energy dur ing  acc idents .  The y i e l d  
s t r e n g t h  of t h e  absorber  ma te r i a l  is expected t o  be exceeded. Therefore,  t h e  
a b l a t i o n  s h i e l d ,  which is designed t o  reduce heat ing e f f e c t s  dur ing  poss ib l e  
r een t ry  phases,  is not  expected t o  surv ive  ground o r  water impact. 

2.1.2.3.5 Shipping Cask 

During grand-based Earth t r anspor t ,  t h e  high-level waste package 
w i l l  be enclosed within a shipping cask. Current U.S. f e d e r a l  r egu la t ions  (10 
CFR 71 (U.S. NRC, 19782, 48 CFR 173 (U.S. DOT, 1979) and the  1973 IAEA Safety 
S e r i e s  Nuber  6 )  de f ine  t h e  requirements fo r  t h i s  component, which is  expected 
t o  be s i m i l a r  t o  conventional shipping cask designs. 

2.1.2 -4 Hission Phases 

As described previously,  t h e  containment guide l ines  a r e  a l s o  a func- 
t i o n  of misslon phases, and, more s p e c i f i c a l l y ,  t he  condi t ions  wi th in  each 
phase. The d e f i n i t i o n  of mission phase, a s  used f o r  containment gu ide l ines ,  
i s  chronological.  



T h i s  phase beg ins  w i t h  t h e  i n s e r t i o n  of t h e  waste form i n t o  t h e  
primary c o n t a i ~ c r ,  and ends  wi th  t h e  beginning of t r a n s p o r t  of t h e  f l i g h t -  
s h i e l d e d  primary c o n t a i n e r  o u t  of t h e  f a b r i c a t i o n  f a c i l i t y .  During t h i s  
phase ,  a u x i l i a r y  c o o l i n g  and a d d i t i o n a l  s h i e l d i n g  may be  r e q u i r e d .  The 
primary c o n t a i n e r  is t h e  p r i n c i p a l  containment barrier d u r i n g  t h i s  phase. 

2.1.2.4.2 T e r r e s t r i a l  Transpor t  

Th is  phase beg ins  a t  t h e  t ime  of load ing  of t h e  waste c o n t a i n e r  and 
s h i e l d  i n t o  t h e  sh ipp ing  c a s k  and ends w i t h  t h e  unloading a t  t h e  launch site. 
Throughout t h i s  phase ,  a c t i v e  a u x i l i a r y  c o o l i n g  may be r e q u i r e d  t o  main ta in  
t h e m 8 1  L i m i t s .  A t  b o t h  ends of t h e  phase, a d d i t i o n a l  s h i e l d i n g  may be  
requ i red .  The requirements  are d e f i n e d  f o r  i r r a d i a t e d  n u c l e a r  materials i n  
e x i s t i n g  U.S. r e g u l a t i o n s .  They are expected t o  be similar t o  r e g u l a t i o n s  
governing t r a n s y o r t  of processed waste. While i n  t h e  s h i p p i n g  cask ,  t h e  c a s k  
v e s s e l  w i l l  be t h e  p r i n c i p a l  containment b a r r i e r  dur ing  t r a n s p o r t .  

2.1.2.4.3 Launch S i t e  Handl ing 

This  phase,  s i m i l a r  t o  t h e  i n i t i a l  o n e ,  begins  wi th  t h e  a r r j v a l  o f  
t h e  sh i2p ing  c a s k  a t  t h e  launch s i te  and ends w i t h  t h e  completion of t r a n s f e r  
i n t o  t h e  launch system, Auxi l i a ry  c o o l i n g ,  and a d d i t i d n a l  s h i e l d i n g ,  may be 
r e q u i r e d  dur ing  t h i s  phase depending on t h e  i ras te  form c h a r a c t e r i s t i c s .  The 
p r i n c i p a l  containment b a r r i e r  remains t h e  primary c o n t a i n e r .  

2.1.2.4.4 Launch t o  E a r t h  O r b i t  

Th i s  phase beg ins  wi th  t h e  load ing  of t h e  waste  payload i n t o  t h e  
launch system, and ends a f t e r  Earth o r b i t  h a s  been achieved.  Auxi l i a ry  
coo l ing  may be requ i red  f o r  nmst of t h i s  phase depending on t h e  waste  form 
c h a r a c t e r i s t i c s .  Containment w i l l  r e l y  p r i n c i p a l l y  on t h e  primary c o n t a i n e r .  
Accident c o n d i t i o n s  t h a t  might occur dur ing  t h i s  phase a r e  among t h e  most 
severe .  The g u i d e l i n e s  dur ing  t h i s  phase a l low f o r  ( I !  no m e l t i n g ,  and ( 2 )  no 
s i g n i f i c a n t  f a i i u r e  of t h e  was te  con ta ine r .  

2.1.2.4.5 O r b i t  T r a n s f e r  t o  D e s t i n a t i o n  

T h i s  mission phase cmmences wi th  t h e  removal of t h e  waste payload 
f r a n  t h e  launch system upon a r r i v a l  a t  E a r t h  o r b t t ,  and concludes  wi th  t h e  
payload a r r i v a l  a t  t h e  f i n a l  d e s t i n a t i o n .  No a c t i v e  a u x i l i a r y  c o o l i n g  w i l l  be 
requ i red  dur ing  t h i s  phase. Containment b u i d e l i n e s  f a r  t h i s  phase (and t h e  
long term) a r e  expected t o  be l e s s  r e s t r i c t i v e  then those  f o r  near-term phases  
invo lv ing  g r e a t e r  chances of p u b l i c  exposure. The r a d i a t i o n  s h i e l d ,  p-imary 
c o n t a i n e r ,  a2d waste form provide t h e  p r i n c i p a i  containment b a r r i e r  f o r  t h e  
waste.  

E A T T E L L E  - C O L U M I U I  



2.1.3 Accident Enviroasrents 

The accident  environments t h a t  need t o  be considered i n  the  design of 
containment and o ther  a u x i l i a r y  systems a r e  a s  follows: 

Shipping accidents  
a Cround handling accidents  
a On-pad o r  near-pad booster vehic le  f a i l u r e s  
a Reentry accidents.  

2.1.3.1 Shipping Accident Environments 

DOT and NRC regula t ions ,  a s  defined i n  49 CFR 170 t o  179 (U.S. DOT, 
1979) and 10 CFR 71 (U.S. NRC 1978). w i l l  be asslrmed f o r  the  ground shipment 
of nuclear waste payloads from the  waste payload fabr i ca t ion  f a c i l i t y  t o  the  
launch s i t e .  Sequential test enviromnents f o r  shipping cask accidents  a r e  
given below. I n i t i a l  condit ions a r e  assumed the  same as f o r  t h e  normal 

a A 9 m  drop i n  worst o r i en ta t ion  onto an unyielding surface  

A 1-m drop i n  the  worst o r i en ta t ion  onto the  end of 
15-cm-diameter, 20-cm-high bar  (mild s t e e l )  

A 30-min ground f i r e  a t  800 C followed by 3 hours of no a r t i f i c i a l  
cooling, with a cask emissivi ty of 0.9 and cask absorp t iv i ty  of 
0 -8 

An 8-hour imnersion i n  0.9 m of uater. 

A t  the  end of t h i s  t e s t ,  the  shipment w i l l  meet the  condit ions speci-  
f i e d  i n  10 CFR 71.36, including: 

(1) An external  r ad ia t ion  dose r a t e  not exceeding 1000 mremlhr a t  1 
n from the  external  surface of the  waste package 

(2 )  No re lease  of radioact ive  mater ia l  from the  package, except f o r  
gases and zontaminated coolant containing t o t a l  r ad ioac t iv i ty  
exceeding nei ther :  

!a) 0.1 percent of the  t o t a l  r ad ioac t iv i ty  cf the  package 
contents; nor 

(b)  0.01 C i  of Group I radionuclides 
0.5 C i  of Group 11 radionuclides 
10 C i  of Croup I11 radionr~.:lides 
10 C i  of Group TV r a b i o u ~ c i i d e s ,  a n i  
1000 Ci of i n e r t  gases i r r e spec t ive  of t ranspor t  group. 

P I A T T E L L S  - C O L U M B U S  



The payload b: stems, a u x i l i a r y  suppor t  equipment, and f a c i l i t i e s  must 
be designed t o  minimize t h e  occupat ional  r a d i a t i o n  exposure te workers ( s e e  
Table 2-1). Care must a l s o  be taken t o  ensure  t h a t  i f  c e r t a i n  subsystem f a i l -  
u r e s  occur di~ring grr~und handl ing,  r a d i a t i o n  exposure and contamination are 
kept  t o  as low a s  reasonably achieqable.  The waste payload p repa ra t i on  f a c t l -  
i t y  a t  t h e  launch s i te  should be designed as a t o t a l  containment f a c i l i t y .  

2.1.3.3 On- o r  Near-Pad o r  Ascent Booster Accident Environments 

The payload package m . l s t  be designed t o  su rv ive  t h e  pred ic ted  
accident  enviro:uaents f o r  a given tine i n  t h e  f l i g h t  f o r  a given veh ic l e  (see 
Rice e t  a l ,  1980a) in expected sequence without a m j o r  breach of pramary 
containment. I n i t i a l  condi r ions  a r e  assumed t o  be  t h e  normal condi t ion.  An 
example of predicted enviromaents is given below f o r  t h e  on- o r  near-pad f o r  
l i q u i d  boosted Space S h u t t l e  (from Rice e t  a l ,  1980a). This example w o d d  
gene ra l l y  provide t he  worst-case acc ident  p t e r  t i a l ,  assuming proper 
cons idera t ion  of ground impact. 

A b l a s t  s ide-on  overpressure of 250 ~ / c m Z ,  a r e f l e c t e d  over- 
p ressure  of 1700 ~ / c m 2 ,  and side-on and r e f l e c t e d  impulses of 
2.0 and 15.0 ~ - s / c m ~ ,  r e s p e c t i v e l y ,  i n  worst o r i e n t a t i o n  based 
upon a 10 percent  explosive y i e l d  of t h e  External  Tank (ET) 
prope l lan ts .  

A p o t e n t i a l  edge-on pene t ra t ion  of 1 impacting fragment per m2,  
assumed t o  be a d i s c  100 an i n  diameter and 0.56 cm t h i c k ,  having 
a mass of 12 kg, and moving a t  500 m / s  (assuming t h e  worst 
o r i e n t a t i o n ) .  

r A h e a t  f l ux  of 3500 kw/m2 f o r  15 seconds from a l i q u i d  propel- 
l a n t  f i r e b a l l .  

A 60-min ground f i r e  a t  1100 C followed by 2 hours of no a r t i f i -  
c i a l  cool ing.  

r An impact i n  t h e  worst  o r i e n t a t i o n  onto an unyielding su r f ace  a t  
10 percent higher  than t h e  predicted impact v e l o c i t y ;  o r  an impact 
onto land such t h a t  t h e  payload is buried,  i n  low conduct iv i ty  
s o i l  (k = 0.35 w / r n 2 * ~ ) ,  but does not  reach 90 percent  of t h e  
wl t  abso lu t e  temperature. 

r An impact i n  t he  worst  o r i e n t a t i o n  i n t o  25 C water a t  a v e l o c i t y  
10 pr rcen t  higher  than t h e  predicted impact v e l o c i t y ,  followed by 
a 6escent  i n t o  the  ocean t o  a depth corresponding t o  a hyd ros t a t i c  
pressure af 12,000 lJ/crn2. 

a A T T S L L E :  - C O L U M B U S  
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An impact while r e s t r a i n e d  i n  t h e  f l i g h t  support  system mounted i n  
t h e  Orb i t e r  cargo bay a t  any of t h e  combinations of v e l o c i t y  and 
d i r e c t i o n  a s  shown i n  Figure 2-1, followed by a TBD crushing load 
imposed by t h e  Orb i t e r  s t r u c t u r e  (see Reiner t  et a l ,  1981). 

FIGURE 2-1. RECOMHeHDED DESIGa CRITERIA FOR SHUTTLE CRASH IMPACT ANGLE 

2.1.3.4 Reentry Accidents 

The payload package shipped t o  i ts space d e s t i n a t i o n  mst 5e a b l e  t o  
withstand i n a d - ~ e r t e n t  reen t ry  i n t o  t h e  Ea r th ' s  atmosphere and impact onto t h e  
Ear th ' s  sur f  ace  without t h e  d i spe r s ion  of s i g n i f i c a n t  q u a n t i t i e s  of radioac- 
t i v e  ma ter ia l  . The r een t ry  environments t h a t  must be considered f o r  the  space 
d i s p o s a l  mission are defined as follows: 

A decaying r een t ry  t r a j e c t o r y  (shal low ang le  Skylab type)  t o  
provide maximum hea t ing  energy possible .  

A r e e n t r y  t r a j e c t o r y  ( s t e e p  angle)  which provldes  t h e  maximum 
hea t ing  f l u x  pass fh le .  

An iinpbct i n  t h e  worst o r i e n t a t i o n  onto aq unyielding s u r f a c e  
(wss t em g r a n i t e )  a t  a v e l o c i t y  10 percent  higher  than t h e  
predicted impact v e l o c i t y ,  o r  an impact onto land such t h a t  t h e  
r een t e r ing  waste  payload is  buried i n  l ox  conduc t iv i t y  s o i l  (k = 
0.35 ~ f m 2 * ~ ! ,  but t h e  waste form does not reach  40 percent  of 
t he  melt absolu te  temperature. 
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a An impact i n  t h e  wors t  o r i e n t a t i o n  i n t o  25 C water a t  a v e l o c i t y  
10 percent  h i g h e r  t h a n  t h e  p r e d i c t e d  impact v e l o c i t y ,  followed 
by a d e s c e n t  i n t o  t h e  ocean t o  a dep th  corresponding t o  a hydro- 
static p r e s s u r e  o f  12,000 N / C E ~ .  

The response  of t h e  payload package t o  t h e  r e e n t r y  en*~i roaments  
mentioaed above should be c a l c u l a t e d  a f t e r  t h e  p o s s i b l e  r e e n t r y  c o n d i t i o n s  
have been determined by a n a l y s i s  for a s p e c l f i c  d i s p o s a l  miss ion  type.  

2.1.4 C r i t i c a l i t y  

The r a d i o a c t i v e  waste payload package must be s u b c r i t i c a l  ( c d c u l a t e d  
K-effect ive  + 3 0  <0.95) f o r  ncrmal o p e r a t i o n s  o r  any p o s s i b l e  c r e d i b l e  a c c i -  
d e n t  dur ing  prac<ssing,  f a b r i c a t i o n ,  hand l ing ,  s t o r a g e ,  o r  t r a n s p o r t  t o  t h e  
space  d e s t i n a t i o n .  C a l c u l a t i o n s  should show t h a t  any  c r e d i b l e  change i n  waste 
form geometry and any c r e d i b l e  grouping of packages w i l l  n o t  cause  K-effect ive  
+ 3 0  t o  exceed 0.95. 

2.1.5 Pos tacc iden t  Recovery 

Pos tacc iden t  recovery teams skould be made p a r t  of t h e  o p e r a t i o n a l  
d i s p o s a l  system. They should be r e s p o n s i b l e  f o r  a l l  a c c i d e n t  recovery opera- 
t ions ,  inc lud ing  a c c i d e n t s  invo lv ing  processin,o,  payload f a b r i c a t i o n  and 
r a i l r o a d  shipment,  payload p r e p a r a t i m  a t  t h e  l a u n c t  s i te ,  t h e  launch.  and 
p o s s i h l e  r e e n t r y .  S p e c i a l  recovery equipment snould be developed and provided 
f o r  p o s s i b l e  use  i n  pos t a c c i d e n t  recovery  a c t  i v i ~ i e r .  Every c r e d i b l e  even- 
t u a l i t y  should be c o n s i d ~ r e d  i n  developing recovery ~leils. Every e f f o r t  
should  be made t o  recover  a s  much waste  m a t e r i a l  a s  posz ib le .  

2.1.6 Monitoring Systems 

Monitoring systems should be developed f o r  t h e  o v e r a l l  system such 
t h a t  o v e r a l l  miss ion s a f e t y  can be assured .  E x ~ m p l e s  of such systems i n c l u d e :  
d e v i c e s  f o r  measxring r a d i a t i o n ;  t empera tu re  and p r e s s u r e  i n  t h e  waste  payload 
package; ins t ruments  t o  provide d a t a  f o r  t r a c k i n g  t h e  payload d u r i n g  i t s  
t r a n s i t  t o  i ts d e s i r e d  d e s t i n a t i o n ;  and permanent l a b e l i n g  s p e c i f y i n g  t h e  
p roduc t ,  c o n t e n t s ,  h i s t o r y ,  and r a d i a t i o n  p r o j e c t i o n  of t h e  waste c o n t e n t s .  

2.1.7 I s o l a t i o n  

The nominal space  d e s t i n a t i o n  should ensure ,  a t  a minimum, an 
expected i s o l a t i o n  t ime from t h e  E a r t h ' s  b iosphere  i n  excess  of one m i l l i o n  
y e a r s ,  and should not  adverse ly  i n t e r f e r e  wi th  normal space  o p e r a t i o n s  
p ro jec ted  t o  be c a r r i e d  out by f u t u r e  g e n e r a t i o n s .  Care less  contaminat ion o f  
z e l e s t i a l  bodies  should be avoided.  



2.2 Spec i f i c  Safe ty  Guidel ines  

The following paragraphs d e f i n e  s p e c i f i c  s a f e t y  des ign  gu ide l ines  
e s t ab l i shed  (based upon t h e  genera l  gu ide l ines )  f o r  t h e  Reference Concept f o r  
space d i sposa l  of nuc lear  waste ( a e  defined i n  Sec t ion  3.0). Safety a spec t s  
no t  s t a t e d  here  a r e  i n f e r r e d  from t h e  genera l  s a f e t y  guide l ines .  A s  t h e  
Reference Concept changes, t h e s e  gu ide l ines  may a l s o  change. The s a f e t y  
guide l ines  a r e  discussed i n  terms of Reference Concept elements. 

2 -2.1 Waste Form 

For normal condi t ions ,  a cermet temperature of 1050 C (90  percent  of 
f a b r i c a t i o n  absolu te  temperature) s h a l l  no t  be exceeded. For acc ident  condl- 
t i o n s ,  a cermet temperature of 1050 C (90 percent  of m e l t  ab so lu t e  tempera- 
t u r e )  s h a l l  no t  be exceeded. Criticality requirements s h a l l  a l s o  be met. 

2.2.2 Waste Proct!ssfng and Payload Fabr ica t ion  F a c i l i t i e s  

The design and opera t ion  of these  f a c i l i t i e s  w i l l  fol low cu r ren t  
proposed r egu la t ions ,  a s  s p e c i f i e d  f o r  reprocess ing  p lan ts .  

2.2.3 Shipping Casks and Ground Transport  Vehicles 

Shipping casks and ground t r anspor t  veh ic l e s  w i l l  comply wi th  DOT and 
NRC regula t ions .  The maximum ou t s ide  diameter of t h e  shipping cask w i l l  be  
3.05 m (10 i t ) .  k'hen required f o r  hea t  r e j e c t i o n ,  a redundant cooling system 
f o r  t he  shipping cask w i l l  be required.  

2.2.4 Payload Primary Container/Core 

For normal condit ions,  t h e  ou te r  su r f ace  of t he  primary 316 s t a i n l e s s  
s t e e l  conta iner /core  s h a l l  n c t  exceed a temperature of 416 C (40 percent of 
melt absolu te  temperature). No chemical nor physical  I n t e r a c t i o n  w i l l  occur 
between the  cermet waste form and the  container .  For acc ident  c ~ n d i t i o n s ,  t h e  
primary conta iner  must not exceed a temperature of 1230 C (90  percent  of m e l t  
abso lu te  temperature).  

2.2.5 Radiation Shield - 
The r a d i a t i o n  s h i e l d ,  including ou te r  l aye r  sh i e ld ing  cont r ibu t ions  

for f l i g h t  systems, w i l l  be designed t o  limit r a d i a t i o n  t o  no more than 1000 
mremfhr a t  1 m from the  package s u r f a c e  under normal condit ions.  The 
Inconel-625 sh i e ld  i t s e l f ,  when s t r i pped  of a l l  ou t e r  "nonshielding" l aye r s  of 
t h e  payload package, w i l l  no t  exceed 2000 mrem!hr a t  1 m from t h e  sn i e ld .  
Auxittary sh i e ld ing  w i l l  be designed such t h a t  r ad i a t ion  exposure limits ( s e e  
Tables 2-1 and 2-2) f o r  graund personnel and f l i g h t  crews a r e  not  exceeded 
during handling o r  f l i g h t  opera t ions .  



For n o ~ m a l  condi t ions,  t h e  temperature l i m i t  f o r  t h e  f l i g h t  r a d i a t i o n  
s h i e l d  is 363 C (40 p t r cen t  02 melt abso lu te  temperature).  For acc ident  con- 
d i t i o n s ,  t h e  s t a i n l e s s  steel r a d i a t i o n  s h i e l d  must no t  exceed the  temperature 
of 1157 C (90 percent  of melt abso lu te  temperature).  

2.2.6 Rezntrv Svstems 

The r een t ry  system f o r  t h e  Reference Concept inc ludes  two b a s i c  sys- 
tems: t he  booster  veh ic le  r e e n t r y  system and t h e  payload package r e e n t r y  
system. 

The booster  veh ic le  r een t ry  system i s  t h e  Space S h u t t l e  Orb i te r .  It 
has  the c a p a b i l i t y  t o  detach from t h e  ET and perform a con t ro l l ed  maneuver t o  
a ?roper s a f e  landing s i te  (return-to-launch s i te ,  abort-to-contingency land- 
i ng  s t r i p ,  abo r t - t o -o rb i t ,  abort-to-sea,  o r  abort-to-land) a t  almost any t i m e  
i n  t he  f l i g h t .  The Orbi te r  has soph i s t i ca t ed  and redundant guidance and con- 
t r o l  systems, an e l abo ra t e  thermal p ro t ec t i on  system, a s  w e l l  a s  a manned 
crew, which w i l l  a l l  a i d  i n  t he  s a f e  r e t u r n  t o  Ear th  of t h e  payload package a s  
a r e s u l t  of a c r i t i c a l  ascent  boos te r  system f a i l u r e .  I n  a d d i t i o n ,  t h e  
Orb i t e r  w i l l  c a r ry  a s t r u c t u r e 1  p a l l e t  ( t o  support  t h e  waste during launch) 
t h a t  w i l l  reduce t h e  Orbi te r  crash-landing loads  placed an  t h e  payload 
package. Also, t h e  Orbi te r  w i l l  provide systems which w i l l  a l low f o r  Orb i t e r  
f l o t a t i o n  i n  the event of a d i t ch ing  a t  sea .  

The r een t ry  system f o r  t h e  waste payload package must inc lude  provi- 
s i o n s  t o  surv ive  expected on-pad and r een t ry  acc ident  environments. The 
system must include:  (1)  provis ions  f o r  absorbing the  expected e x t e r n a l  
impact loads,  ( 2 )  a f i r e  and r een t ry  thermal p ro t ec t i on  system, and (3)  a 
t r ansmi t t e r  f o r  recovery. The t h e r n a l  p ro t ec t i on  system w i l l  n o t  a b l a t e  nore  
than 50 percent  of i t s  i n i t i a l  th ickness  during pos tu la ted  worst-case r een t ry  
environments. The ou te r  s i d e  of t h e  package w i l l  have proper labe l ing .  

2.2.7 Launch Si:? ? a c i T i t i e s  - 
The launch pad used f o r  launching nuc lear  waste i n t o  space should be 

a dedizated pad. The Nuclear Payload Frepara t ion  F a c i l i t y  (NPPF) should be 
designed a $  a t o t a l  containment f a c i l i t y .  

2.2.8 Uprated Space S h u t t l e  Launch Vehicle 

The Uprated Space S h u t t l e  launch veh ic l e  des ign  w i l l  r e f l e c t  consid- 
e r a t i o n s  of keeping on-pad acc ident  environments a s  low a s  possible .  Every 
e f f o r t  w i l l  be made t o  save t h e  payload and crew from adverse acc ident  
environments. 
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2.2.9 Earth Parking (;rbi ts - 
Intermediate  Ea r th  parking o r b i t s  s h a l l  be incorporated i n t o  t h e  

f l i g h t  p r o f i l e s  of space t r a n s p o r t a t i o n  systems t o  a l low a minimum of 6 months 
before  o r b i t a l  decay of t he  nuc lear  waste payload package could occur.  

2.2.10 Orbi t  Transfer  Svstems 

Achievement of payload d e l i v e r y  i s  def ined  as s t a r t i n g  i n  t h e  proper 
Ear th  parking o r b i t  and ending w i t h i n  t he  bounds of t h e  following: 0.85 + - 
0.01 A.U. and 1.00 + - 0.20 degrees  i n c l i n a t i o n .  

2.2.11 S ~ a c e  Des t ina t ion  

The nominal space d e s t i n a t i o n  s o l a r  o r b i t  a t  0.85 A.U., 1 degree from 
t h e  Ea r th ' s  o r b i t a l  plane,  w i l l  be v e r i f i e d  by proper a n a l y s i s  t o  provide a n  
expected i s o l a t i o n  t i m e  of a t  l e a s t  one mi l l i on  years .  

2.3 Def in i t i on  of  Terms 

The following terms a r e  def ined i n  t h e  context  of t h e  s a f e t y  guide- 
l i n e s  as used i n  t h i s  s ec t i on :  

Ablat ion Shie ld  - a l aye r  of p ro t ec t i ve  package m a t e r i a l  a t tached  t o  
t h e  ou t s ide  su r f ace  of t h e  p a y l o ~ d .  It i s  designed t o  reduce t h e  
hea t ing  e f f e c t s  during inadver ten t  atmospheric reen t ry .  

Accident Condi t ions - a s  cont ras ted  t o  normal condi t ions ,  a r e  low i n  
p robab i l i t y  and high i n  s e v e r i t y .  The corresponding philosophy fc,r 
t h e  containment b a r r i e r  i s  t o  surv ive  acc idents  with low consequences 
r a t h e r  than r eaa in  i n  an operable  s t a t e .  

ALARA - less than maximum al lowable and a s  low a s  reasonably achiev- 
able .  Federal  r egu la t i ons  r equ i r e  t h i s  p r i n c i p l e  t o  be used i n  c o s t  
nuclear  technology l i c e n s e  app l i ca t i ons .  

Barrier - any medium o r  mechanism by which e i t h e r  r e l e a s e  of encapsu- 
l a t e d  r ad ioac t ive  was'. 2 mate r i a l  is re ta rded  s i g n i f i c a n t l y  o r  human 
access  i s  r e s t r i c t e d .  Examples of h a r r i e r s  a r e  t h e  saste form, t h e  
primary con ta ine r ,  and i s o l a t i o n .  

Containment - a condi t ion  i n  which a hazardous m a t e r i a l  i s  i s o l a t e d  
from the  environment t o  an acceptab le  degree.  

C r i t i c a l i t y  - a measure of the  c a p a b i l i t y  of s u s t a i n i n s  a nuclear  
chain r eac t ion  i n  a package containing f i s s i l e  mater ia l s .  

Decomposition - any s i g n i f i c a n t  change i n  phys lca l  o r  chmLica l  
p rope r t i e s  r e s u l t i n g  i n  a reduct ion i n  mechanics1 g t r e n g t h ,  ~ t c .  



DOT - U.S. Depar 
quc lear  ma te r i a l s ,  
173.3e9-173.399. 

.tment of Transportat ion;  regarding handl ing of  
T i t l e  49 of t h e  Code of Federal Regulat ions,  P a r t s  

Fab t l ca t i on  - t h a t  s t age  of t h e  waste t reatment  process i n  which the  
waste form is f ab r i ca t ed  t o  i ts  proper shape and placed wi th in  t h e  
pr h a z y  conta iner .  

Frac ture  Toughness - t h e  measure d a n a t e r i a l ' s  a b i l i t y  t o  absorb 
energy during p l a s t i c  deformation; r e s i s t a n c e  t o  f r ac tu re .  

High-Level Waste - t h e  waste product r e s u l t i n g  from t h e  f i r s t  separa- 
t i o n  s t e p  of Purex fuel-reprocessing operat ions.  

Impact Absorber - t h a t  por t ion  of a nuc lear  waste payload package 
intended t o  be an energy absorber  while reducing impact fo rces  t r ans -  
mitted t o  t he  payload. 

Lalmch S i t e  - t h e  l o c a t i o n  on Ea r th ' s  su r f ace  from which the  space  
d i sposa l  missions a r e  launched. 

Material I n t e r a c t i o n  - t he  behavior of m a t e r i a l s  i n  contac t  with one 
another  where a s i g n i f i c a n t  change i n  physical  o r  chemical p r o p e r t i e s  
r e s u l t s .  

Normal Conditions - condi t ions  t h a t  r e s u l t  from normal handling and 
t r anspo r t a t i on  operat ions.  No i r r e v e r s i b l e  e f f e c t s  s h a l l  r e s u l t  t o  a 
containment b a r r i e r .  

NPPF - Nuclear Payload Preparat ion F a c i l i t y ;  t h a t  launch s i t e  f a c i l -  
i t y  providing inter im s to rage  and remote handling opera t ions  f o r  t h e  
wasta payload from t h e  time of r e c e i p t  a t  t h e  launch s i te  u n t i l  
launch opera t ions  bagin. 

NRC - U.S. ' luclear Regulatory Commission; regarding t r a n s p o r t a t i o n  of 
n- clear ma te r i a l s ,  T i t l e  10 of t h e  Code of Federal Regulations,  Par t  
71. 

Primary Container/Core - t h e  s h e l l  o r  v e s s e l ,  ad jacent  t o  t h e  
high-level  waste form, t h a t  provides containment throughout a l l  
m i s s i ~ n  phases. 

Radiat ion Shie ld  - t h a t  component of t he  payload package which is  
intended t o  reduce t he  nuclear  r a d i a t i o n  environment t o  acceptab le  
leve 1s. 

Rem - roentgen equiva len t ,  man; a u n i t  cf r a d i a t i o n  dose which takes  
i n t o  account t he  r e l a t i v e  b io log i ca l  e f f ec t i venes s  of r a d i a t i o n  
energy depos i t ion .  

Shipping Package - an enclosure and i t s  .qystems l icensed  t o  t r anspo r t  
r a d i ~ a c t i v e  ma te r i a l s  ( inc lud ing  high-level waste).  



SOIS - Solar Orbit Insertion Stage used to insert  (circularize)  the 
payload package into the p r o ~ 2 r  0.85 A.U. solar orbit .  

Uprated Space Shuttle - reference iaunch ~ e h i c l e  for nuclear waste 
disposal in  space. Vehicle uses L!quid Rockat Boosters and has a 
payload capability of 45,400 kg. 



The purpose of t h i s  sec t ion  is t o  s t 8 a r i z e  t h e  various concept 
def in i t ions  currently envisioned f o r  the  nuclear waste disposal  In space 
mission. The concept de f in i t ions  described herein have developed over the 
years and represent tbe  works of PWL and b e i n g  during the  1931-1982 tire 
period (see  Reinert et al, :582 and H c C a l h  e L  a l ,  1982). One 'Reference 
Concept', defined f o r  use i n  t h i s  study, was se lec ted  by a c d t t e e  made up 
of NASA, @WI, BCL, PhL, SAI, aad Boeing representat ives,  Considerations t h a t  
e r e  given i n  se lec t ing  the  Reference Concept fncluded: (1) po ten t i a l  f o r  
r i s k  benef i t ,  (2)  short- and lmg- tern  s a f e t y ,  (3) cos t ,  (4) cu r ren t  s t a t e  of 
tec*mology, and ( 5 )  exnected d i rec t ions  of W A  developments. An overview of 
the  Reference Concept is given i n  Figure 3-1. Section 3.1 def ines  the  o v e r a l l  
Reference mission, giving emp'lssis t o  operat ional  o r  procedural aspects.  
Definitions f o r  s p e c i f i c  Reference mission elements (egg, ,  waste payload 
charac te r i s t i c s ,  space systems, and f a c i l i t i e s )  a r e  provided i n  Section 3.2; 
emphasis is on hardware and f a c i l i t i e s .  Section 3.3 descr ibes  the  pa jo r  
contingencv plans and systems t h a t  have been defined fez t he  o v e r a l l  Reference 
mission t o  minimize e f f e c t s  caused by possible a c c i ~ e a t s  a d ! x  nalfunctions. 
General space system hardware and propellaat  rcquiresents  f o r  t h e  waste 
disposal a c t i v i t y  a r e  iden t i f i ed  i n  Section 3.4. Section 3.5 prcvides 
def in i t ion  of a l t e r n a t i v e  waste payloads (e.g., technetium and iodine). 

3.1 Overall Reference nissfon 

The aa jo r  aspects  of the  Reference mission defined i n  t h i s  sec t ion  
a r e  i l l u s t r a t e d  i n  the p i c t o r i a l  view i n  Figure 3-2. This mission p r o f i l e  has 
been divided in to  seven major a c t i v i t i e s .  The f i r s t  two a c t i v i t i e s  a r e  ex- 
pected t o  be the r e spons ib i l i ty  of the  U,S. Department of =ergy (DOE), and 
the  last f ive  a r e  expected t o  be NASA's. These are: 

(1)  Nuclear Waste Processing and PaylqsJ Fabrication 
(2)  Nuciear Waste Ground Transport 
( 3 )  Payload Treparat I a t  Launch S i t e  
( 4 )  Prelaunch Activit,es 
(5) Launch Vehicle Operations 
(6)  Orbit Transfer System Operations 
( 7 )  Payload Monitoring. 

Rescue and recovery systems a r e  discussed i n  Sections 3.2 and 3.3. Defini- 
t ions  and requfrements fo r  individual  system elements a r e  discusscd i n  Section 
3.2. 

3.1.1 Nuclear Waste Processing and Payload Fabrication 

Typicall-y, spent fue l  rods from domestic power plants  would be trans-  
ported t o  the waste processing and pzyload fabr icht ion  s i t e s  v i a  conventional 
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shipping casks. Csing a Purex process ,  high-level  waste conta in ing  f i s s i o n  
products and a c t i n i d e s ,  inc luding  0.5 percent  plutonium and 0.1 percent  
uranium, uould be processed fram these  spent  f u e l  rods. Addit ional  processing 
would r m v e  95 percent  of t h e  cesium and s t ront ium f o r  d i sposa l  i n  t h e  mined 
geologic  reposi tory.  .Mdit ional  p l u t o n i m ,  processed f r m  t r ansu ran ic  (TRU) 
wastes,  would be added t o  t h e  mix f o r  space d isposa l .  The mix would be aged 
f o r  roughly 50 years.* The r e s u l t i n g  high-level waste f o r  space d i sposa l  
would be formed i n t o  a c e m t  m t r l x  by a c a l c i n a t i o n  and hydrogen reduct foa  
process. A t  t he  app ropr i a t e  time, t h e  waste form would be  f ab r i ca t ed  i n t o  
cylindrical b i l l e t s  (3167 b i l l e t s ,  each 5.858 cm i n  d i m t e r ) .  The waste 
b i l l e t s  w u l d  have a mass of 3000 kg. Within a remote sh ie lded  cell, t h e  
waste b i l l e t s  would be loaded i n t o  a s p h e r i c a l  conta iner lcore ;  t h e  conta iner1  
core  would be closed and sealed, inspec ted ,  decontaainated,  and packaged i n t o  
a flight-weight gamna r a d i a t i o n  s h i e l d  assembly ( see  Figure 3-3). 

FIGURE 3-3. WASTE PAYLOAD ASSEMBLY FACILITY (FROM BOEING ST'lm) 

*Xote: Fifty-year aging was recommended by P h i  t o  b t  t h e  most s e n s i b l e  way 
of reducing the  heat  production i n  t h e  waste, such t h a t  pos tbu r i a l  mltdown 
would noi occur should the re  be inadvertent  reent ry  ( s e e  Safet;  Guidel ines ,  
Sect ion 2.1.2, Containment). 
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3.1.2 Nuclear Waste Ground Transport 

The shielded waste container  would be loaded i n t o  a ground trans- 
portat ion shipping cask. This cask, which muld provide addi t ional  sh ie ld ing 
and thenpal and t p c t  protect ion f o r  t h e  waste container  t o  comply with the  
NRC/DOT r e g u l a t i m s ,  would then be loaded onto a s p e c i a l l y  designed r a i l  car 
f o r  t ransport ing t h e  waste container  f rog  the  waste payload fabr i ca t ion  site 
to t he  Kennedy Space Center (KSC), Florida launch site. Once the  cask reaches 
t h e  launch site, i t  would be unloaded i n t o  the  shielded loading dock of the  
Nuclear Payload Preparation F a c i l i t y  (NPPF). 

3.1.3 Payload Preparation at  Launch S i t e  

The Nuclear Payload R e p a r a t i o n  F a c i l i t v  (NPPF) m u l d  provide interlm 
s torage  capab i l i ty  f o r  a number of shielded waste payloads, affording e f f i -  
c i e n t  preparat ion f o r  launches p lus  capacity f o r  unplanned delavs (see Figure . During s torage ,  addi t ional  radia t ion  shie ld ing,  thermal cont ro l ,  
monitoring, and inspection of the  waste payloads w u l d  be provided. 

FIGURE 3-4.  POSSIBLE COEDCEPT FOR A NUCLEAR PAYLOAD PREPARATION 
FACILITY (WPF) (Fgm BOEIIUG STUDY) 

3.1.4 Prelaunch Ac t iv i t i e s  

In preparation fo r  launch, the  nuclear waste payloads a r e  prelaunch- 
checked i n  the  NPPF. The f i r s t  waste payload (waste f o w ,  core, r ad ia t ion  
sh ie ld ,  and g reph i t e / s t ee l  t i l e s )  is  mounted on the t l i l d v p  frame i n  the  
assembly canyon (see  Figure 3-4). The interpayload support s t r u c t u r e  is 



remotely i n s t a l l e d  on t h e  waste payload. The second waste payload is then  
mouated on the  interpayload support s t r u c t u r e .  The i n s t a l l a t  i ons  are accom- 
pl ished using a sh ie lded  crane. The waste payload system is i n s t a l l e d  i n  t h e  
f l i g h t  support systeaa, and is e i t h e r  s t o r e d  f o r  l a t e r  f l t g h t  o r  i n s t a l l e d  i n t o  
a shielded can i s t e r .  The payload c a n i s t e r  is sh ie lded  t o  f u r t h e r  reduce the 
e x t e r n a l  dose r a t e  and i s  designed t o  provide commonality with t h e  Rotat ing 
Serv ice  S t r u c t u r e  (RSS) and Orb i t e r  i n t e r f a c e s  and t o  accommodate remote 
i n s t a l l a t i o n  and re?aoval of t h e  waste payload system. The c a n i s t e r  is t rans-  
ported t o  an  area where it is e rec t ed  and taken t o  t h e  RSS a t  the Launch 
Complex . 

Transfer  of t he  payload and support ing s t r u c t ~ r e  t o  t h e  l a m c h  pad's 
Rotat izq Service S t r u c t u r e  (RSS) i s  accomplished by a special-purpose t rans-  
po r t e r  which maintains t h e  S h u t t l e  payload and its support ing s t r u c t u r e  i n  t h e  
proper pos i t  ion  f o r  i n s  t a l l a t i o n  i n  t h e  Orb i t e r  cargo bay. Payload t r a n s f e r  
from t h e  NPPF t o  t he  pad is  made a f t e r  t h e  S h u t t l e  vehic le  i n s t a l l a t i o n  a t  t h e  
launch pad has been completed, The waste payload is remotely i n s t a l l e d  i n  t h e  
Orbi te r  using a payload ground-handling mechanism. After  payload i n s t a l l a t i o n  
&nd f i n a l  systems checkout have occurred,  and t h e  OTI'/SOLS has  been properly 
positioned on o r b i t ,  the  dec is ion  t o  launch is  made. 

The OTV, which provides escape from low-Earth o r b i t  and i n s e r t i o n  
i n t o  t h e  h e l i o c e n t r i c  t r a n s f e r  t r a j e c t o r y ,  and t h e  SOTS, which c i r c u l a r i z e s  
t h e  waste payload i n t o  the  s o l a r  c r b i t  d i sposa l  d e s t i n a t i o n ,  are prepared f o r  
launch i n  t h e  OTV Processiog F a c i l i t y .  

3.1.5 Launch Vehicle Operations 

Ona Uprated Space S h u t t l e  and one S h u t t l e  Derived Vehiclc (SDV) would 
be  readied f o r  launch f o r  a given d i sposa l  mission, Pad C ,  +.ich is t o  be 
constructed a t  KSC Launch Complex 39, would be used t o  launch t h e  nuclear- 
paylod-carrying Uprated Space Shu t t l e .  Pads A o r  B would be used f o r  t he  SDV 
launch. 

The SDV would be launched f i r s t  t o  place the  o r b i t  t r a n s f e r  system 
(OTVISOIS) i n  a 370-km c i r c u l a r  o r b i t  inc l ined  38 degrees t o  t he  equator.  The 
SDV propulsion and dvionics  m d u l e  would r e e n t e r  and be recovered f o r  reuse. 

Approximately four  hours a f t e r  SDV launch, t h e  Uprsted Space S h e i t l e ,  
wi th  two waste p c k a g e s ,  would be launched t o  rendezvous with the  o r b i t i n g  
OTVISOIS. Thz Shu t t l e  Orbi te r  would approach t h e  GTV/SOIS us ing  i t s  ve rn i e r  
t h rus t e r s .  There w a l d  be a s o f t  docking, a t  which po in t  t h e  O r b i t e r ' s  
a t t i t u d e  con t ro l  would be shut  down. Ssvera l  hours l a t e r  a t r a n s f e r  of t h e  
payload t o  the OTV/SOIS i n  t he  cargo bay of t he  Orb i t e r  would occur.  The 
Orbi te r  and O'RI'SOIS would then sepa ra t e ,  and t h e  Orb i t e r  would back off from 
the  OTV/SOIS/payload a t  a v e l o c i t y  of 0.5 m / s .  

After t he  OTV d e l i v e r s  t he  nuclear  waste payload and SOIS t o  the 
des i red  t r a j e c t o r y  and r e tu rns  t a  a l o r E a r t h  o r b i t ,  t h e  Orb i t e r  would 
rendezvous with the OTV and r e tu rn  i t  t o  the launch s i t e  t o  be refurbished f o r  
use on a l a t e r  mission. 

O A T T O L L E  - C O L U M B U S  
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3.1.6 Otb l t  Transfer  Sy3tem 

Af ter  t h e  OTV/SOIS/waste payload system has passed f Lnal systems 
checkouts, thc 3TV propulsive burn w i l l  p lace t h e  SOIS and its a t tached  waste 
payload on the  proper Earth-escape t r a j e c t o r y .  Control of t he  propulsive burn 
from low-Earth o r b i t  w i l l  be from t h e  a f t  deck payload c o n t r o l  s t a t i o n  on t h e  
Orb i t e r ,  with backup provided by a ground con t ro l  s t a t i o n .  Af te r  t h e  burn is 
complete, t h e  SOLSIwaste payload i s  then re leased .  I n  approximately 165 days 
t h e  payload and the  cryogenic LOX/LH2 prope l l an t  SOIS w i l l  t r a v e l  t o  i ts  
per ihe l ion  a t  0.85 A.U. about t h e  Sun. [One astronomical  u n i t  (A.U.) is equal  
t o  t he  average d i s t ance  f r o a  t h e  Ear th  t o  t he  Sun.] The SOIS w i l l  p lace  the  
payload i n  i ts  f i n a l  space d i sposa l  d e s t i n a t i o n  by reducing t h e  aphel ion from 
1.0 t o  0.85 A.U. To a id  i n  obta in ing  t h e  des i red  o r b i t a l  l i f e t i m e s ,  t h i s  
o r b i t  w i l l  be inc l ined  t o  t h e  Ear th ' s  o r b i t a l  plane by 1 degree. 

Recovery burns using t h e  remaining OTV propel lan t  and aerobraking 
w i l l  r e t u r n  the OW t o  low-Earth o r b i t  f o r  rendezvous with t h e  S h u t t l e  Orb i t e r  
f o r  subsequent recovery, refurbishment,  and reuse of t h e  OTV on a later 
mission. The re ference  OTVISOIS mission p r o f i l e  is shown i n  Figure 3-5. 

1-2 Uprated Space S h u t t l e  (45,400-kg payload) and S h u t t l e  Derived Vehicle as- 
cent  from Earth t o  a 370-h c i r c u l a r  o r b i t  with a 38-degree inc l ina t ion .  

2-3 k i m e  OTV burn of approximately 32 rafn f o r  escape f roa  low-Earth o r b i t  on 
e l l i p t i c  s o l a r  o r b i t  t r a n s f e r  t r a j s c t o r y  with perigeo of 0.85 A.U. and 
1-degree of i n c l i n a t i o n  t o  t h e  Ear th ' s  o r b i t a l  plane. The AV f o r  t h i s  
maneuver is  3390 m l s .  

3 OTV separa t ion  from t h e  SOIS/nuclear waste payload and r e t r o  burn t o  an 
e l l i p t i c  Earth o r b i t .  The AV f o r  t h i s  maneuver is  400 m / s .  The OW l i f e -  
t i m e  f o r  r e tu rn  t o  t he  Orbi te r  is approximately 67 hours. The apogee f o r  
t h i s  o r b i t  i s  61,000 Ian. 

4 OIV c i r c u l a r i z a t i o n  i n t o  the  370-km, 38-degree i i lc l inatf-on recovery 
o r b i t .  The SV is  120 m/s. 

5 SOIS and payload c i r c u l a r i z a t i o n  i n t o  0.85 A.U., 1-degree i n c l i n a t i o n  t o  
the  Ear th ' s  o r b i t a l  plane. The AY is 1280 m / s .  

FIGURE 3-5. REFERENCE OTV/SOIS MISSION PROFILE 
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3.1.7 Payload Monitoring - 
klonitoring of t h e  Ear th  escape t r a j e c t o r y  of t h e  SOIS/waste payload 

would be accomplished by ground-bas& rada r  systems and te le lnet ty  from t h e  
SOZS and O?V. The achievement of t h e  f  i n a l  d i s p o s a l  o r b i t  mrlld be monitored 
by NASA's Deep Space Netwrk .  Once t h e  proper d i s p o s a l  o r b i t  haa been 
v e r i f i e d ,  no a d d i t i o n a l  monitoring is necessary. However, monitoring could be 
r ee s t ab l i shed  i n  t h e  f u t u r e  i f  required.  

3.2 Reference S p t e m  Elements and Operation 
Definitions and/or Requirements 

The d e f i n i t i o n s  f o r  Reference mission system and opera t ion  e l enen t s  
& r e  descr ibed below. Thi r teen  major s y s t e a  elements have been i d e n t i f i e d  f o r  
d e f i n i t i o n  here:  

Waste Source 
Waste M i x  
Waste Form 
Waste Payload System 
Shfpping Casks and Ground Transport  Vehtcles 
Launch S i t e  F a c i l i t i e s  
Uprated Space S h u t t l e  t 'ehicle 
S h u t t l e  Derived Vehicle  
Orb1 t Transfer  Vehicle 
So la r  Orb i t  I n s e r t i o n  S tsga  
Rescue Vehicle 
F l i g h t  Support System 
Space k s t  i n a t  ion. 

Def in i t ions  f o r  t h e  Referecce mission system elements follow. 

3.2.1 iiaete Source 

The primary waste source w u l d  be nuc lear  waste generated b) t h e  
opera t ion  of commercial nuc lear  power pla.lts and recovered by reprocessing.  
Table 3-1 provides t h e  mst r e a l i s t i c  p r a j e c t i o n s  of waste genera t ion  (assum- 
ing  200 GWe by t h e  year  2000) found i n  t h e  l i t e r a t u r e  (Yates and Pdrk, 1979). 
By assuming t h a t  t h e  waste must be a t  l e a s t  10 years  o ld  before  i t  can be 
reprocessed and be a v a i l a b l e  f o r  d i s p o s a l ,  and t h a t  reprocessing c a p a c i t i e s  
a r e  ab le  t o  process t he  waste according t o  the  proposed schedule ,  t he  annual 
t o t a l  amount of waste a v a i l a b l e  f o r  d i sposa l  i s  given. Pro jec t ions  of t h e  
mass a v a i l a b l e  f o r  eventua l  space d i s p o s a l  a r e  a l s o  given. The mass of waste 
ava i l ab l e  annual ly  f o r  eventual  space d i s p o s a l ,  i n  cermet form, w i l l  i nc rease  
t o  227 met r ic  tons (MT) by the  year 2012 ( launches would a c t u a l l y  occur  over a 
25-year period beginning i n  t h e  2030-2049 time frame). Also shown i n  t he  
t a b l e  a r e  p ro j ec t i ons  f o r  techneclum and  dine d i sposa l  i n  spaqe. 
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TABLE 3-18 TZJBNTY-FIYE I'EAB PROJECTED U.S. NUCLEAR POWER GEHERATION 
AND POSSIBLE COdMERCIAL RIGE-LEVEL WASTES AVAILABLE 
FOB SPACE DISPOSAL (100,000 MTllM BASIS) 

A n d  Ugh-Level Purex Annual f a c h n e c i ~  Annual Iodine 
Annu.1 Nuclear l tste i n  ~o rm(b )  Waste i n  Metal l ic  Waste is  Pb12 

~ a t i v c ( a )  Uaste Available Avai:able f o r  30- t o  60- Form Available F o a  Availabl 
Poucr, U t e ,  f o r  Mspoeal ,  Year Storage Before f o r  Swee  Msposal. f o r  Space Dispo 

Year cuc .- m/~r space ~ s p o s d ,  I I T / ~ S ( C )  ~ ~ / y r ( d )  I I T I ~ ~ ! ~ )  

19 79 61.9 5890(f) 0 0 0 0 
1WO 76.8 7690 0 0 0 0 
1981 87.3 9790 0 C 0 0 
1982 101.1 12,220 0 0 0 0 
1983 115.4 14,990 0 0 0 0 
1984 131.4 18,140 0 0 0 0 
1985 144.3 21,600 0 0 3 0 
1986 lI7.1 25,370 0 0 0 0 
1987 164.9 29.330 0 0 0 0 
1988 174.0 33,510 0 0 0 0 
1989 180.9 37,850 5890( f ) 279 4.42 2.36 
i990 156.5 62.330 1805 85 1.35 0.72 
1991 la8.9 46.860 2100 100 1.57 0.84 
1992 130.1 51,420 2430 115 1.82 0.97 
1993 192.5 56,090 2770 131 2.08 1.11 
1996 19b.C 60,700 31 50 149 2.36 1.26 
1995 195.0 65.380 3463 164 2.60 1.38 
1996 196.0 70,080 3770 166 2.83 1.51 
1997 197.0 74,810 396G 188 2.97 1.58 
1998 198.0 79.560 4 180 198 3.14 1.67 
i999 199.0 84,340 4340 206 3.26 1.74 
2000 200.0 89,140 4480 2 12 3.36 1.79 
2001 200.0 93,960 4530 214 3.40 1.81 
2002 200.0 98,700 4560 2 16 3.42 1.83 
2003 52.4(8) 100,000(8) 4620 2 19 3.46 1.85 
2004 -( h) -( h) 4660 22 1 3.50 1.86 
2005 - - 4680 222 3.5i 1.87 
2006 - 4700 223 3.52 1.88 - 
2007 - - 4730 226 3.55 1.89 
2308 - -- 5750 225 3.56 1.90 
2009 - - 478; 227 3.58 1.91 
2010 - - 6800 227 3.60 1.92 
2011 - 4800 227 3.60 1.92 - 
2012 - - 4800 22 7 3.60 1.92 
2013 - - 1260(g) 60 - 0.94 - 0.51 - 

TOTALS 100,000 4725 75.00 40.00 

( a )  R o j e c t i o a s  through 2000 from: Yates, K. R., aad 0. Y. Pa*, 'Projections of Commercial Nuclear Capacity and 
Spent-he1 Accumulation i n  the United States",  Transactions of the  American Nuclear Society. pp. 350-352 (June I 

1979). 
(b )  Assuoee 31.94 kg/l(IM m a t e  fo r  space disposal  (including removal of 95 percent of the cesium and strontium) r I 

cermet waste form loading of 67.4 percent (t¶cCalllm e t  al, 1982). 
( c )  The w s t e  must be decayed m addit ional  30 t o  40 years before i t  can be flown in to  space, given the current  Sc I 

Guidelines end payload packaging concept. 
( d l  Based on 0.75 technetium metal per 1 MIXM ( k C a l l w ~  e t  a l ,  i9E2). 
( e l  Based on 0.40 4 Pb12 per 1 MW (HcCallun e t  a l ,  1982). 
( f )  Includes 6400 WTAn exis t ing  as  of 1978. 
(g)  Data .e tch  cuaulative 100.000 HTW f o r  XCR Reference Case used i n  t h i s  r i sk  study. 
(h)  For purposes of t h i s  etudy, data  beyond t h i s  point a r e  not  shown. 



3.2.2 Waste Mix 

The waste mix t o  be disposed of i n  space i s  reprocessed high-level 
waste (conta in ing  0.5 percent  of t h e  plutonium and 0.1 percent  of t h e  uranium 
p re sen t  i n  t he  f u e l  rods a t  t h e  time of reprocessing)  t h a t  has  been out  of t he  
r e a c t o r  f o r  approximately 50 years.  Also, a t  t h e  time of reprocess ing ,  95 
percent  of t h e  s t ron t ium and cesium i s  removed. Gases and TRU wastes ,  p lus  95 
percent  of s t ron t ium and cesium, would go t o  d i s p o s a l  i n  t h e  mined repos i tory .  
Plutonium would be processed ou t  of t he  TRU wastes;  t h i s  f r a c t i o n  would be 
added t o  t h e  nix and go i n t o  space f o r  d i sposa l .  The combination of cesium 
and s t ron t ium removal and t h e  50-year aging of t h e  waste is  needed t o  avoid 
pos tbu r i a l  meltdown f o r  t h e  "Reference-sized" sphere  packages flown on a given 
mission. - (Sma l l e r  spheres  o r  d i l u t i o n  of t h e  waste form would allow t h e  space 
d i sposa l  of 10-year-old waste.) Waste mix f o r  space d i sposa l  amounts t o  31.94 
kg1MTHM . 

3.2.3 Waste Form - 
The F.eference waste f o r n  f o r  space d i sposa l  is t h e  Oak Ridge Nat ional  

Laboratory (3KNL) i ron/nickel-based cermet (ceramiclme tal  matr ix)  , a d i sper -  
s i o n  of ceramic p a r t i c l e s  i n  a continuous m e t a l l i c  phase. This  waste form has  
bezn chosen over o t h e r s  because of i t s  expected responses  t o  pos s ib l e  acc ident  
environments. The ceraet is expected t o  have a waste loading of t h e  o rde r  of 
67.4 percent ,  where 100 percent  is defined as high-level waste i n  oxide form. 
The thermal conduct iv i ty  is  expected t o  be about 9.5 W/m*C, and t h e  d e n s i t y  
i s  about 6.5 g lcc .  

3.2.4 Waste Payload System 

The cermet waste form would be  made i n t o  c y l i n d r i c a l  b i l l e t s  t h a t  a r e  
5.852 cm long and 5.858 an i n  diameter.  They would be placed i n t o  a 316 
s t a i n l e s s  s t e e l  s p h e r i c a l  waste form support  s t r u c t u r e  o r  core .  The core  has  
241 p a r a l l e l  ho les  bored i n  i t  t o  accommodate t h e  s tacked c y l i n d r i c a l  b i l l e t s  
(see Figure 3-6). A t  t h e  waste payload f a b r i c a t i o n  f a c i l i t y  ( s e e  Figure 3-3), 
t h e  b i l l e t s  would be i n s t a l l e d  i n  t he  core  using an automatic loading machine. 
Covers a t  both ends of each bore would be i n s t a l l e d  t o  r e t a i n  t h e  b i l l e t s .  
The loaded core  would then be lowered irlto t h e  lower ha l f  of t he  Inconel-525 
c o n t a i n e r l i n t e g r a l  s h i e l d .  The upper ha l f  of t h e  i n t e g r a l  s h i e l d  would then 
be  lowered i n t o  p lace  and t h e  upper and lower s h i e l d  ha lves  electron-beam 
welded toge ther .  Graph i t e l s t ee l  t i l es  would be p r e i n s t a l l e d  on t h e  s h i e l d  
ha lves ,  except  t h a t  a "be l t "  around t h e  equator  would be l e f t  f r e e  of t i les  t o  
a l low the  electron-beam weld. Following t h e  weld, t h e  remaining c loseout  
t i l es  would be i n s t a l l e d  using remote-handling equipment. The waste payload 
is then ready t o  be placed i n  a shipping cask f o r  t r anspo r t  t o  t h e  launch 
s i t e .  
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FIGURE 3-6. WASTE PAYLOPJ) PACKAGE FOR SPACE DISPnSAL 
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3.2.5 Ground T r a n s ~ o r t  Vehicles and Casks 

For t r anspo r t  from t h e  waste  f a b r i c a t i o n  f a c i l i t y  t o  t h e  launch s i t e ,  
t he  i n t e g r a l  waste conta iner  s h i e l d i n g  would be housed i n  a  shipping cask 
which would a f fo rd  a d d i t i o n a l  sh i e ld ing  and thermal and impact p ro t ec t i on  t o  
meet t h e  Nuclear Regulatory Commission/Department of Transpor ta t ion  
r egu la t i ons  (U.S. NRC, 1978). The cask is expected t o  be l i c ensed  by t h e  
Nuclear Regulatory Commission. The cask would be t ranspor ted  from t h e  payload 
f a b r i c a t i o n  f a c i l i t t e s  t o  t h e  KSC launch s i te  on a  s p e c i a l l y  designed r a i l  c a r  
which would adequately suppor t  and d i s t r i b u t e  t h e  weight of t h e  cask and 
provide acceptab le  t i e  downs. 

3.2.6 Launch S i t e  F a c i l i t i e s  

The re fe rence  launch s i te  f o r  launching nuc lear  waste payloads during 
t h e  e a r l y  phase of t h e  program i s  Launch Complex 39 a t  Kennedy Space Center ,  
Flor ida.  F a c i l i t i e s  requi red  t o  support  t h e  Reference Concept f o r  space 
d i sposa l  a r e  given below. 

(1) A s ecu re ,  s e a l e d ,  envirorrmentally c o n t r o l l e d ,  Nuclear Payload 
Prepara t ion  F a c i l i t y  (NPPF) t o  s t o r e ,  coo l ,  monitor ,  assemble, 
and checkout the  waste payload systems from t h e  time t h e  
sh ie lded  nuc lear  waste conta iner  a r r i v e s  a t  KSC u n t i l  t h e  time 
the  loaded payload r een t ry  v e h i c l e  is  moved t o  t h e  launch pad. 

(2 )  A ded ice ted ,  special-purpose t r a n s p o r t e r  t o  move t h e  nuc lear  
waste payload from t h e  NPPF t o  t h e  Rotat ing Serv ice  S t ruc tu re  
(RSS) a t  t h e  launch pad. This  inc ludes  cons t ruc t ion  of a  
roadway o r  t r acks  f o r  t h e  t r a l s p o r t e r  t o  use.  

(3 )  A ded ica ted  Space S h u t t l e  launch pad (Pad C) f o r  launching 
nuc lear  wast- payloads. The waste payload would be i n s t a l l e d  i n  
t h e  S h u t t l e  Orb i te r  a t  t h e  pad. 

( 4 )  A Mobile Launch Platform (MLP) f o r  t r anspo r t i ng  bui l t -up - 
S h u t t l e s  from t h e  Vehicle Asscmbly Building (\TAB) t o  the  launch 
pads. Four MLPs would be required.  

(5)  A t h i r d  f i r i n g  room i n  t h e  Launch Control Center (LCC) would 
have t o  be a c t i v a t e d  t o  handle t he  increased number of Space 
Shu t t l e  f l i g h t s  dedicated t o  t h e  nuc lear  waste d i sposa l  program. 
This  f i r i n g  room would be used exc lus ive ly  f o r  t h e  waste dis -  
posal missions. 

(6)  Processing f a c i l i t i e s ,  inc lud ing  bays,  support  shops,  work- 
s t ands ,  and s to rage ,  would be needed f o r :  

Orb i t e r  - Two w ~ u l d  be required t o  r e f u r b i s h  t he  Orb i t e r s  and 
t h e  SLi  ?repulsion and av ion ic s  moduies between f l i g h t s .  



iR3a - One would be required t o  checkout LRBs p r i o r  tc 
in reg ra t i on  i n  VAB and t o  r e f u r b i s h  LRBs between f l i g h t s .  

ET - One would be requi red  t o  bui ldup and checkout ETs p r i o r  t o  
i n t e g r a t i o n  i n  VAB. 

Orb i t  Transfer  System - One would be required t o  i n t e g r a t e  and 
checkout t h e  Orbi t  Transfer  System p r i o r  t o  i n t e g r a t i o n  with SDV 
i n  VAB and t o  r e fu rb i sh  t h e  OTVs between f l i g h t s .  

3.2.7 U ~ r a t e d  S ~ a c e  S h u t t l e  Vehicle 

During t h e  e a r l y  years  of a space d i sposa l  prDgram, t h e  Uprated S,ace 
S h u t t l e  (45,400-kg payload t o  low-Earth o r b i t ,  s e e  Figure 3-7) would represen t  
an i d e a l  veh i c l e  t o  c a r r y  out t h e  boost phase of t h e  spacc t r anspo r t .  The 
National Aeronautics and Space Adminis t ra t ion is now managing t h e  development 
of t he  Space S h u t t l e  ( t o  be ope ra t i ona l  a t  Kennedy Space Center i n  1982), a  
new c l a s s  of space booster  t h a t  i s  a  reusable ,  low-cost veh i c l e  t h a t  can 
t ranspor t  payloads t o  low-Earth o r b i t  and back. Also, t h e  Space S h u t t l e  i s  a 
manned p i lo t ed  veh ic l e ,  with an i n t a c t  mission-abort c a p a b i l i t y ,  t hus  making 
i t  much s a f e r  tnan previous manned launch vehic les .  It is a n t i c i p a t e d  t h a t  a  
continued, evolut ionary upra t ing  of t h e  Space S h u t t l e  veh i c l e  w i l l  occur i n  
t h e  twenty-f i rs t  century. The upra t ing  assumed he re  involves  t h e  use of t h e  
more powerful and environmentally c l eane r  Liquid Rocket Booster (LRB) a s  a  
replacement f o r  t h e  Sol id  Rocket Booster (SRB). 

FIGURE 3-7. UPRATED SPACE SHUTTLE VEHICLE 
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The Uprated Space S h u t t l e  c o n s i s t s  of a p i l o t ed  reusable  o r b i t i n g  
veh ic l e  ( t h e  Orb i t e r )  mounted on an expendable External  Tank (ET) conta in ing  
hydrogenloxygen p rope l l an t s  and two recove tab le  and reusable  Liquid Rocker 
Boosters (NASMMSFC, 1979). The prope l lan ts  f o r  t h e  LRBs a r e  r.P-l (kerosene)  
and l l ~ c i d  oxygen (LOX), having an oxidizer- to-fuel  r a t i o  of 2.9. The O r b t t e r  
w i l l  have t h r e e  main hydrogenloxygen l i q u i d  rocket  engines  and a cargo bay 
18.29 m long and +.57 m i n  diameter.  A t  launch, bo tb  t h e  LRBs and t h e  
Orbi te r ' s  t h r e e  l j q u i d  rocke t  engines w i l l  burn s inu l taneous ly .  Af te r  
approximately 124 seconds and a f t e r  t h e  Space S h u t t l e  veh fc l e  a t t a i n s  an 
a l t i t u d e  of approximately 45 km, t h e  LRBP w i l l  be separa ted  ana subsequent ly  
recovered from t h e  A t l a n t i c  Oczan. Tbe ET !s j e t t i s o n e d  before  t he  Orb i t e r  
goes i n t o  o r b i t .  The O r b i t a l  Maneuvering System (OMS) i s  then used t o  propel  
t h e  Orb i t e r  i n t o  t h e  des i red  Ear th  o r b i t .  The O r h i t e r  w i th  i t s  crew and 
payload (weighing u p  t o  45,400 kg) w i l l  remain i n  o r b i t  t o  c a r r y  ou t  i ts  
mission. When t h e  mission i s  completed and the  Orb i t e r  has r e t r i e v e d  t h e  OTV, 
the  Orbi te r  is  deorb i ted  and p i l o t e d  back t o  t he  launch s i te  f o r  an unpowered 
landing on t h e  runway a t  KSC. The O r b i t e r  and LRBs would subsequently be 
refurbished and flown on o t h e r  space missions.  NASA/MSFC (1979) provides d a t a  
on LRBs f o r  t h e  Uprated Space Shu t t l e .  Table 3-2 provides a Reference -lass 
summary f o r  t h e  Uprated Space S h u t t l e  Vehicle. 

3.2.8 S h u t t l e  Derived Vehicle 

The S h u t t l e  uerived Vehicle (SDV), shown i n  Figure 3-8, c o n s i s t s  of :  
( 1 )  a l a r g e  aerodynamic payload shroud (cargo bay 7 m i n  diameter  and Zr) m 
long) ,  v i ch  t h e  SSME propuls ion  and av iontcs  pod mounted piggy-back on an 
expendablc ":ternal Tank (ET); ( 2 )  t h e  ET t o  supply p rope l l an t s  t o  t h e  main 
engines; a1.d (3) two reusable  Liquid Rocket Boosters (LRBs) a l s o  a t tached  t o  
t he  ET. The prope l lan ts  i n  t h e  ET a r e  l i q u i d  hydrogen (LH2) and l i q u i d  
oxygen (LOX), while t h e  LRBs use RP-1 (kerosene)  and LOX. A t  launch,  both t he  
LRBs and the  t h r ee  l i q u i d  rocket  engines  of t h e  Space S h u t t l  Main Engine 
(SSME) pod w i l l  burn simultaneously.  Af t e r  approximately 124 s and a f t e r  t he  
Space S h u t t l e  veh i c l e  a t t a i n s  an a l t i t u d e  of approximately 45  km, t h e  LRBs 
w i l l  be separated and subsequentl*? recovered from the  A t l a n t i c  Ocean. The ET 
i s  j e t t i soned  before  bhe veh ic l e  goes i n t o  o r t i t .  During a s c e n t ,  t he  payload 
shrcud i s  j e t t i s o n e d  and r e e n t e r s  and f a l l s  i n t o  t h e  ocean. Af te r  che 
propulsion and avionics  pod c a r r i e s  out i t s  d e l i v e r y  mission, i t  r e e n t e r s  and 
i s  recovered f o r  use on o the r  missions.  

3.2.9 Orbi t  Transfer  Vehicle (OTV) 

The OTV ( s e e  Figur 3 - ' )  i s  the  i n j e c t i o n  s t a g e  which places  t h e  SOIS 
and waste payload i n t o  t h e  h e l i o c e n t r i c  t r a n s f e r  o r b i t ,  I t  would use two 
RLIO-IIB engines i n  a dua l - fa i lu re - to le ran t  main propulsion Rystem. The 
engines would use LOX and LH2 a s  p rope l l an t s  f o r  an oxidjzer- to-fuel  (O/F) 
mixture r a t i o  of 6.0 and a s p e c i f i c  impuise of 465 s. A b a l l u t e  dece l e r a t i on  
system would be used f o r  aerobraking to  reduce v e l o c i t y  when r e tu rn ing  t o  
low-Earth o r b i t .  Two Global Pos i t ion ing  System rece ive r s  would be used t o  
provide redundancy i n  naviga t ion  of the aerobraking maneuver. The OTV would 
a l s o  have redundant av ionics  ( d ~ i a l - s t r i n g  system with two computers), Wj'.h a 



TABLE 3-2. M S  SUHBURY FOR UPRATRD SPACE SWPraE VEHICLE 

Vehicle 
Commnent/Elenreut Massy kg Weight, l b  

Orbi te r  -- 
Dry (Less Engines) 
Lng ine  s 
Personnel and Equipment 
Res i d m l s  and Reserves 

Total  I n e r t  

OMSIRCS Propel lants  

Tota l  a t  L i f to f f  

External Tank (ET) 

Dry 
Residuals and Reserves 

Total  I n e r t  3 7,034 81,645 

Usable Propel lants  (LOX/LH2) 711,196 1,567,918 

Tots1 a t  L i f to f f  748,230 1,649,563 

Liquid Xocket Boosters (Both) 

Dry 
Res idua l s  

Total  I n e r t  131,122 289,076 

Usable Propel lants  (LGXIRP) 

Total a t  L i f to f f  1,211,602 2,671,126 

Payload 45,360 --- 100,00C 

Total  Veh! i e  a t  L i f to f f  

Source: NASMMSFC, 1979. 
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FIGURE 3-8. SBllETLE DERIVED VEHICLE (SDV) 

FICUKE 3-9. REFERENCE OTV/SOIS/WASTE PAYLOAD CONFIGURATION 



20-mission s e r v i c e  l i f e ,  t h e  OTV i s  designed t o  be r e f u r b i s h e d  a f t e r  recovery 
f o r  use  aga in  on a l a t e r  mission.  

3.2.10 S o l a r  O r b i t  I n s e r t i o n  S t a g e  (SOIS! 

The S o l a r  O r b i t  I n s e r t i o n  S tage  ( s e e  F i g u r e  3-9) is  a  smaller b e r s i o n  
of t h e  OW. The SOIS would use  one  RL10-118 eng ine  which h a s  a t h r u s t  l e v e l  
o f  66.720 N and a s p e c i f i c  Impulse of 165 s. Redundancy would be b u i l t  i n t o  
t h e  guidance and c o n t r o l  sys tem wi th  redundant guidance an6 n a v i g a t i o n  
s e n s o r s ,  t h r e e  command u n i t s  (each of which can execu te  a l l  c o n t r o l  f u n c t i o n s  
independen t ly ) ,  and two t r a n s c e i v e r s  ( t r ansponder ,  power a m p l i f i e r ,  and 
d i p l e x e r )  f o r  commun%eations between t h e  SOIS and ground c o n t r o l .  The SOIS 
would be des  ip.ed t o  adequa te ly  wi ths tand  t h e  adverse  n u c l e a r  r a d i a t i o n  and 
space  e n v i r o w e n t s  exper ienced w h i l e  c o a s t i n g  165 days  b e f o r e  f i r i n g .  

A payloau docking a d a p t e r  system would be mounted t o  t h e  f r o n t  of t h e  
SOIS and would be compat ible  wi th  t h e  F l i g h t  Support  System docking system. 
The a d a p t e r  p rov ides  s t r u c t u r a l  suppor t  f o r  t h e  waste payload d u r i n g  O r b i t  
T r a n s f e r  System o p e r a t i o n s .  In c a s e  r e s c u e  o p e r a t i o n s  should be  necessa ry ,  
redundant rendezvous t ransponders  would be mounted on t h e  payload adap te r .  

3.2.1 1  Rescue Vehicle  

?he r e s c u e  v e h i c l e  is a  Shut t le- launched O r b i t  T r a n s f e r  System. It 
would inc lude  a p p r o p r i a t e  p r o v i s i o n s  f o r  t a r g e t i n g  and docking w i t h  t h e  
nuc lea r  *.aste c o n t a i n e r  a t t a c h e d  tc an  OTVISOIS, t h e  n u c l e a r  mste c o n t a i n e r  
a t t a c h e d  t o  an SOIS o n l y ,  o r  a s e p s r a t e d  was te  c o n t a i n e r  only .  I t  would be 
r e u s a b l e  cr expendable ,  depending upon t h e  r e s c u e  mission.  T h i s  v e h i c l e  would 
be required t o  have an  on-orb i t  s t a y  t ime of a t  l e a s t  308 days ,  w i t h  l i t t l e  
r educ t ion  expected i n  r e l i a b i l i t y  o r  performance. The r e s c u e  v e h i c l e  may be 
re turned t o  E a r t h  by t h e  S h u t t l e  O r b i t e r  a t  t h e  end of t h e  c y c l e  f o r  
re f  urbis!tment . i f  r ecoverab le .  

3.2.12 F l i g h t  Support System 

The dua l  waste  payload system is  supported i n  t h e  ca rgo  bay by t h e  
f l i q h t  suppor t  system (FSS). The FSS a l s o  c o n s i s t s  of an ex tendab le  docking 
c o l l a r ,  t i l t  t a b l e ,  and guide  r a i l s .  The docking c o l l a r  is stowed away d u r i n g  
launclr, but i s  extended t o  a l l o w  docking of t h e  Orb i t  T r a n s f e r  System. The 
t i l t  t a b l e  and guide  r a i l s  a s s i s t  t r ~ n s f e r  of t h e  waste payload t o  t h e  O r b i t  
Trans fe r  System. 

F l i g h t  ,aperat ion of t h e  FSS i s  desc r ibed  below and is shown i n  F igure  
3-10. 

The Orn i t  T r a n s f e r  System docks t o  t h e  extended docking c o l l a r  

The waste pay1,)ad is r o t a t e d  90 degrees  by t h e  t i i t  t a b l e  
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The waste payload f s  t r a n s l a t e d  a loag  t h e  docking c o l l a r  t o  t h e  
Orbi t  Transfer System, waste payload support  system. 

FIGURE 3-10. nIm SUPPORT SYSTEM OPERATION 

3.2.13 Space Des t ina t ion  

The Reference space d e s t i n a t i o n  f o r  t he  nuc lear  waste d i sposa l  mis- 
s i o n  is  defined a s  an o r b i t a l  region between t h e  o r b i t s  of t he  Ea r th  and 
Venus. The nominal c i r c u l a r  o r b i t  is defined a s  0.85 + 0.01 A.U. The o r b i t a l  
i n c l i n a t i o n  about t h e  Sun is defined as 1 degree from t h e  Ear th ' s  o r b i t a l  
plane. 

3.3 Accident and Malfunction Contingency Plans f o r  Reference Concept 

There a r e  f i v e  genera l  phases of the space d i sposa l  inission which 
t equ i r e  development of acc ident  and malfunction contingency plans: 
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Ground t r a n s p o r t a t i o n  from t h e  payload f a b r i c a t i o n  s i t e s  t o  t h e  
launch s i te  

P r e f l i g h t  o p e r a t i o n s  p r i o r  t o  i g n i t i o n  of  t h e  S h u t t l e ' s  e n g i n e s  

Launch o p e r a t i o n s  from t h e  launch pad t o  achieving park ing  o r b i t  

O r b i t a l  o p e r a t i o n s  

Rescue o p e r a t i o n s .  

P re l iminary  cont ingency p lans  f o r  each  of t h e s e  o p e r a t i o n a l  phases  are 
addressed  i n  t h e  fo l lowing  s e c t i o n s .  

3.3.1 Ground T r a n s p o r t a t i o n  

Ground t r a n s p o r t  ( v i a  r a i l )  of t h e  s h i p p i n g  cask  would be a s s i g n e d  t o  
t h e  U.S. Department of Energy (DOE),  which would supp ly  t h e  n e c e s s a r y  a c c i d e n t  
recovery p l a n s  and sys tems,  a s  needed. Two t y p e s  of  incidentc .  t h a t  must be  
considered a r e :  ( 1 )  l o s s  of a u x i l i a r y  c o o l i n g  t o  t h e  waste  c o n t a i n e r ,  and ( 2 )  
p o s s i b l e  breach of t h e  waste c o n t a i n e r  wi th  a l o s s  of r a d i o a c t i v e  material. 
I n  c a s e  of coo l ing  l o s s ,  adequa te  p r o v i s i o n s  should  be made t o  have s e l f -  
c o n t a i n e d ,  a u x i l i a r y  c o o l i n g  u n i t s  a v a i l a b l e  w i t h i n  a r e a s o n a b l e  t i m e .  
Xoni tor ing equipment f o r  b o t h  c o n t a i n e r  t empera tu re  and r a d i a t i o n  w i l i  be 
r e q u i r e d  dur ing  a l l  ground t r a n s p o r t  o p e r a t i o n s .  A con t inuous  c a p a b i l i t y  t o  
cope w i t h  a c o n t a i n e r  breach w i l l  be necessa ry .  A s p e c i a l l y  t r a i n e d  a c c i d e n t  
r r c ~ v e r y  crew w i l l  always be ready t o  a c t ,  i f  necessa ry .  

3.3.2 P r e f l i g h t  Opera t ions  

Contingency p lans  should  be provided f o r  p o t e n t i a l  ma l func t ions  and 
a c c i d e n t s  t h a t  could  occur  whi le  waste payload packages a r e  i n  t h e  Nuclear 
Payload P r e p a r a t i o n  F a c i l i t y  (NPPF), be ing  t r a n s p o r t e d  t o  t h e  launch pad, 
being t r a n s f e r r e d  from t \ e  pad Payload Changeout Room (PCR) t o  t h e  17prat3d 
Space S h u t t l e  ca rgo  bay, and a w a i t i n g  l i f t o f f  i n  t h e  S h u t t l e .  Accidents  and 
cont ingency p lans  would be s i m i l a r  t o  those  d i s c u s s e d  i n  t h e  paragraph above. 

3.3.3 Launch Opera t ions  

Contingency p l a n s ,  procedures ,  and sys tems env i s ioned  t o  minimize t h e  
hazard caused by on- o r  near-pad f a i l u r e s  a r e  g iven below. These would 
minimize t h e  e f f e c t s  of s e v e r e  b l a s t  wave, h igh-ve loc i ty  f ragments ,  f i r e ,  and 
p o s s i b l e  h i g h - v e l o c i t y  impact. 

A two-Shutt le launch o p t i o n  w i l l  a l low t h e  two was te  payload pack- 
a g e s  t o  be launched i n  a ca ryo  bay coclple te ly  d e d i c a t e d  t o  t.he 
s u p w r t  of t h e  payload packase. h i s  allows a d d i t i o n a l  s a f e t y  i n  
t h a t  ( 1 )  no p rope l l an t - loaded  O r b i t  T r a n s f e r  Veh ic le  i s  a v a i l a b l e  
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t o  cont r ibute  t o  the  c l o s e - i n  accident  environment (explosio?, 
f i r e ,  high-velocity fragments), and (2 )  an addi t ional  s t r u c t u r e  
can be used t o  protec t  the  payload packages i n  t h e  event of a 
crash landing o r  ca tas t rophic  f a i l u r e .  

Engine shutdown is an important f a c t o r  i n  vehic le  s u r v i v a b i l i t y  as 
a r e s u l t  of subsystem f a i l u r e s .  For the  Uprated Space Shu t t l e ,  
a l l  booster engines e r e  l iquid-fuele i ,  and as such, they can be 
shut  down i f  a f a i l u r e  occurs during the  engine s tar t -up  process, 
and pr ior  t o  ac tua l  l i f t o f f .  This capab i l i ty  is expected t o  
g rea t ly  reduce the  probabi l i ty  of an on-pad ca tas t rophic  vehic le  
f a i l u r e .  Also, the  abor t  modes mentioned beiow become possible,  

F lo ta t ion  gear and locator  beacons i n  the  Orbi ter  w i l l  a s s i s t  i n  
t h e  recovery operat ion a f t e r  d i tching a t  sea. 

Conservatively designed containment systems (egg.,  container ,  
sh ie ld ing impact, and th+nnal protect ion systems) w i l l  maximize 
the  probabi l i ty  of surviving the  possible h o s t i l e  envirouments. 

A tough, s o l i d  waste form w i l l  be used t h a t  is not e a s i l y  
dispersed under adverse conditions. 

a Appropriate launch cons t ra in t s  (egg. ,  wind d i rec t ion)  w i l l  be 
applied t o  reduce human radiologica l  exposure r e s u l t i n g  from a 
potent fa l  containment breach from a ca tas t rophic  launch accident .  

A recovery team w i l l  be ready t o  rzscue the  payload a t  sea  o r  on 
land. 

Systems and procedures, i n  addi t ion  t o  some of those mentioned above, 
which would minimize the  hazard caused by subsystem f a i l u r e s  during the  boost 
phase a r e  a s  follows: 

I n t a c t  abor t s  can be implemented a f t e r  a few seconds i n t o  the  
f l i g h t .  Three types of i n t a c t  abor ts  a r e  possible f o r  the  Uprated 
Space Shutt le:  ( 1) t h e  return-to-launch-site (RTLS) , (2) abort- 
once-around ( AOA) , and ( 3) abort- to-orbi  t (ATO) . 

a Contingency ebor t s  could lead t o  e i t h e r  a return-to-land (run -ay 
o r  crash landing) o r  t o  a d i tching a t  sea. 

Design of the  boost t r a j e c t o r y  t o  avoid land over f l igh t ,  f o r  exam- 
p le  the  38-degree inc l ina t ion  o r b i t ,  should h e l p  i n  reducing over- 
a l l  r i s k  f o r  the ea r ly  portion of the  f l i g h t .  

3.3.4 Orbi ta l  Opere'ions 

The O r b i ~  Transfer Vehicle (OW) propulsion phase provides for trans- 
portat ion from low-Earth o r b i t  t o  the  intermediate des t ina t ion .  In the  



I m < . r l l  year:* of t h e  d i sposa l  mission, t h e  OW would be a  high-thrust ,  chemi- 
ca; r r o p u l s i ~ n  (LH2/LOX) s tage .  To minimize poss ib le  f a i l u r e s  t h e  fol lawlng 
*:?stems, prccedures,  and design gu ide l ines  a r e  envir ioned:  

The urn  of  command OTV engine shutdown i n  t h e  event  of a  g ros s ly  
i naccu ra t e  propuls i ve  burn 

The c a p a b i l i t y  t o  separate t h e  So la r  Orb i t  I n s e r t i o n  Stage (SOIS) 
ac~d a t tached  payload frm t h e  OTV and the  use of t h e  SOIS t o  p lace  
t h e  payload i n  a  s a f e  o r b i t  f o r  eventual  recovery by a  rescue  vehi- 
c l e  o r  S h u t t l e  Orb i t c r  

The use  of u rescue v e h i c l e  t o  r e t r i e v e  a  waste payload s t randed  
i n  any given o r b i t  

The use of redundant systems, where e f f e c t i v e ,  t o  ensure  high 
r e l i a b i l i t y  

Cn-orbl t  OTV launch crew t o  ob t a in  instantaneous v i s u a l  and cele- 
metric s t a t u s  of t h e  OTV propuls ive burn (from t h e  Orb i t e r )  

The proper  des ign  of trajectories and propuls ive burns of t h e  OTV 
t o  reduce the  p robab i l i t y  f o r  r een t ry ,  i f  a  f a i l u r e  occurs  

A waste f o w  which he lps  ensure i n t a c t  r een t ry  and recovery of the  
payload, should an unplanned r e e n t r y  occur ,  and t h e  requirement 
t h a t  t h e  waste payload w i l l  not  melt  a f t e r  s e l f - b u r i a l  i n  low- 
conduct iv i ty  s o i l  

The use of thermal p ro i ec t i on  ma te r i a l  on t he  o u t s i d e  of t h e  
package t o  reduce t h e  r i s k  of atmospheric d i s p e r s a l  on the  ground 
and i n  t h e  a i r ,  a s  ue11 a s  an ou te r  steel s h i e l d  t o  p ro t ec t  t h e  
r een t ry  ma te r i a l  i n  t he  case of explosion 

The use  of a  r e l a t i v e l y  high-melting-point con ta ine r l co re  (316 
s t a i n l e s s  s t e e l )  and s h i e l d  e a t e r i a l  (Inconel-625) t o  reduce t he  
r i s k  of atmospheric d i s ~ r l s a l  of waste. 

T te  SOIS provides  f o r  t r anspo r t a t i on  from an in te rmedia te  t o  t he  
f i n a l  de s t i na t i on .  For t h e  Reference Concept, t h e  SOIS i s  used t o  reduce t h e  
aphel ion from 1.0 t o  0.85 A.U. Systems, procedures,  and design requirements 
envisioned t o  ninimize hazards  d::e t o  SOXS f a i l u r e s  a r e :  

*Later on, l o r t ! l r u s t  technology (e.g., s o l a r  e l e c t r i c  propulsion using argon 
prope l lan t )  might be used. With low-thrust systems, both t h e  p robab i l i t y  of 
reen t ry  and rdgni tude of an -xplosion a r e  decreased. I n  add i t i on ,  t h e r e  is a  
much longer dec is ion  and response time available i n  case of a  malfunction of 
t he  low-thrust propulsion systems while i n  low Earth o r b i t .  However, because 
of t he  l a rge  s o l a r  a r r a y s  needed, t h e  p robab i l i t y  of s o l a r  a r r a y  damage 
caused by an impact with on-orbit ,  man-made d e b r i s  could become s i g n i f i c a n t  
i n  t he  fu tu re .  
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a The use of a rescue  v e h i c l e  t o  r e t r i e v e  a cooperat ive o r  non- 
cooperat ive payload s t randed  i n  any o r b i t  i n  h e l i o c e n t r i c  o r  Ear th  
o r b i t a l  space 

a The u s e  of redundant SOIS systems where e f f e c t i v e  t o  ensure high 
r e l i a b i l i t y  

a The proper  u se  of t r a j e c t o r i e s  and o r b i t s  i nc l i ned  t o  t h e  Ea r th ' s  
o r b i t a l  p lane  t h a t  e x h i b i t  long-term o r b i t a l  s t a b i l i t y  

The ase of long-lived t rack ing  systems on board t he  SOIS t o  a i d  i n  
deep-space rescue  opera t ions .  

3.3.5 Rescue Operations 

Provis ions must be made t o  rescue t he  SOIS 2nd the  nuc lear  waste 
payload i n  Earth o r b i t  i n  t h e  event  of a f a i l u r e  of t h e  OTV dur ing  t h e  Earth- 
escape burn. The approach is t o  rendezvous and dock t h e  rescue OTV w i th  t h e  
SOIS and cont inue t h e  mission from t h e  f a i l e d  o r b i t .  The rescue  mission i s  
based on t h e  premise t h a t ,  w i th  proper con t ro l  of t h e  OTV launch, any f a i l u r e  
of t h e  OTV w i l l  r e s u l t  i n  an e l l i p t i c  o r b i t  about  Esr th .  The mission p r o f i l e  
f o r  pavload rescue i s  t o  d e l i v e r  a rescue OTV t o  low-Earth o r b i t ,  t r a n s f e r  by 
a burn of t h e  OTV t o  a phase-adjust o r b i t ,  and t r a n s f e r  from t h e  phase-adjust 
o r b i t  at t h e  proper time f o r  rendezvous and docki?g wi th  t h e  f a i l e d  system. 
The l i f e t i m e  of t h e  rescue  OTV, consid2ring the  coas t  time i n  t h e  phase-adjust 
o r b i t ,  must be a s  much a s  310 days,  clnnpared t o  t he  3 days f o r  OTV l i f e t i m e  on 
the  nominal Reference mission. 

After  i n j e c t i o n  i n t o  deep space ,  t h e  nuc lear  waste payload could f a i l  
t o  achieve its s t a b l e  d e s t i n a t i o n  o r b i t ,  because of a premature shutdown of 
t he  OTV engine beyond Earth-escape condi t ions  o r  a f a i l u r e  of t h e  SOIS t o  
i g n i t e  a t  s o l a r  o r b i t  condi t ions.  S tudies  t h a t  address  t h e  p robab i l i t y  of 
Earth r een t ry  under these  f a i l u r e  condi t ions  have recommended t h e  use of a 
deep-space rescue mission c a p a b i l i t y  a s  a way of f u r t h e r  reducing t h e  o v e r a l l  
r i s k  during t h i s  ~ h a s e  of t h e  mission (Rice e t  a l ,  1980a). The deep-space 
rescue mission would begin wi th  t h e  launch of t h e  rescue system i n t o  a 
h e l i o c e n t r i c  t r a n s f e r  o r b i t  with per ihe l fon  l e s s  than 0.85 A.U. The f i r s t  
burn of t h e  rescue system would lower aphel ion t o  0.85 A.U. A second burn 
would match v e l o c i t y  f o r  rendezvous and docking with t he  f a i l e d  SOIS. 

3.4 Reference Projected T r a f f i c  Madel, 
Hardware, and Prope l lan t  Requirements 

The projected t r a f f i c  model, hard., a r e ,  and prope l lan t  requirements 
f o r  major Reference mission elements have been est imated f o r  t h e  i n i t i a l  
25-year d i sposa l  a c t i v i t y  . 

For t h e  Reference mission d e f i n i t i o n ,  an upper bound of 750 Uprated 
Space S h u t t l e  f l i g h t s  and 750 SDV f l i g h t s  a r e  required t o  d i spose  of a l l  of 
the  U.S. high-level commercial nuc lear  wastes generated through t h e  year 2003 
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< 100,000 MTHM) . C o n s i d e r a t i o n  of development f l i g h t s  and a b o r t e d  m i s s i o n s  
would be  expected t o  i n c r e a s e  t h i s  number somewhat. The p r o j e c t e d  number of  
miss ions  f o r  h igh- level  n u c l e a r  was te  d i s p o s a l  is 30 p e r  y e a r  f o r  25 y e a r s  f o r  
a  t o t a l  of  750 miss ions .  Tab le  3-3 shows t h e  major miss ion  e lements ,  t h e  
hardware u s e  f a c t o r  a s saved ,  and t h e  t o t a l  number of hardware requirements .  

The on-board p r o p e l l a x t  r equ i rements  p e r  d i s p o s a l  miss ion  are g i v e n  
i n  Tab le  3-4. T o t a l  r e q u i r e m i l t s  can be e s t i m a t e d  by m u l t i p l y i n g  t h e s e  d a t a  
by 30 m i s s i o n s l y e a r .  Actual  n r o p e l l a n t  r equ i rements  w i l l  be somewhat h i g h e r  
than  shown due t o  l o s s e s  from p r o p e l l a n t  t r a n s f e r  and c ryogen ic  p r o p e l l a n t  
bo i lo f  f .  

3.5 Alternate Payload D e f i n i t i o n s  

Two a l t e r n a t e  payloads  were d e f i n e d  by Boeing, wi th  t h e  a i d  o f  PNL, 
f o r  i n c l u s i o n  i n  t h e  o v e r a l l  r i s k  assessment  of s p a c e  d i s p o s a l  of n u c l e a r  
waste.  These a r e  technet ium i n  meta l  form and i o d i n e  i n  t h e  form of  PbI2. 
These a r e  d i s c u s s e d  below. The r e a d e r  is r e f e r r e d  t o  McCallum e t  a l ,  1982, 
and Re ine r t  e t  a l ,  1982, f o r  d e t a i l s .  

3.5.1 Technetium Payload 

The technet ium was te  form would be f a b r i c a t e d  a s  r i g h t  c y l i n d r i c a l  
b i l l e t s  whose h e i g h t s  a r e  e q u a l  t o  t h e i r  d iamete r .  The s i z e  of t h e  i n d i v i d u a l  
b i l l e t s  ( 6  a) was se'-ected t o  be t h e  same as f o r  t h e  cermet waste  form, which 
w a s  l i m i t e d  by c o n s t r a i n t s  imposed by t h e  p r e s s  and s i n t e r i n g  f a b r i c a t i o n  
p rocess  (HcCallum e t  a l ,  1982). S e v e r a l  thousand of  t h e  technet ium meta l  
b i l l e t s  would be s t o r e d  i n  a hexagona l ly  close-packed a r r a y  ( a s  i n  t h e  
Reference  Concept) t o  p rov ide  maximum \rolnmetric e f f i c i e n c y  i n  packing t h e  
s p h e r i c a l  r a d i a t i o n  s h i e l d  and primary c o n t a i n e r .  

For a d i s c u s s i o n  of t h e  waste p rocess ing  needed t o  p a r t i t i o n  tech-  
netium o u t  of t h e  HLW, t h e  r e a d e r  should  s e e  McCallum e t  a l ,  1982. The mass 
p r o v e r t i e s  of t h e  Tc-99 payload a r e  provided i n  S e c t i o n  5.5, Table  5-20. 

3.5.2 Iod ine  Payload 

The PNt s t u d y  (McCallum e t  a l ,  1982) p rov ides  a  d e t a i l e d  d i s c u s s i o n  
of t h e  waste p rocess ing  r e q u i r e d  f o r  d i s p o s i n g  of i o d i n e  i n  space .  PNL a l s o  
s u g g e s t s  t h e  use  of l ead  i o d i d e  (Pb12) a s  t h e  was te  form. The Pb12 was te  
form would be melted and c a s t  i n  p l a c e  w i t h i n  t h e  s p h e r i c a l  r a d i a t i o n  s h i e l d  
and primary c o n t a i n e r  t o  y i e l d  a  m o n o l i t h i c  s p h e r i c a l  was te  form. .Uthough, 
t h e o r e t i c a l l y ,  100 percen t  vo lumet r i c  e f f i c i e n c y  could be approached when 
us ing  t h i s  method, a  more c o n s e r v a t i v e  f i g u r e  of 90 p e r c e n t  was assumed t o  
a l l o w  f o r  vo ids  and sh r inkage  dur ing  t h e  c a s t i n g  p rocess  ( R e i n e r t  e t  a l ,  
1982). The uass p r o p e r t i e s  of t h e  1-129 payload a r e  probided i n  S e c t i o n  5.0, 
Table  5-20. 

B A T T E L L E  - C O L U M B U S  



TABLE 3-3. MAJOR BARDWARE REQUIRbMENTS ESTIMATES 
FOB HIGH-LEVEL COkMERCUU, KJCLEAR WASTE 
DISPOSAL I N  SPACE ( 100,000 MTKM) (a)  

Hardware Element 
Number 

Use F a c t o r  Required 

Vehicle  Hardware 
- O r b i t e r s  
- ETs 
- LRBs ( 2  LRBs p e r  F l i g h t )  
- SSME/Avionics Pods 
- Payload Shrouds 

O r b i t  T r a n s f e r  System Hardware 
- oms 
- SOISs 

Waste Payload Systems 
- Conta iner  Cores 
- Radia t ion  S h i e l d s  
- Crew S h i e l d s  and F l i g h t  S t r u c t u r e  
- Cooiing Systems ( F l i g h t )  
- Rail Cars and Casks 

( a )  Table  assumes 750 Uprsted Space S h u t t l e  f l i g h t s  and 
750 SDV f l i g h r s  t o  d i s p o s e  of high- level  commercial 
n u c l e a r  waste.  
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TABLE 3-4. ON-BOARD PROPELLANT REQUIREMENTS FOR EACH REFERENCE 
NUCLEAR WASTE DISPOSAL MISSION 

P r o p e l l a n t s ,  MT 

Lj q u i d  Liquid  RP- 1 N i t r o g e n  Monomet h y l  
Hydrogen Ox yge n ( K e r o s e n e )  T e t r o x i d e  i i y d r a z i n e  

(LH2) ( LOX (RP) (NTO) 

E x t e r n a l  Tank (ET) 204 1220 -- 
L i q u i d  Rocket  B o o s t e r  (LRB) - - 1606 5 54 

O r b i t e r  - - -- -- 
O r b i t  T r a n s f e r  V e h i c l e  (OTV) 8 . 5  50.5 -- 
S o l a r  O r h i t  I n s e r t i o n  S t a g e  (SOIS) 1.7 9.6 -- 

T o t a l s  214.1 2886.1 5 54 15.16 9.48 
- - - * -_ I I I .LU IU I I  O I a I - - 1 4 - - - - - U I I I 3  - IU I I I *Y-a I - - 'O I . I - f rU1 . .~1UI -~ I .U I I~~- - fU  0  - 13- 
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4.0 0VER3TaL RISK MODEJ, APPROACH 

The o v e r a l l  r i s k  model approach t h a t  has  been developed f o r  t h e  
cur ren t  s tudy  is  t o  e s t ima te  t he  nonrecoverable,  cumulative,  expected radio- 
nuc l ide  r e l e a s e  i n  c u r i e s  t o  t h e  E a r t h ' s  biosphere f o r  d i f f e r e n t  op t ions  of 
t he  dir ,*osal  of nuc lear  waste. 

The r i s k  e s t ima te s  f o r  t h e  d i sposa l  of t h e  waste i n  a mined geologic  
repo:sitory (NGR) a r e  based upon ana lyses  of acc ident  sequences performed by 
Battczlle P a c i f i c  Northwest Laboratory (McCallum e t  a l ,  1982). The space r i s k  
e s t ima te s  were developed by B a t t e l l e ' s  Columbus Laborator ies  

Although i t  woul? have been p re fe rab l e  t o  represen t  t h e  consequences 
of acc iden ta l  r e l e a s e s  i n  terms of d i r e c t  h e a l t h  e f f e c t s  t o  t h e  human popula- 
t i o n ,  funding l i m i t a t i o n s  d id  no t  permit t h i s  l e v e l  of ana lys i s .  I a s t e a d ,  t h e  
consequences of acc iden t s  a r e  charac te r ized  i n  terms of t h e  r e l e a s e  of radio- 
nuc l ides  i n  c u r i e s  t o  t h e  biosphere ( a i r ,  ground, and sea ) .  In  those  cases  
where r e l e a s e  might occur f r ~ m  t h e  waste package, but f o r  which cleantip 
opera t ions  would be a n t i c i p a t e d  ( i n  t h e  near  term), c r e d i t  was taken f o r  the  
recovery of mater ia l .  

Frequeiltly, r i s k  r e s u l t s  a r e  presented a s  t h e  product of t h e  proba- 
bi, and the  consequences of acc ident  sequences. Rigorously,  t h i s  common 
de f i .  t i o n  of r i s k  i s  t h e  f i r s t  moment (expec ta t ion  value)  of t h e  p r o b a b i l i t y  
dens i ty  func t ion  f o r  acc ident  consequences ( p r o b a b i l i t y  of an acc iden t  wi th in  
t h e  i n t e r v a l  dC &bout C). To provide a complete desc r ip t i on  of t h e  r i s k ,  it 
would be necessary t o  presen t  t h e  e n t i r e  dens i ty  func t ion  r a t h e r  than a s i n g l e  
moment of t h e  dens i ty  func t ion .  This is  p a r t i c u l a r l y  d e s i r a b l e  i f  t he  r i s k  
inc ludes  very-high-consequence acc idents  of low p robab i l i t y .  Because of t h e  
aversion of t he  publ ic  t o  high-consequence events  (e.g., a i r p l a n e  c rashes ,  
tornados, and ear thquakes) ,  t h i s  p a r t  of the  r i s k  spectrum is  of p a r t i c u l a r  
concern. 

Ir? t he  case  of waste d i sposa l ,  e i t h e r  f o r  t h e  MGR o r  f o r  t h e  space 
d i sposa l  of waste,  no s i n g l e  events  have been i d e n t i f i e d  t h a t  would be radio- 
l o g i c a l l y  ca t a s t roph ic  i n  t h e  sense of represen t ing  an immediate h e a l t h  t h r e a t  
t o  a number of human l i v e s .  The expected consequence i s  t h e r e f o r e  an appro- 
p r i a t e  cha rac t e r i za t i on  of t h e  r i s k .  For each i d e n t i f i e d  acc ident  sequence, 
t h e  p robab i l i t y  and consequence is est imated and the  r i s k  i s  ca l cu l a t ed  as:  

where = r i s k  i n  C i  
C i  = consequences of acc ident  i i n  C i  
P i  a probab i l i t y  of acc ident  i. 

Four s e t s  of ~ a d i o n u c l i d e  groups have been se l ec t ed  t o  i l l u s t r a t e  t h e  
r e s u l t s :  (1) t he  sum of 15 important long-l ived rad ionucl ides  ( a s  given i n  
t h e  a r a f t  EPA r e l e a s e  l i m i t  g u i d e l i n e s ) ,  ( 2 )  t h e  sum of important act inide.  



elements (AC),  ( 3 )  Tc-99, and (4) 1-129. The t i m e  span considered i n  t h e  
s tudy i s  one mi l l i on  years.  Not on ly  could events  occur a t  var ious  times i n  
t he  f u t u r e ,  t he  r e l e a s e  of r ad ioac t ive  ma te r i a l  t o  t h e  biosphere could be 
d i s t r i b u t e d  over extended time per iods  fol lowing an  acc ident .  In t h e  
presen ta t ion  of t h e  r e s u l t s ,  t h e  expected r e l e a s e  r a t e  of rad joauc l ides  i s  
in t eg ra t ed  over time t o  o b t a i n  t h e  cunula t ive  expected r e l e a s e  i n  Curies ,  and 
t h i s  i n t e g r a l  is p lo t t ed  versus  time. Short- and long-term r i s k s  a r e  provided 
i n  t h e  same f i g u r e s .  

For comparative purposes t h e  r i s k s  from (1)  t h e  Reference MGR, (2 )  
t h e  MGR complemented f o r  each space d i sposa l  op t ion  without space d i s p o s a l  
acc iden t s ,  and (3)  a -c idents  d i r e c t l y  a s soc i a t ed  with space d i s p o s a l  a r e  each 
disp?ayed sepa ra t e ly .  By adding t h e  space d i sposa l  r i s k  t o  t h e  complemerted 
MGR r i s k  and comparing t h e  Reference case ,  t he  p o t e n t i a l  b e n e f i t s l d i s b e n e f i t s  
of t h e  space waste d i sposa l  op t ions  could be determined. 

B A T T E L L E  - C O L U M B U S  



5.0 SPACE DISPOSAL RISK ESTIMATES 

This  s e c t i c n  of t h e  r e p o r t  d e s c r i b e s  how s p a c e  d i s p o s a l  r i s k s  were 
e s t i m a t e d .  Various approaches  were e v a l u a t e d  b e f o r e  t h i s  e f f o r t  was i n i t i -  
a t e d .  The b a s i c  approach t o  de te rmin ing  p r s l l m i n a r y  e s t i m a t e s  of  s p a c e  
d i s p o s a l  r i s k ,  as d e f i n e d  i n  S e c t i o n  4.0, was developed oy c o n s i d e r i n g  what 
wouid be t h e  most c o s t - e f f e c t i v e  method (because  o f  l i m i t &  funding f o r  t h i s  
e f f o r t ) .  B a s i c a l l y  t h e  approach used drew o n  ( 1 )  p a s t  d a t a  b a s e s  developed 
f o r  space d i s p o s a l  (Pardue e t  a l ,  1977; Edgecornbe e t  a l ,  1978; and Rice  e t  a l ,  
1980a);  (2 )  STS f a i l u r e  r a t e s  developed by t h e  WLggins Company (Baeker ,  1981; 
Hudson, 1979);  (3)  p r e v i o u s  wozks bv A. F r i e d l a n d e r  on long-term r i s k  ( s e e  
Rice e t  a l ,  1980a);  ( 4 )  e x p e r t  op in ion  where e a s i l y  o b t a i n a b l e ;  (5)  new 
r e s p o r s e  a n a l y s i s ,  where p r a c t i c a l ;  ( 6 )  eng inee r ing  e s t h a t e s ;  and ( 7 )  
t e c h n i c a l  d a t a  provided by Boeing ( R e i n e r t  e t  a l ,  1982). The d e s i r e d  format 
f o r  "space  r i s k "  was determined by t h e  for ma^ developed by E.icCallum (1982) f o r  
g e o l o g i c  d i s p o s a l ,  both  t h e  Reference  c a s e  and t h e  v a r i o u s  "complemented" 
cases .  The major g o a l  was t o  develop "apace  r i s k "  i n  terms of probabJ '  r 
cumulat ive  r e l e a s e s  ( u n r e c o v e r a b l e )  t o  t h e  b iosphere  from launch t h r o  .' 
one m i l l i o n  yea r s .  It was assumed t h a t  shor t - term r i s k s  could  be m i t j c . : ~  

a c c i d e n t  r ecovery  and r e s c u e ,  a l though  t h e s e  wauld nor  always p z t '  
s u c c e s s f u l  o r  complete.  For  longer  t ime f rames (beyond 100 year.  - < .  K 

l a u n c h ) ,  r ecovery  and r e s c u e  were - n o t  inc luded  i n  t h e  an 1.ysLs. 

F igure  5-1 p rov ides  an  overview of t h e  approach used f o r  e s t i m a t i n g  
sFace  d i s p o s a l  r i s k s .  The f o l l o v i n g  s u b s e c t i o n s  p rov ide  d i s c u s s i o n  of t h i s  
approach and r e l a t e d  s t u d y  r e s u l t s .  The fo l lowing  shncrs t h e  a r g a n i z a t i o n  of 
top  l c s  : 

Spacr Accident  I d e n t i f i c a t i o n  (payload i n s u l t s )  
?" l&sicn Phase and F a u l t  Tree  Development 

a F a i l u r e  a ~ d  Event ? c o b a b i l i t y  Es t i s a i - e s  
Payload Response Analys is  
Consequence Eva lua t ion  
P r e l i s i n a r y  Space Disposal  Risk Es t ima tes .  

5.1 Space Accident I d e n t i f i c a t i o n  

Accidents  t h a t  invo lve  t h e  n u c l e a r  waste payload were t h e  on ly  Gnes 
considered h e r e .  Previous  a n a l y s e s  (Edgecornbe e t  a l ,  1978) p resen ted  a l i s t  
o f  p o s s i b l e  a c c i d e n t s  f o r  a space  d i s p o s a l  miss ion.  S ince  t h a t  work and o t h e r  
follow--on work (Rice  e t  a l ,  1980a) have been completed,  s i g n i f i c a n t  changes i n  
t h e  Reference  space  d i s p o s a l  concep* have been made ( s e e  c u r r e n t  Referpnce 
Concept,  S e c t i o n  3.0). Because a c c i d e n t s  involq:ing t h e  r e l e a s e  of r a d i o a c t i v e  
m a t e r i a l  a r e  t h e  on ly  ones  of c u r r e n t  i n t e r e s t ,  many p r e v i o u s l y  s t u d i e d  
a c c i d e n t s l e v e n t s  involving t h e  payload have no t  been inc luded  h e r e .  
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T a b l e  5-1 p r o v i d e s  a summary of t h e  p o s s i b l e  i n s u l t s  t o  t h e  c u r r e n t -  
l y  d e f i n e d  Refe rence  n u c l e a r  waste o a y l o a d ,  The p r c b a b i l i t y  of o c c u r r e n c e  oi 
the e v e n t s  l i s t e d  was n o t  c o n s i d e r e d .  T h i s  l i s t  o f  p o s s i b l e  i n s u l t s  t o  thc 
pay load  was used  t o  d e f i n e  t h e  e v e n t s  t h a t  could l e a d  to b r e a c h  o f  conta inmenl  
d u r i n g  and a f t e r  launch.  T h i s  is d i s c u s s e d  f u r t h e r  i n  t h e  n e x t  s e c t i o n .  

TABLE 5-1. ?OSSIBLE I B S X T S  T3 TRE SPACE DISPOSIIl. PAYLOAD 

Impact M e l t i n g  C o r r o s i o n  

On Ground 

Ro ck 
Nan- ?lade S t r u c t u r e s  
S o i l s  
Ice 
Water w 
Explos ion  Fragments 

On Ground On Ground - 
Impact-Related 
- I ~ s u l a t i o n  (k < klimit) 
- C e r t a i n  S o i l s  
- C e r t a i n  M i n e r a l s  
V o  kana 
Chemical P l a n t /  S t o r a g e  
Tank Farm 
P r o c e s s i n g  Furnaces  
On-Pad A c c % d e n t / F i r e  

In Space I n  F l i g h t  

Fle teoroids  Reen t ry  
h - O r b i t  Debr i s  - I n t a c t  
On-Orbit V e h i c l e s  - Damaged 
Celestial S o d i e s  - Q e d i D e g r a d e d  
O t h e r  Waste P a y l o a i s  - Fragmented 
Explos ion  Fragments 
Comet 

Aqueaus 
- F r e s h  Water 
- Ocean Water 
- S e v e r e  (Br in*s ,  

HzS, e t c . )  
- Reducing 
Norzaquems 
- S a l t  Beds 
S p e c r a l  
- Chemical Plant! 

S t o r a g e  
S o i l s  

I n  Space 

5.2 H i s s i o n  Phase  and F a u l t  T r e e  Development - 
AEtrr t h e  l is t  of p o s s i S l e  payload i n s u l t s  w a s  deve loped  Csee Table 

5 -  t h e  s p a c e  d i s p o s a l  m i s s i o n  was d i v i d e d  up  i n t o  m i s s i o ~ ~  p h a s e s  whicl 
al-lowed t h o  t r e a t m e n t  of c e r t a i n  t y p e s  o f  a c c i d e n t s .  T h i s  was n e c e s s a r ]  
because  t h e  c h a r a c t e r  of a c c i d e n t s  changed w i t h  t h e  t ime d u r i n g  t h e  m i s s i o n .  
The psyload a l t i t u d e  and v e l o c i t v ,  i n s t a n t a n e o u s  impact p o i n t  l o c a t i o n  
p o t e n t i a l  f o r  damage by STS e x p l o s i o n ,  FO t e n t i s l  r e e n t r y  v e l o c f t v .  and th: 
p o t e n t i a l  f o r  aeep-space e v e n t s  a r e  c o n s t a n t l y  chang ing  th roughout  t h t  
m i s s  i on .  

B A T T E L L E  -- C O L U M B U S  
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Previous s tudy r e s u l t s  (Rice et a l ,  1980p.) have ind ica ted  t h a t  an 
on-pad accident  involving the  ca t a s t roph ic  f a i l u r e  of t h e  launch v e h i c l e  
[Uprated (LRB) Space S h u t t l e ]  w i l l  no t  r e s u l t  i n  a breach of the  cu r r en t  
Reference payload concept, Environments considered inc lude  (1) t h e  on-pad 
f i r e b a l l ,  (2)  on-pad r e s i d c a l  propel lan t  f i r e ,  (3) b l a s t  overpressure,  (4 )  
fragment impact, and ( 5 )  hard su r f  ace impact. Even i n  a n  STS power d ive ,  i t  
is predic t  xi t h a t  t h e  siaximum ve loc i ty  of t h e  payload would never exceed 250 
a/s, a  v e l o c l ~ y  much lower than would be expected t o  breach a normal payload 
(one wi th  no undetected defec ts ) .  I n t a c t  a b o r t s  (noncatastrophic)  have been 
el iminated from cons idera t ion  here ,  a s  w e l l  a s  Orb i t e r  c r a sh  landings ( t o t a l  
recovery an t i c ipa t ed  f o r  t h i s  event) .  Payload impacts onto chemical, 
mmi t ions ,  o r  s t e e l  p l an t s  have a l s o  been el iminated because i t  is bel ieved 
t h a t  t h e i r  p robab i l i t y  is very small and t h a t  t h e  payload would no t  be 
in su l t ed  by the  chemical o r  thermal environment, t h a t  i t  would " f l y  through 
it" a d  end up  below it  i n  the  ground. 

Thz phases and t imel ines  f o r  t he  d i sposa l  mission a r e  l i s t e d  i n  Table 
5-2. The t h e l i n e s  were developed from d a t a  presented i r .  t h e  Boeing r epor t  
(Reiner t  e t  a l ,  1482). 

TABLE 5-2. HISSIOH m E  MID TIMELINE DBPINITIOW 

Phase Nmnber Descript ion Timeline, s ( ~ ;  

Ign i t i on  t o  Impact Point  Clears  Land 0-2 4 
Clear Land Impact t o  L!U3 Staging 24-1 24 
LRB Stagirig t o  X.ECO(~)  124-518 
EIECO t o  LEO ~ t t a i m e r . t ( ~ )  518-2,734 
LEO Attainment t o  O'W Ign i t i on  2,734-35,024 
OTV I g n i t i o n  t o  Ear th  Escape 35,024-36,926 
Earth Escape t o  OTV Shutdown 36,926-37.005 
SOIS Coast Through SOIS Burn 37,005-14,295,107 
Placement 14,295,107-3.15E13 

( a )  Data derived fram Boeing s tudy (Reiner t  et a l ,  1982). 
(b)  HECO is  main engine cu to f f ;  LEO is  low-Earth o r b i t .  

The f a u l t  t r e e  a n a l y s i s  method was se lec ted  a s  mosc appropr ia te  f o r  
use  i n  t h i s  study. Faul t  t r e e  a n a l y s i s  is a  technique by which the  component 
f a i l u r e s  1 - d i n g  t o  system f a i l u r e s  can be l o g i c a l l y  deduced. Application of 
the  technique y i e lds  combinations of bas i c  events  whose occurrences cause the  
undesired f a i l u r e  event? ( c o o t a i m e n t  breaches). These w e n t  cmbina:ions can 
then be evaluated by various screening techniques t o  determine the high-r isk 
scenar ios  and t h e i r  p robab i l i t y  of occurrence. For i t s  app l i ca t ion ,  t h e  
f a u l t  t r e e  method requi res  p robab i l i t y  information about a l l  of t he  ind iv idua l  



component f a i l u r e s .  The f a u l t  tree techn ique  is w e l l - s u i t e d  t o  a n a l y z i n g  
r a p i d  e v e n t s  <such  as space  launches ,  which have d i s c r e t e  p r s b a b i l i t i e s ) .  
Fau l t  tree a n a l y s i s ,  however, i s  n o t  we l l - su i t ed  t o  ana lyz ing  t h e  s l o u  
processes  f o r  which even t  o r d e r i n g ,  i n t e r d e p e n d e n c i e s ,  and time-phasing are 
Important.  Therefore ,  i t  has  on ly  been c a r r i e d  through Phase 6 ( s e e  Table  
5-2). Phases 7 through 9 have been analyzed d i f f e r e n t l y  ( s e e  long-term e v e n t s  
d i scussed  i n  S e c t i o n  5.5). 

The f a u l t  trees developed f o r  t h e  n i n e  miss ion  phases  i n c l u d e  
c o n s i d e r a t i o n  of bo th  s h o r t -  and long-term events .  #any i t e r a t i o n s  among BCL 
s t a f f  occur red ,  and sugges t  i o n s  provided by NAU/MSFC, CWI, PNL, and Boeing 
were incorpora ted  i n t o  t h e  c u r r e n t  ve rs ions .  The f a u l t  trees f o r  Phases 1 and 
2 are g i v e n  a s  F i g u r e s  5-2 and 5-3. ( F i g u r e s  D-I through D-9 i n  Apkendix D 
provide schemat ics  of a l l  n i n e  f a u l t  t r e e s . )  (The p r o b a b i l i t i e s  f o r  t h e  
e v e n t s  i n  t h e  trees have been es t imated ;  see d i s c u s s i o n  i n  S e c t i o n  5.3 and 
va lues  f o r  each event  i n  Appendix G.) 

5.3 F a i l u r e  and Event P r o b a b i l i t y  Es t imates  

The f a i l u r e  rind even t  p r o b a b i l i t y  e s t t a t e s  d e v e l ~ p e d  t o  de te rmine  
t h e  p r o b a b i l i t i e s  of c e r t a i n  a c c i d e n t s  used i n  t h i s  r i s k  s t u d y  a r e  d i s c u s s e d  
here.  The reader  is r e f e r r e d  t o  t h e  f a u l t  trees, shown i n  Sec t  ion  5.2 and 
Appendix G,  f o r  a summary of a l l  t h e  p r o b a b i l i t i e s  used i n  t h e  f a u l t  t r e e  
a n a l y s e s  (Phases  1 through 5; t h e  space  r i s k s  f o r  Phases 7 through 9 a r e  
presented i n  Sec t ion  5.5). Table  5-3 prov ides  .a summary of p r o b a b i l i t y  d a t a  
d w e l o p e d  f o r  miss ion Phases 1 through 6 ( s e e  Appendix G f o r  b a s t s ) ,  
Discussion h e r e  is broken down i n t o  <pace s y s t e m  f a i l u r e  p r o b a b i l i t i e s  and 
short-term s p a c e  even t  p r o b a b i l i t i e s .  

5.3.1 Space Systems F a i l u r e  P r o b a b i l i t i e s  

This  s e c t i o n  b r i e f l y  d i s c u s s e s  t h e  s o u r c e s  of in format ion  f o r  space  
system f a i l u r e  p r o b a b i l i t i e s .  Systems t o  be d i scussed  inc lude :  ( 1 )  t h e  
s t andard  (SRB) Spece S h u t t l e ;  ( 2 )  tile t 'prated ( L R B )  Space S h u t t l e ;  ( 3 )  o r b i t  
t r a n s f e r  systems inc lud ing  t h e  O r b i t  T r a n s f e r  Vehicle  (OTV) , t h e  S o l a r  Orbi t 
I n s e r t i o n  Stage (SOIS), and On-Orbit Rescue Vehic les ;  and ( 4 )  t h e  payload. 

5,3.1.1 Standard (SRB) Space S h u t t l e  

NASA does  no t  pub l i sh  o r  have i n  i t s  possess ion  " o f f i c i a l "  relia- 
b i l i t y  o r  f a i l u r e  r a t e  d a t a  f o r  t h e  Space S h u t t l e .  The c u r r e n t  exper ience  (as 
o f  February,  1982) f i n d s  t h e  S h u t t l e  t o  have s u c c e s s f u l l y  flown twice  d u r : ~  
i ts  developmental t e s t  f l i g h t  program. Plans  a r e  t o  con t inuous ly  upgrade prob- 
l e n  a r e a s  a s  they a r e  encountered on f l i g h t s .  The f a i l u r e  r a t e s  f o r  the  
S h u t t l e  a r e  a c t u a l l y  c o r o l l a r i e s  t o  ALARA ( a s  low a s  reasonably  a c h i e v a b l e ,  as - -  - -  - 
i n  nuc lea r  r a d i a t i o n  r i s k ) .  

Because of a NASA aeed t o  e v a l u a t e  whether o r  not a d e s t r u c t  system 
on t h e  S h u t t l e  dur ing  t h e  e a r l y  por t ion  of t h e  f l i g h t  i s  worthwhile,  NASA/WC 
con t rac ted  w i t h  Wiggins Company, Redondo Beach, G l i f o r n l a ,  t o  perform a s t u d y  
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TABLE 5-3. SPACE DISPOSAL PROBABILLL'Y DATA (SHORT-TERM EVENTS) 

Re1ea.e Event. 
1 2 3 4 5 6 7 8 9 - 

Long-Term Impact Impact Ung-Term High-Velocity High-Velocity High-Velr -1ty 
Hisalon Corrouion, on Hard on Soi l  On-Or bi t Corrosion, Impact Impact Impact 

Phaee Ocean ~ o c k ( a )  Volcano Meltdown Col l ie ion  8011 on Water on Rock on S o i l  

6 1.38-13 3.6B-I0 1.78-19 2.3E-17 2.5E-12 5.6B-16 6.31-10 4.8E-10 2.1B-9 

Total  I. lE-8 1 lE-5 1.11-14 l.lE-12 1.4B-11 4.W-10 6.3E-I0 4.8C-LO 2.lB-9 

( a )  Data f o r  the  case  where impact e a f e t y  r e q u i r m e n t e  would be met a r e :  Phaer 1 - 2.lE-12; Phaee 3 - 1.21-12; Phase 4 - 5.6E-LO; Phaee 
5 - 3.SE-10; Phase 6 - 8.01-11; and Tota l  - 9.9E-10. 



involving t h e  hazards t o  t he  publ ic  of a  f a i l i n g  S h u t t l e  (Baeker, 1981). An- 
o t h e r  Wiggins s tudy  (Hudson, 1979) has  a l s o  been conducted f o r  t h e  l a t t e r  
por t ions  of t he  f l i g h t  p r o f i l e  t o  eva lua t e  hazards when f l y i n g  nuc lear  pay- 
loads  (e.g., Galilee). The f a i l u r e  r a t e s  developed in. t he se  s t u d i e s  were 
based upon d a t a  developed f o r  hardware i n  WASH-1400 (U.S. NRC, 1975) and upon 
NASA committee r e l i a b i l i t y  estimates f o r  t h e  Sol id  Rocket Booster. The 
a n a l y s i s  was accomplished f o r  only s ingle-point  f a i l u r e  modes, as have been 
i d e n t i f i e d  i n  NASA/MSFC, 1977; NASA/JSC, 1978; Rockwell I n t e r n a t i o n a l ,  1978a, 
1978b, 1979; and Martin Mar ie t ta ,  1977. The Wiggins d a t a  (Baeker, 1981) a l s o  
include changes/modifications t o  f a i l u r e  rates r e s u l t i n g  from an in-depth 
review by NASA Space S h u t t l e  engineers .  The results of a l l  t h i s  appear i n  
Baeker (1981) and a r e  summarized i n  Table 5-4 f o r  STS i g n i t i o n  through E C O  
(main engine cu to f f ) .  E a r l i e r  work by Hudson (1979) is  summarized i n  Table 
5-5. Log-normal d i s t r i b u t i o n s  were assumed f o r  t h e  f a i l u r e  r a t e s .  

5 -3.1 .2 Uprated (LRS) Space Shalt t l e  

The veh ic l e  used f o r  nuc lear  waste d i s p o s a l  missions ( s e e  Sec t ion  
3.0) is the  Uprated Spacc S h u t t l e ,  with two Liquid Rocket Boosters (LRBa) 
rep lac ing  the  two Sol id  P rope l l an t  Bocsters  (SRBs) of t h e  s tandard  Space 
S h u t t l e  vehicle .  To u t i l i z e  t h e  Wiggins' d a t a ,  c e r t a i n  modi f ica t ions  were 
necessary t o  orovide a  bes t  es t imate  f o r  t h e  Uprated Chut t le  wi th  LRBs. The 
acproach used was t o  e l imina t e  f a i l u r e  r a t e s  r e l a t e d  t o  t h e  s o l i d  prope l lan t  
motors, but  r ep l ace  each of them wi th  t h e  equiva len t  of an SSMEIET configura- 
t i o n ,  t o  represen t  a  t y p i c a l  LRB s u b s t i t u t i o n .  Resources were not  a v a i l a b l e  
t o  ca r ry  o u t  a  Monte Carlo ana lys i s .  Because pure s u b s t i t u t i o n  was used, t h e  
d a t a  generated should be conserva t ive  (h igher  f a i l u r e  r a t e s  than t h e  d a t a  base 
would support  through r igorous  Monte Carlo ana lyses) .  The c r i t i c a l  f a i l u r e  
r a t e s  f o r  t h e  LRB Shu t t l ?  a r e  shown i n  Tables 5-6 and 5-7. Ten c r i t i c a l l y  
f a i l e d  veh ic l e  response modes a r e  ind ica ted  i n  these  tab les .  Appendices E and 
F f u r t h e r  d i scuss  t he  bas i s  fo r  t he se  da ta .  Note t h a t  t h e  d a t a  i n  Tables 5-5 
and 5-7 a r e  i d e n t i c a l ,  wi th  t h e  sane veh ic l e  conf igura t ion  from MECO through 
t o  payload separa t ion .  

When the  f a i l u r e  r a t e  (pe r  second) d a t a  of Tables 5-6 and 5-7 a r e  
i n t eg ra t ed  i n t o  t h e  m i s s i c ; ~  phase (wi th  t ime l ines )  of t h e  nuclear  waste 
d i sposa l  mission, Table 5-8 r e s u l t s .  This shows t h e  pred ic ted  Uprated S h u t t l e  
f a i l u r e  p r o b a b i l i t i e s  during each of t h e  f i v e  mission phases involving the  
Shut t le .  An i n t e r e s t i n g  comparison between t h e  Standard (SRB) Shu t t l e  and the  
Uprated (LRB) S h u t t l e  is shown i n  Table 5-9. The v a r i a t i o n  shown f o r  t h e  
Standard Shu t t l e  i s  due t o  t h e  NASA e x p e r t ' s  view t h a t  t h e  SRB c r i t i c a l  f a i l -  
u re  r a t e  component f o r  t n e  s o l i d  prope l lan t  motors was between l/lC)00 t o  
1/10,000 f o r  a  man-rated system ( s e e  Baeker, 1981). This  v a r i a t i o n  r e s u l t s  i n  
an o v e r a l l  c r i t i c a l  f a i l u r e  p robab i l i t y  e s t ima te  f o r  t h e  Standard S h u t t l e  of 
betweer, 1/10nn and 1/360. The corresponding value f o r  t h e  Uprated Space 
S h u t t l e  is  111300. Bas ica l ly ,  t h i s  implies  t h a t  one ca t a s t roph ic  S h u t t l e  
f a i l u r e  is  expected t o  occur every 1300 f l i g h t s .  The p robab i l i t y  t h a t  one o r  
more c r i t i c a l  f a i l u r e s  w i l l  occur i n  1309 f l i g h t s  is  63 percent  (1-[ l -  
1/1300] 1300). For 750 ~ i s s i o n s  of a  nuc lear  waste d i sposa l  mission scenar io  
equiva len t  t o  one 100,000 MTHM r epos i to ry ,  t he re  i s  about a  44 percent  
( I - [  1 - 1 / 1 3 0 0 ] ~ ~ ~ )  chance t h a t  a t  l e a s t  one c r i t i c a l  STS f a i l u r e  w i l l  occur.  



TABLE 5-4. WICGINS DATA FOR STANDAii SHUTTLE CRITICAL FAILURE RATES (LIFTOFF TO MECO) 

F a i l u r e  R a t e s  
( a )  

F a i l e d  V e h i c l e  No. o f  Comwnen t N,. o f  - 
Response Mode F a i l u r e  Modes Components Mean Lower Upper 

1. T i  pover on Pad 7 14 3 . 3 ~ - 5 ( ~ j  1 . 6 ~ - 5 ( b )  6 . 0 ~ - 5 ( b )  

2 .  Loss  of C o n t r o l  and Tumble - - 2.OE-3 t o  2 . 0 ~ - 4 ( ~ )  

3. I n a d v e r t e n t  S e p a r a t i o n  a t  a n  
SRB/VT Af t At tachment  

L i f  tcjf f  t o  100 Secondu 5 
100 Seconds t o  S t a g i n g  6  

4.  I n a d v e r t e n t  S e p a r a t i o n  a t  a n  3 
SRB/ErI' Forward At tachment  

5. Corkscrew Motion ( R e s u l t i n g  38 
from a n  SRB TVC F a i l u r e )  

6. E x t e r n a l  Tank Punc tu red  

L i f t o f f  t o  S t a g i n g  
S t a g i n g  t o  MECO 

7. ET I n t e r t a n k  a n d / o r  Af t  
LOX Tank ~ a i l u r e ( d )  

8. SKB R e c o n t a c t  a t  S e p a r a t i o n  18 168 l . l ~ - 5 ( ~ )  7 . 1 ~ - 6 ( ~ )  1 . 7 ~ - 5 (  b, 

9. Loss of ME P r o p u l s i o n  

L i f t o f f  t o  S t a g i n g  
S t a g i n g  t o  MECO 

Source :  Baeker ,  198 1. 
( a )  P r o b a b i l i t y  of  f a i l u r e  p e r  second ( e x c e p t  f o r  Respona . d e s  1 and 8 ) ;  

9 0  p e r c e n t  c o n f i d e n c e  assumed.  
( b )  P r o b a b i l i t y  o f  f a i l u r e  p e r  e v e n t .  
( c )  E n g i n e e r i n g  judgment from NASA f o r  man-rated s o l i d  p r o p e l l a n t  b o o s t e r s .  
( d )  T h i s  mode is  much more l i k e l y  t o  o c c u r  d u r i n g  S t a g e  1 f l i g h t  when t h e  l o a d s  and h e a t i n g  are h i g h .  



6
 
P, 

w
 

m
h

 
c
 
a
 

m
w

u
 

U
 

9
; 

&
U

d
 

r
l 

Q
 

W
a

 6
 

C
U

O
 

W
O
U
 



TABLE 5-6. SUHMARY OF MODIFIED WICGINS CRITICAL FAILURE RATE 
DATA FOR LRB SBUTTLE (LIFTOFF TO MECO) 

. . . . . . . 1 1 1 1 - .  .- 1 - 
F a i l e d  V e h i c l e  No. o f  Component No. o f  F a i l u r e  R a t e s  

( 8  1 

Response  Mode F a i l u r e  Modes Components Mean Lower Upper 

1 .  I n a d v e r t e n t  S e p a r a t i o n  a t  
a n  I,RB/ET Aft Attachment 

L i f t o f f  t o  100 Seconds  
100 Seconds  t o  LRB S t a g i n g  

2 .  I n a d v e r t e n t  S e p a r a t i o n  a t  3 
a n  LRB/ET Forward At tachment  

3. P r o p e l l a n t  Tanks Punc tu red  

L i f  t o £ £  t o  S t a g i n g  
e S t a g i n g  t o  MECO 

4 .  I n t e r t a n k  a n d / o r  A f t  LOX 
Tank F a i l u r e s  

L i f t o f f  t o  S t a g i n g  
S t a g i n g  t o  MECO 

5. LRB Recon tac t  a t  S e p a r a t i o n  18 168 1.3~-5(~) 7 .1~-6 (  b, 1 . 7 ~ - 5 ( ~ )  

6.  Loss o f  P r o p u l s i o n  

L i f t o f f  t o  S t a g i n g  
e S t a g i n g  t o  MECO 

( a )  p r o b a b i l i t y  o f  f a i l u r e  p e r  second ( e x c ~ p t  f o r  Response  Mode 5) ;  9 0  p e r c e n t  
c o n f i d e n c e  assumed. 

( b )  P r o b a b i l i t y  o f  f a i l u r e  p e r  e v e n t .  





TABLE 5-8. PREDICTED UPRATED STS CRITICAL FAILURE 
PROBABILITIES DURING EACH MISSION  PHASE(^) 

Phase 
Time, STS F a i l u r e  P r o b a b i l i t i e s  

8 Component Mean Lower upper 

1. I g n i t i o n  t o  C l e a r  Land 0-24 Shutt le/ET/LRR 2.1E-5 8.OE-6 4.7E-5 

2. C l e a r  Land t o  LRB S t a g i n g  24-124 Shutt le/ET/LRB l.lE-4 4.lE-5 7.3E-5 

3. LRB S t a g i n g  t o  MECO 124-518 S h u t t l e / E T  1.15E-4 4.1E-5 2.7E-4 

4. MECO t o  LEO O r b i t  
A t  t a i n m e a t  518-2,7 34 S h u t t l e  5.4E-4 2.2E-4 l. lE-3 

5. LEO O r b i t  A t t a i n m e n t  t o  
9TV I g n i t i o n  2,734-35,024 S h u t t l e  7.lE-3 2.93-3 1.5E-2 

( a )  Der ived  from Wiggins Company r e p o r t s  on p r e d i c t e d  JTS f a i l u r e  rates (see 
Baeke r ,  1981 and Hudson, 1979). 



TABLE 5-9. FAILCRE PROBABILITY COMPART.!..' (STD SRB 
SHUTTLE VS UPRATED LRB SHUT: ' . j 

STD SRB Uprated 
S h u t t l e  LRB S h u t t l n  

- 
L i f t o f f  t o  MECO 

SRB-Rela ted F a i l u r e s  1/3600-1/480 None 

Non-SRB-Related F a i l u r e s  1/5900 114 30C 

MECO t o  O r b i t  

Non-SRB-Related F a i l u r e s  

TOTAL 1/1000-1/360 1/ 1300 

5.3.1.3 O r b i t  T r a n s f e r  and R ~ s c u e  Systems 

Boeing's s p a c e  sys tems s t u d y  ( R e i n e r t  e t  a l ,  1982) provided t h e  
success  p r o L a b i l i t i e s  f o r  t h e  Orb i t  T r a n s f e r  Vehicle  (OTV) and bola-  Oro i t  
I n s e r t i o n  Stage (SOIS). The success  p r o b a b i l i t y  f o r  a r e s c u t  missirbn was 
es t imated  by Boeing t o  be ach ievab le .  These d a t a  a r e  shcwn i l l  Table  5-10. 
Boeing's  s t u d y  a l s o  concluded t h a t  t h e  p r o b a b i l i t y  of an  C ~ A T  a9d SOIS n o t  
f a i l i n g  i n  a s a  e c o n d i t i o n  was 1.OE-b (Re iner t  e t  a l ,  1982). 

TABLE 5-10. PREPICTED OTV/SOIS/RESCUE VEHIC E 
SUCCESS PROBABILITIES( a )  

01 V SOIS Rescue Vehicle  

S t a r t u p  0.9986 0.9986 -- 
End Po in t  0.9875 0.9969 0.944 

-----= *- - __1--__1 

( a )  Data from Boeing Company s t u d y  ( R e i n e r t  e t  a l ,  1982). 



5.3.1.4 Payload Systems 

Ttm i s sues  t o  be discussed here  r e l a t e  t o  ( 1)  what is an uxtdetected 
mechanical de fec t  i n  the  payload s h i e l d  and the  l ike l ihood t h a t  i t  occurs ,  and 
(2 )  what is the  f a i l u r e  r a t e  f o r  the  payload's t r ansmi t t e r s  a f t e r  ground/oceaA 
h p a c  t , 

A review of WASH-1285 (U.S. AEC, 1974a) provided d a t a  on v e s s e l  
defec ts .  WASH-1285 r epor t s  t h a t  P h i l l i p s  and Uarwick analyzed 12,760 pressure  
vesse ls  and found four  p reex i s t i ng  defec ts .  Also reporfed i n  WASH-1285 are 
d a t a  co l lec ted  by Ke l l ewan  and Se ide l  which f o m d  six p reex i s t i ng  d e f e c t s  out 
o i  7000 possible  i11 high pressure stean drums. A s  a r e s u l t  of cmbin ing  t h e s e  
da t a ,  ue have hn mJe:ected aechanical  d e f e c t  r a t e  of 10/19,700, o r  5E-4. 
When we consider t h a t  mre s t r i n g e n t  q u a l i t y  c o n t r o l  s tandards  w u l d  be 
employed f o r  the space d5sposal s h i e l d ,  we reduce t h i s  value by a f a c t o r  of 10 
t o  5E-5. We assme t h a t ,  i f  t h i s  undetected de fec t  is present ,  t h e  s h i e l d  
w i l l  break u p n  impact oc a hard su r f  ace.* 

The Referesce payload employs six on-board r r f i o  t r a w m i t t e r s / s o n a r  
beacons t o  he lp  p i n p i n t  t he  r een t ry  t r a j e c t o r y  and l o c a t i o n  i n  t he  ocean ( f o r  
ocean impact), The f a i i u r e  rate ( f o r  ocean impact) assumed per  instrument was 
3.1. It was a l s o  assumed t h a t  of t h e  six t o t a l ,  t h r e e  would be knocked out  by 
being on the  s i d e  of t h e  impact. Therefore,  t h e  p r o b s b i l i t y  of having a l l  
f a i l  af rer a water impact would be  (3.113 o r  1E-3. 

5.3.2 Short-Tern S ~ a c e  Event P r o b a b i l i t i e s  

This s ec t ion  d i scusses  t h e  est imated c o l l i s i o n  p r o b a b i l i t i e s  f o r  
short-:em events  t h a t  occur  i n  spacz which a r e  repor ted  i n  Appendix C f o r  
Phases 1 through 6 of t h e  f a u l t  trees. Events included are metmroid impacts 
and man-made on-orb i t  d e b r i s  impacts. Also, Figure 5-6 was generated usiqij  
B a t t e l l e ' s  I n t e r z c t i v e  Graphics Orbi t  Se lec t ion  (IGOS) program t o  suppcrt  the 
e s t l n a t e s  of land and ocean inipact p r o b a b i l i t i e s  e a r l y  ix t h e  missi:a. 

5.3.2.1 Co l l i s ion  P robab i l i t y  Est imates  f c r  Metecroid Impacts - 
The a n a l y t i c a l  a ~ p r o a c h  f o r  ca l cu la t ing  tho probabilities assoc ia ted  

v i t h  payload/mteoroid fragiaentstion events  w a s  developed i n  a previous s tudy  
of t h i s  r i s k  pathway for nuclear  waste payloads i f r l o a l a n d e r  a-td Wells, 1980). 
Basic source da t a  f o r  such an  a n a l y s i s  were derived  fro^. t h e  ~ u b l i s h e d  
s c i e n t i f i c  l i t e r a t u r e  deal ing -- i th  t he  neteoroid f l u x  environment and t h e  
des t ruc t ion  mechanics of hfg'h-velocity impzct. 

*The cu r ren t  payload les lgn  r.s not  expected t o  -et the  s a f e t y  nl i idel ine of 
being -ble t o  sut-'  --e hard rock impact ( s ee  S c t i o n s  ? . i . 3  and 5.4) .  The 
cur ren t  r i s k  da t a  3-sun2 t h z t  sh i e ld  breakage will occur and rad ioac t ivz  
mate.- is i  would be released t o  the  atmosphere, i f  the  pajload fcpaLts  03 hard 
iock. 
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Experiments vi t h  high-energy p r o j e c t i l e s  impzcting b a s a l t  t a r g e t s  l ed  
t o  t he  development of  mathematical models expressing t h e  r e l a t i o n s h i p  bet=en 
f ragaenta t  Ion energy, p r o j e c t i l e  mass, and t a r g e t  mass r e l e a s e  i n  small 
p e r t i c l e  d i s t r i b u t i o n .  These r e s u l t s  were sca l ed  t o  a space s y s t e d p a y l o a d  
t a r g e t  assuming a t en fo ld  i nc rease  i n  material s t r e c g t h  r e l a t i v e  t o  basa l t .  A 
c r i t i c a ?  ene rgy / t a rge t  mass r a t i o  Ep/H, cf  a h u t  7500 jou les /kg  would 
begin t? release a s s  i n  c a t e s t r o p h i c  c o l l i s i o n ,  egg., beyond simpie c r a t e r i n g  
c o l l i s i c n .  The p r o j e c t i l e  (meteoroid) k i n e t i c  energy is 

where % i s  t h e  p r o j e c t i l e  mass and Vr is  t h e  r e l a t i v e  v e l o c i t y  of impact. 
A t  EpJ'Yt = 7500 j ou l e s lkg  and Vr = 17,500 m l s ,  t h e  c r i t i c a l  p r o j e c t i l e  
size ~s then e s t i a a t e d  t o  be 0.76 kg (7.8 cr diameter a t  3 g/cp3) t o  begin 
p a r t i a l  fragmentation of a s i q l e  payload sphe re  (?It = 15,493 kg). 

The t a r g e t  f r a c t i o n a l  mss release i n  small p a r t i c l e  d i s t r i b u t i o n  is 
given by t h e  expression 

Small p a r t i c l e  mass r e l e a s e  a t  t h e  c r i t i c a l  e:;ergy l e v e l  of 7500 jou les /kg  is 
only  3.3 percent.  To ta l  r a t a s t r o p h i c  breakup req- ires an enzrgy l e v e l  of C.2 
x j ou l e s /@ which would result from a p r o j e c t i l e  mass of 42.7 kg (30 a) 
impacting a s i n g l e  payload sphere.  

Ihe p robab i l i t y  f a c t o r  is introduced by t h e  w t e c r o i d  f l r a  d i s t r i b u -  
t ion, o r  c o l l i s i o n  frequency 

i n  u n i t s  of impacts jyear  f o r  a t a r g e t  of a r e a  At i n  u n i t s  of meters square.  
Hence, f o r  a s i n g l e  mission (two spheres  a t  2.12 m2 each) ,  t h e  p r o b a b i l i t i e s  
of $ayload/meteozoid impacts a r e :  ( 1 )  6.69 x 1 0 - ~ / ~ r  a t  t h e  c r i t i c a l  
f r a c t u r e  l i m i t ,  and i 2 )  1.78 x l0-lo/yr a t  t h e  t o t a l  c a t a s t r o p h i c  breakup 
l i m i t .  Ccrresponding p r o b a b i l i t i e s  f o r  o t h e r  system elerpents (OTV, SOIS; a r e  
calculated by a r e a  oca l  ing . Fir,ally . t h e  e f f e c t i v e  c o l l i s i o n  p r o b a b i l i t i e s  
f o r  Wssior .  Fhases 3 through 6 a r e  obtained by multiplying by the  t i m e  
i n t e r v a l  over which the  system r o n f i g u r h t i x i  i s  a t  r i sk .  

5.3.2.2 Co l l i s i on  P robab i i i t y  Est imates  f o r  
Haa-kide On-Orbit l k b r i s  Ir pacts 

The continuous use of Ear th-orb i ta l  space during t h e  past  two decades 
has resu l ted  i n  a population 01 space "junk" o r  d e b r i s  which poses a c o l l i s i o n  
hezard f o r  co r r en t  and f u t u r e  opers t ions .  T h i s  d e b r i s  inc ludes  spent  pap- 
loads ,  rocket bodies ,  and numerous explosion fragments. I t  is est imated Lhat 



t h e  d e b r i s  population w i l l  cont inue t o  i nc rease  because t h e  primary source 
opera t ions  cont inue,  and because secondary c o l l i s i o n s  between such o b j e c t s  
w i l l  feed t h i s  growth. Recent ana lyses  of t h i s  problem have provided t h e  d a t a  
base f o r  e s t ima t ing  t h e  r i s k  posed t o  space d i sposa l  of nuc lear  waste 
(Kess le r ,  1980; Chobotov, 1981; Reynolds, 1980). In  t h i s  i n v e s t i g a t i o n  we 
have used Reynolds' p ro j ec t i on  of t h e  d e b r i s  populat ton t o  t h e  year  2030, 
based on an annual growth r a t e  of 5 percent.  

The c o l l i s i o n  p robab i l i t y  may be ca l cu l a t ed  from t h e  mean-free pa th  
model which states: A t a r g e t  with an  e f f e c t i v e  c ross -sec t iona l  area At mov- 
ing w i th  a n  average r e l a t i v e  v e l o c i t y  V, w i l l  s w e ~ p  o u t  a r l u m e  V , A t A t  
i n  t h e  t i n e  i n t e r v a l  A t .  The number of d e b r i s  o b j e c t s  encountered is t h e  
product of t h i s  volume and p a r t i c l e  number dens i ty  N(h) of t h e  d e b r i s  where 
t he  ~ x p l i c i t  depeqdence on a l t i t u d e  h is  ind ica ted .  Since t h i s  product is 
gene ra l l y  much smaller than un i ty ,  t h e  c o l l i s i o n  p r o b a b i l i t y  may be ca l cu l a t ed  
as 

Reynolds has taken t h e  projected d e n s i t y  d i s t r i b u t i c n  as a f tmct ion  of a l i t -  
tude and, assuming an  average impact speed Vr = 8 b / s ,  t h i s  provided a3 
a l t i t u d e  h i s tog ra ;  d i s t r i b u t i o n  of c o l l i s i o n  p r o b a b i l i t y  f n  normalized u n i t s  
of col l is ions/cm2 s. These d a t a  show t h a t  a t  t h e  n o d n a l  deployment a l t i -  
tude, during Yission Phases 3 through 5, t h e  d e b r i s  c o l l i s i o n  p robab i l i t y  is 
8 x 13-18 an-2 s-1 and reaches a peak value of about 10-16 cm-2 
s-1 a t  SO0 km a l t i t u d e .  This  then f a l l s  o f f  t o  a va lce  of 5 x 10'19 
cm-2 a t  4000 b a i t i t u d e  near  t h e  point  of OTV burnout (end of Phase 
6 ) .  

The time l i n e s  ( A t )  used f o r  t h e  var ious mission h a s e s  have been 
given previously i n  Table 5-2. The c ross -sec t iona l  a r e a s  ass-med a r e  as 
follows : 

S h u t t l e  Orb i t e r  . . . . . . . . . .  250 m2 
OTV/SOIS.!Yayioad ionf  igura t ion .  . .  11 7 m2 

om. . . . . . . . . . . . . *  74.9 m2 
SOIS . . . . . . . . . . . . .  37.9 In2 
Payload (two spheres) .  . . . .  4.24 m2 

~n example ca lcu lac ion  is t h e  STS Orb t t e r /deb r i s  c o i l i s f o n  probabil-  
i t y  dur icg  Phase 3 ( s e e  Faul t  Tree Event No. 323 i n  Table G-3 of Appendix GI. 
This  p robab i l i t y  en t ry  is obtained a s  

A s e c o ~ d  example r e l aces  t o  F i s s ion  Phase 6 ,  OTV i g n i t i o n  through a t t a i m r n t  
of Ea- ;]-escape co~:d i t io~ls .  liere t he  cumulatilre d e b r i s  c ~ l l i s i o n  p robab i l i t y  
is f n - ~ . '  by integrating t h e  c o l l i s i o n  d i s t r i b u t i o n  over  time ( a l t i t u d e ) ,  
y ie ld ing  5.94 x c-'2. Herrce, f o r  t h e  t z t a l  conr igura t lon  a r e a  of 
1.17 x lo6 cm2, t he  p robab i l i t y  is 7 x 1 ,  which is 'he e n t r y  
a p y a r i n g  i n  Table 6 6  Tor Fault  Tree Fver.t No. 676. 



A f i n a l  comment may be m d e  regarding t h e  p o t e n t i a l  damage caused by 
space d e b r i s  impact. W i l e  t h e  d e b r i s   umber d e n s i t y  above a given s i z e  
ob j ec t  is f a i r l y  w e l l  known from rada r  t rack ing  d a t a ,  t h e r e  is cons iderab le  
unce r t a in ty  regarding t h e  s i z e  d i s t r i b u t i o n  of such d e b r i s  below 4 cm 
diameter.  Consider a s i n g l e  payload sphere  of mass 15,493 kg and area 2.12 
m2. A t  Vr = 8 h / s ,  t h e  cri t ical  fragmentat ioc energy of  Ep/Flt = 7500 
j ou l e s /  kg would r e s u l t  from an impacting p r o j e c t i l e  mass of about 3.6 kg (1.10 
cm diameter a t  8 g/ar3 dens i ty ) .  A 200 kg o b j e c t  ( 36 cm) would be expected 
t o  cause t o t a l  c a t a s t r o p h i c  breakup of t h e  cermec paylcad sphere.  Although 
t h e  occurrence of space d e b r i s  with t he se  c h a r a c t e r i s t i c s  is  very un l ike ly  
(personal  conversat ion w i t h  Don Kess le r ,  NASUJSC), t h i s  event  was considered 
t o  occur one i n  every 1000 impacts. 

5.4 Payload Response Analysis 

Various payload response ana lyses  were needed t o  v e r i f y  t h e  expected 
response of t h e  payload t o  c e r t a i n  acc ident  environments. Emphasis was placed 
on a r e a s  where i t  was f e l t  t h a t  easy  answers could be provided and where acci-  
den t s  were expected t o  play a p redodnan t  r o l e  i n  t h e  r i s k  e s t ima te  f o r  space  
d i sposa l .  

The fol lowing acc ident  environments and payload responses were 
analyzed: (1) r een t ry ,  (2 )  p e s t b u r i a l  meltdown, and ( 3 )  impact on g r a n i t e .  

5.4.1 Reentry Analysis  - 
This  subsec t ion  summarizes e f f o r t s  t o  p red i c t  t h e  payload thermal 

response fcr inadver ten t  atmospheric reen t ry .  The b a s i c  con f igu ra t i ons  t h a t  
were examined are: 

a Waste form wi th  Inconel-625 s h i e l d  and carbon carbon (C/C) r e e n t r y  
t i les  ( o r b i t a l  decay and v e r t i c a l  r een t ry )  

a Waste s o w  with I~cone l -625  s h i e l d  on ly  ( i .e . ,  C / C  t i l e s  removed, 
o r b i t a l  decay r een t ry )  

a Waste form chunks r e s u l t i n g  from on-orbit payload c o l l i s i o n s .  

The RETAC (Reentry Thermal Analysis  Code) was used t o  provide the  thermal 
response ana lys i s .  This code inc ludes  a complex thermal response model f c r  
determining the  in-depth r e s p n s e  of a ma te r i a l  system t o  an ex t e rna l  heat  
flux. Furthermore, i n t e r n a l  hea t  genera t ion  is provided f o r  a s  a code input .  
The ex t e rna l  f l u x  v a r i a t i o n  jJith time can be s p e c i f i e d  on input  cards  (e.g., 
t o  model a f i r e  environment) or be ca l cu l a t ed  by t h e  code'; t r a j e c t o r y  subrou- 
t i n e s  ( t h e  a e r c d y r m i c  f l u x  due t o  a veh i c l e  r een t e r ing  the b a t h ' s  atmo- 
sphere) .  A d e t a i l e d  su r f ace  energy balance is included t o  account f o r  
r e r a d i a t i q n ,  conduction, and su r f ace  mass l o s s  e f f eccs .  The conduct iv i ty ,  
s p e c i f i c  h e a t ,  hea t  of fu s ion ,  hea t  zene ra t i on ,  and d e n s i t y  of var ious  
i n t e r n a l  and su r f ace  m a t e r i a l  cmponents  a r e  a l s o  input  t o  t h e  code t o  model 
the  complex response of t h e  mater ia l  components t o  t he  input  and i c t e r n a l  h r d t  



f l u x e s .  V a r i a t i o n s  of t h e  above m a t e r i a l  p r o p e r t i e s  wi th  t empera tu re  a r e  a l s o  
inc luded  where a p p r o p r i a t e .  

RETAC code i n p u t s  can be placed i n  s e v e r a l  c a t e g o r i e s :  

0 Geometric c o n s i d e r a t i o n s  (i.e., s i z e ,  shape ,  and weight)  

I n i t i a l  t empera tu re  c o n d j t i o n s  

Uaterial p r o p e r t i e s  a s  a  f u n c t i o n  of t empera tu re  ( i .e . ,  conductiv- 
i t y ,  s p e c i f i c  h e a t ,  e b i t t a n c e ,  d e n s i t y ,  and h e a t  of f u s i o n )  

a I n i t i a l  o r b i t  c o n d i t i o n s  i e ,  v e l o c i t y ,  a l t i t u d e ,  r e l a t i v e  
f l i g h t  pa th  a n g l e ,  and b a l l i s t i c  c o e f f i c i e n t )  

a Vet.icle s t a b i l i t y  ( i .e . ,  s p i n n i n g  v e r s u s  s t a b l e ) .  

The i n p u t  v a r i a b l e s  used i n  t h e  r e e n t r y  a n a l y s i s  a r e  given below. 

Geometric parameters sre i n p u t t e d  i n t o  t h e  code t o  d e f i n e  v a r i o u s  
m a t e r i a l  boundaries.  Th i s  georwrr ic  d e f i n i t i o n  e s s e n t i a l l y  d i v i d e s  t h e  body 
i n t o  a  s e r i e s  of nodal  r e g i o n s  which i n t e r a c t  w i t h  onc a n o t h e r  a s  h e a t  is 
t r a n s f e r r e d  b e t w e n  t h e  va r ious  nodes. An example of t h i s  cosp lex  nodal  
s t r u c t u r e  1 4  shown i n  F igure  5-5. Note t h a t  f o r  two-dimensional (2-D) calcu-  
l a t i o n s  t h e  body i s  u s u a l l y  d i v i d e d  i n t o  f i v e  s e c t o r s  d e f i n e d  by s i x  i n p u t  
a n g l e s  ( e  ii Figure  5-5a) from 0 t o  180 degrees .  The 3-D shape  of each s e c t o r  
is --qrfucad bb r o t ? t i o n  of t h e  2-D r e p r e s e n t a t i s n  about t h e  8 = 0 a x i s  ( i .e . ,  
symmetry a x i s ) .  For example, t h e  c o n i c a i l y  shaped 3-D r e p r e s e n t a t i o n  of 
s e c t o r  So. 2 is shown c r ~ s s h e t c h e d  i n  Figure  5-5a. 

A 2 s ? h e r i c a l  body is f u r t h e r  subdivided i n t o  a s e r i e s  of up t o  10 
c o n c e n t r i c  r i n g s  ( s e e  F i g u r e  5-5b). The v a r i o u s  r i n g  r a d i i  u s u a l l y  d e f i n e  
s p h e r i c a l  s h e l l  r e g i o n s  of t h e  body such a s  t h e  waste botindary, but s e v e r a l  
r i n g s  can a l s o  be used w i t h i n  a  g iven  m a t e r i a l  t o  be:ter d e f i n e  t h e  tempera- 
t u r e  d i s t r i b b : i o n  wi th in  t h a t  m a t e r i a l .  The combination of r i n g s  and s e c t o r s  
d e f i n e  v a r i o u s  nodal r eg ions  throughout t h e  body. The l o c a t i o n  of t h e  ( s e c t o r  
= 2 ,  r i n g  = 2)  ncde !s shown i n  Figure  5-5b. It i s  one of t h e  20 nodal  
r eg ions  shown i n  t h i s  f i g u r e .  Far  2-D c a l c u l a t i o n s .  up t o  50 n o ' l l  r eg ions  
were ~ s e d  with a  preponderance of nodes being l o c a t e u  i n  t h e  reg ion  of h i g h e s t  
h e a t  f l u x .  For I-D c a l ~ u l a t i r ' r ~ s ,  such  a s  a  s p i n n i n g  r e e n t r y  o r  a  f f  re 
environment,  o n l y  one s e c t o r  ftcm 0 t o  183 degrees  was used. Hence, t h e  nodes 
reduced t o  a  maximam of 19 c o n c e n t r i c  s p h e r i c a l  s h e l l s .  Pegions ?f r a d i a t i o n  
gaps can a l s o  be c o n v e n i e ~ r t l y  d e f i n e d  u s i n s  t h e  r i n g  geometry. Pea t  t r a n s f e r  
a c r o s s  a  radiation gap is incorpora ted  i n  che code, and m a t ~ r i a l  a n i s s i v f t y  i s  
ac-ocnted f o r  a s  ail i n p u t  v a r i a b l e .  

For t h e  p a r t i c u l a r  c a s e s  of i n t e r e s t ,  t h e  ::,metric model used a  
s e r i a s  of n ine  o r  t e n  c o n c e n t r i c  s p h e r i c a l  r i n g s  a s  shown i n  F igure  5-6. The 
l o c a t i o n  of each r i n g  wts dependent upon che c a s e  analyzed.  A summary of r i n g  
r a d i i  i s  al.so given i n  F igure  5-v. 



FIGURE 5-5. 1- NOIU STRUCTURE USED TO MODEL TBE ~ S I E H T  EEAT'ING 
RESPONSE OF VARIOUS WASTE FOgM MATERIAL CONPIGURATIONS 

p-, Waste Core -----Ct-  hiei id *utp 

Ring No. 

o. Waste +Shield + C/C Reentry Member 

I 
0.269 

0 . w j  I I I I I 1 L 0 . 7 6 3  
3.539 Z Z E L e Z  

cn w m w r c c  
L 0 . 7 5 0  

b. Woste + Shield Only d o o do 

FIGURE 5-6. EIHG GEOMETRY FOR TWO W O R  CONFIGURATIONS ANALYZED 



The i n i t i a l  t empera tu re  d i s t r i b u t i o n  of each node ( i . e . ,  r i n g  i f  t h e  
i n i t i a l  d i s t r i h t i o n  is  s p h e r i c a l l y  symmetric)  is a n  importanr: code i n p u t .  
The temperature  d i s t r i b u t i o n s  used i n  t h e  p r e s e n t  a c c i d e n t  response a n a l y s e s  
are shown i n  F igure  5-7. 

5.4.1.2 Material P r o p e r t i e s  

The nominal material c o n d u c t i v i t y  and s p e c i f i c  h e a t  used i n  t h e  
a n a l y s e s  are g iven  i n  Table  5-11 a s  a f u n c t i o n  o f  material temperature .  The 
rgaste fcrm w a s  assumed t o  ther inal ly  resemble t h e  m a t e r i a l  c a l l e d  Invar .  
Inconel-625 p r o p e r t i e s  were used f o r  t h e  s h i e l d  and ATJ-S was assumed f o r  a 
g e n e r i c  g r a p h i t e  m a t e r i a l .  I n  Table  5-11, t h e  code l i n e a r l y  i n t e r p o l a t e s  
between t h e  thermal c o n d u c t i v i t y  v a l u e s  when t h e  temperature  l i e s  between t h e  
g iven  values .  However, f o r  t h e  s p e c i f i c  h e a t ,  Cp, a  s t epwise  approach is usec 
whereby t h e  va lue  g iven  i n  t h e  t a b l e  is c o n s t a n t  up t o  t h e  t a b u l a t e d  tempera- 
t u r e .  Th i s  procedure a l lows  t h e  i n c l u s i o n  of t h e  h e a t  of f u s i o n  as a s t e p  
jump i n  t h e  s p e c i f i c  h e a t  f o r  a  s p e c i f i c  temperature  increment.  The a r e a  of 
t h i s  s t e p  ( i . e . ,  ACp x AT = bHfusion). Other  m a t e r i a l  p r o p e r t i e s  a r e  l i s t e d  
i n  Table  5-12. 

5.4.1.3 I n i t i a l  O r b i t a l  Condi t ions  

The i n i t i a l  o r b i t a l  c o n d i t i o n s  f o r  t h e  r e e n t r y  s c e n a r i o s  of i n t e r e s t  
were a s  fo l lows :  

O r b i t a l  decay: V e l o c i t y  = 7620 m / s  
A l t i t u d e  = 91.4 km 
F l i g h t  p a t h  a n g l e  = -1 degree  

Steep r e e n t r y :  V e l o c i t y  = 11,315 m / s  
Altitude = 121.95 km 
F l i g h t  pa th  a n g l e  = -60 degrees  

The i n i t i a l  b a l l i s t i c  c o e f f i c i e n t s  f o r  t h e  i n t a c t  payload r e e n t r y  c a s e s  were 
c a l c u l a t e d  from t h e  t o t a l  v e h i c l e  weight and f r o n t a l  a r e a  us ing a drag  c o e f f i -  
c i e n t  of 1.0P t o  o b t a i n  v a l u e s  of 

C / C  added: W/CDA = 7228.6 kg/m2 
C/C removed: W/Cd\ = 7818.9 kg/m2. 

5.4.1.4 S t a b i l i t v  Mode 

Another code i c p u t  i s  t b e  v e h i c l e  s t a b i 1 ~ : y  mode ( i . e . ,  randomly 
sp inn ing  o r  s t a b l e  a t  superson ic  speeds) .  The v e h i c l e  nay a l s o  be all~wed t c  
randonly t u n b l e  tit subsonic- s n e e d .  For t h e  s t a ' i e  c o n d i t i ~ n ,  c a l c u l a t e d  
temperature  w i l l  be d i f f e r e n t  f o r  each r e c t o r  ar., r ing.  however, f o r  a  
t o t a l l y  s p i n n i n s  r e e n t r y  o n l y ,  t h e  l i n g  t e n p e r a t u r e  v a r i e s  a s  t h z  h e a t  is  
spread w e n l y  among t h e  v a r i o u s  s e c t o r s .  E. mixed stable.,'spinning t r a j e c t o r y  

B A T T E L L E  - C O L U M B U S  
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TABLR 5-11. MATERIAL PROPERTIES AS A FUNCTION OF TEMPERATURE 

Waste Core (Invar) Shield (Inconel-625) Graphite (ATJ-S) 
Temperature, k, CP , k, CP , k, CP 

K Y/ mK W-slkg K W/ mK W-s/kg K (W/mK) (W-slkg K 

(a) Accounts for AHfusion. 



can a l s o  be computed wi th  t h e  f i n a l  r e s u l t  of d i f f e r i n g  temperatures f o r  each 
.lode. 

TABLE 5-12. OTEER MATERIAL PROPERTIES OF INTERES 

Mater ia l  Property Waste Fonn Shie ld  Graphi te  Aeroshel l  

-- --- 

Density (g/cm3) 

Emissivi ty  0.80 0.80 0.90 

Heat of Fusion ( ca l / g )  65.0 80.6 -- 
I n t e r n a l  Heat Generation 1.2E-03 0  0  
(ca l~cm3)  

Melting Temperature (K) 1720 1560 - 
-.Q.cB--..z *_ I__- - -  

5.4.1.5 Resul t s  and Discussion 

Using t h e  above code inpu t s ,  t he  thermal response of a sh i e lded  waste 
form conta iner  and wnste form ch;mks was analyzed f o r  s e v e r a l  scenar ios .  Code 
outputs  inc lude  node temperatures a s  a  f u n c c i ~ n  of t i m e  during en t ry .  
Tra jec tory  d ~ t a  a r e  a l s o  provided. Impact condi t ions  a r e  noted by observing 
the  p rope r t i e s  a t  t he  time of Earth impact. The code's a n a l y s i s  schene ac- 
counted f o r  t he  r ss l o s s  of e i t h e r  g r aph i t e  o r  a  metal ma te r i a l  ( i . e . ,  
melting ab l a t i on ) .  The r e s u l t a n t  mass l o s s  was thereby accounted f o r  
au tomat ica l ly  throughout t he  reen t ry .  

5.4.1.5.1 Case 1  - Graphi te  Aeroshel l  Included ( C r b i t a l  Decay) 

The f i r s t  case  involved r e e n t r y  of t h e  waste form plus  s h i e l d  and 
g raph i t e  ae roshe l l .  The r i ng  r a d i i  a r e  given i n  Figure 5-6a, and the  s e c t o r s  
a r e  def ined by 8 = 0 ,  20, 40, 80 ,  120, and 180 degrees.  An o r b i t a l  decay t r a -  
j e c to ry  was assumed i n  t h i s  case.  Resul t s  of su r f ace  mass l o s s  and ~ o d a l  
temperatures f o r  s t a b l e  and randomly spinning reen t r ;  modes a r e  given i n  
Tables 5-13 and 5-14, r e spec t ive ly .  R e  impact v e l o c i t y  was predic ted  t o  be 
442 m l s .  



TABLE 5-13. SURFACE RECESSION AND NODE TEMPERATURES 
AT IMPACT FOR STABLE REENTRY MODE 

T o t a l  Ring Temperature,  K (a) - 
Recess ion,  1 2 3 4 5 6 7 8 9 

8 ,  -leg c m  C L S S S S A A A n 

0 (nose )  0.45 
853 678 383 352 402 765 1541 1640 1616 

( a )  C = Core; S = S h i e l d ;  A = Ahla to r .  

TABLE 5-14. SURFACE RECESSION AND NODE TEMPERATURES AT 
IMPACT FOR SPINNING REENTRY CONFIGURATION 

T o t a l  Ring Temperature,  K ( a )  

Recess ion,  1 2 3 4 5 6 7 S 9 

- - - - - - - - - - - - - 

0-180 0.112 853 678 383 350 364 58C 1162 1247 1267 - -  O . ~ Y P - P I - I - ~ P n ~ - - U - ~ I 1 - ~ U 1 * ~  

( a )  C = Core; S = S h i e l d ;  A = A b l a t ~ r .  

These r e s u l t s  i n d i c a t e  t h a t ,  f o r  an  o r b i t a l  decay t r a j e c t o r y ,  t h e  
graphi te-prr3tected waste form and s h i e l d  w t l l  s u r v i v e  i n t a c t  t o  E a r t h  impact ,  
r e g a r d l e c s  of r e e n t r y  s t a b i l i t y  m ~ d e .  



5.4.1.5.2 Case 2 - O r b i t a l  Decay Reentry of Waute P lus  
Shie ld  -lraphite Aerashe l l  Removed) 

In t h i s  ca se ,  t h e  g r a p h i t e  a e r o s h e l l  is assumed t o  be l o s t  due t o  
some malfunction, and t h e  waste form inadve r t en t ly  r e e n t e r s  on an o r b i t a l  
decay t r a j e c t o r y  with on ly  t h a  Indonel-625 metal s h i e l d  t o  p ro t ec t  i t .  The 
r i ng  r a d i i  are given i n  Figure 5-6b and the  s e c t o r s  a r e  def ined by 0 = 0, 15, 
30, 45, 60,  and 180 degrees.  

In  t h i s  case  a  mel t ing a b l a t o r  mass l o s s  c a l c u l a t i o n  was assumed 
whereby ma te r i a l  nodes were dropped when t h e i r  temperature reached the  melt ing 
point and t h e  hea t  of fu s ions  was suppl ied.  No l i q u i d  l a y e r  e f f e c t s  were 
accranted f o r  i n  the  ana lys i s .  Hence, t h e  mass l o s s  r e s u l t s  a r e  expected t o  
be conservat ive.  These su r f ace  recess ion  d a t a  and nodal  temperatures f o r  
s t a b l e  and randomly spinning r een t ry  modes a r e  given i n  Tables 5-15 and 5-16, 
respec t ive ly .  Impact v e l o c i t y  was ca l cu l a t ed  t o  be 470 m / s .  

TABLE 5-15. SURFACE RECESSION AWD NODE TEMPERATURE AT IMPACT 
FOR STABLE REENTRY MODE RING TEMPERATURE (Y) 

Tota l  Ring Temperature, K ( a )  

Recession, 1  2 3  4 5  6  7  8 9 10 

0 (nose)  16.33 
836 678 457 -(b) - - - - - - 

; a )  C . k r e ;  S = Phield. 
!La) :i.+!l?rial node i s  not present  a t  impact ! L.e. ,  it ab la ted  away dur icg  

;:eeer,t ry  j . 



TABLE 5-16. SURFACE RECESSION AND NQDE TEMPERATURE AT IMPACi 
FOR SPINNING REENTRY MODE 

T o t a l  Ring Temperature,  K -- 
Rer ; ion,  1 2 3 4 5 6  7 8 9 10 

These resuits i n d i c a t e  t h a t ,  f o r  an  orbital decay t r a j e c t o r y ,  t h e  
s h i e l d  w i l l  remain e s s e n t i a l l y  i n t a c t  i f  t h e  v e h i c l e  randomly s p i n s  dur ing  
r - e n t r y .  However, i f  t h e  body remains s t a b l e ,  a l a r g e  p o r t i o n  of i t s  nose  
r e g i o n  is  eroded away d u r i n g  r e e n t r y  ( s e e  Table  5-15). Therefore ,  s h i e l d i n g  
of t h e  waste form w i l l  b e  reduced i n  t h a t  a r e a  and ' m ~ a c t  p r o t e c t i o n  w i l l  a l s o  
b e  adverse ly  a f f e c t e d .  

5.4.1.5.3 Case 3 - Steep  Reentry  of Waste Form P l u s  
Shield P l u s  Graph i te  Aeroshe l l  

Th i s  l a s t  c a s e  involved recqtr:? of t h e  waste  form, s h i e l d ,  ane  graph- 
i t e  a e r o s h e l l  a t  a  s t e e p  (60 d e g r e e s )  ang le  and 3 t  a h igh  r e e n t r y  v e l o c i t y  
( 11,3 15 m/s) . Analysis  of t h i s  c a s e  i s  extremely d i f f i c u l t  due t o  t h e  high 
r a t e  of h e a t  f l u x  t 3  t h e  v e h i c l e .  For t h e  s p i n n i n g  mode of e n t r y ,  t h e  
a n a l y s i s  was completed, b u t  a  ve ry  long run t i m e  would have beec requ i red  t o  
o b t a i n  r e s u i t s  f o r  t h e  s t a b l e  r e e n t r y  c o n f i g u r a t i o n .  A summary of t h e  impact 
r e s a l t s  ob ta ined  f c r  t h e  sp inn ing  c a s e  are: 

T  s h i e l d  ( s u r f  ace )  = 542 K 
T  s h i e l d  (bu lk)  = Unchanged (350 K) 
Surf ace  r e c e s s i o n  = 0.048 cm. 

BaseC upon t h e  r e s u l t s  of t h e  o r b i t a l  decay t r a j e c t o r y  c a l c u l a t i o n s  
th* nose r e c e s s i o n  f o r  t h e  s t a b l e  c a s e  would be approximately  f o u r  t i n e s  t k a c  
o f  t h e  sp inn ing  case .  There fore ,  i t  is  expected t h a t  t h ~  s t a b l e  nose 
r e c e s s i o n  wonld not nave exceeded 0.20 cn. For bo th  r e e n t r y  c 3 n f i g u r a t i o n s ,  
the  impact v e l o d t y  was c a l c u l a t e d  t o  Le 5328 n / s .  ( A  90 degree  r e e n t r y  
r e s u l t s  i n  an impact v e l o c i t y  of 5912 m/s.) 

C a l c u l a t i o n s  and s t i m a t e s  given above t n d i c a t e  t h a t  t h e  g r a p h i t e  
a e r o s h t l l  ~ i i l  p r o t e c t  t h e  waste form p l u s  s h i e l d  p r i o r  t o  E a r t h  impact. How- 
e v e r ,  t ? e  -7ery h igh  impact v e l o c i t i e s  determinrd f o r  t h i s  s t e e p  e n t r y  case nay 
provide m o t h e r  s e t  of problems f o r  t h i s  r e e n t r y  s c e n a r i o .  
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5.4.1.5.4 Case 4 - Orbital  *cay !kentry of Waste Form Chunks 

Several calculations were made t o  help evaluate the waste f o w  burn- 
up fractions for  different-sized uaste form chunks. These pieces a re  believed 
p a s i b l e  u b e ~  a catastrophic on-orbit co l l i s ion  (meteoroid o r  debris) occurs. 
ibe reentry conditions =re those given fo r  o r b i t a l  decay (see Section 
5.4.1.3), with the assumption tha t  the  chunks were spherical  and spinning. 
The smallest s i z e  (3.35 cm radius) approximated an individual b i l l e t .  The 
r e su l t s  are given below: 

Radius, cn Recession, cm 

3.35 ( a l l )  
3.78 
2-55 
1.68 

Figure 5-8 shows a plot of these data. It m y  be concluded tha t  t o t a l  burnup 
of the waste form w i l l  l ikely  occur f o r  pieces l e s s  than about 9 cm i n  radius. 

FIGURP. 5-8. PERCEHT ULL5TE FORM W S  LOSS FOR UNPROTECTED 
WASTE FORM AS A FUNCTIOtd OF RADIUS 

B A T T E L L S  - C O L U M B U S  



5.4.2 P o e t b u r i a l  Heltdown Ana lys i s  

The waste payload g 2 n e r a t e s  h e a t  due t:, t h e  decay of r a d i o i s o t o p e s .  
I f  t h e  payload uere s u b j e c t e d  t o  a s u f f i c i e n t l y  i n s u l a t i n g  environment,  t h e  
h e a t  g e n e r a t i o n  has  t h e  p o t e n t i a l  t o  cause  t h e  waste form c o r e  t o  melt i n t e r -  
n a l l y .  T h i s  may lead  t o  t h e  mel t ing  of t h e  s h i e l d  and b reach  of contairuaent,  
followed by release t o  t h e  biosphere.  

I n  t h e  w e n t  of a n  a c c i d e n t a l  payload r e e n t r y ,  i t  1s p o s s i b l e  f o r  t h e  
payload t o  bury i t s e l f  i n  a n  i n s u l a t i n g  m a t e r i a l ,  such as d r y  sand. I f  t h e  
payload =re n o t  recovered w i t h i n  some c r i t i c a l  time per iod  (Tc,), a raclt 
and r e l e a s e  could  occur .  To ana lyze  t h e  p o s s i b i l i t y  of t h i s  r e i e a s e ,  i t  uas 
necessa ry  t o  perform a thermal  a n a l y s i s  on t h e  payload t o  d e t e r c i n e  t h e  condi- 
t i o n s  r e q u i r e d  f o r  mel t ing  t o  occur .  I n  p a r t i c u l a r ,  i t  was necessa ry  ta  
de te rmine  t h e  l i m i t i n g  thermal  c o n d u c t i v i t y ,  kli lsi t ,  o f  t h e  i n s u l a t i n g  en- 
vironment which would c a u s e  mel t ing.  The v a l u e  e s t a b l i s h e d  i n  t h i s  a n a l y s i s  
was then  lased t o  e s t i m a t e  t h e  percentage of t h e  E a r t h  I n  which material of 
s u f f i c i e n t l y  'ow thermal  c o n d u c t i v i t y  e x i s t s  ( s e e  f a u l t  tree d i s c u s s i o n ) .  

The a n a l y s i s  was performed as fol lows.  S ince  t h e  c e n t e r  of t h e  
s p h e r e  vould  be  t h e  h o t t e s t  p o i n t ,  a l i m i t i n g  t empera tu re  (90 p e r c e n t  of t h e  
waste  format i c n  a b s o l u t e  temperature ;  s e e  General  S a f e t y  Guide l ines )  was 
e s t a b l i s h e d  below which no mel t ing  ( w i t h  s a f e t y  f a c t o r )  uould occur .  The 
temperature  d rops  f o r  t h e  cermet ,  t h e  gap,  t h e  Inconel-625 s h f z l d ,  and t h e  
g r a p h i t e  thermal p r o t e c t i o n  system (TPS) were then c a l c u l a t e d .  T h i s  r e s u l t e d  
i n  t h e  c r i t i c a l  s u r f a c e  t empera tu re  which could  r e s u l t  i n  mel t ing.  Th is  
temperature ,  a long  w i t h  t h e  s u r f a c e  a r e a  and ambient t e s p e r a t u r e ,  was then  
used t o  c a l c u l a t e  t h e  l i m i t i n g  thermal  c o n d u c t i v i t y ,  k l i d t .  

I n  performing t h i s  a n a l y s i s ,  s e v e r a l  assumptions  were made. Constant 
v a i u e s  vcre used f o r  t h e  p r o p e r t i e s  of t h e  cermet,  Inconel-625, and g r a p h i t e .  
Th i s  assumption uas proper s i n c e  t h e  t empera tu re  d rops  t u r n  ou t  to be small. 
Another conserva t ive  assumption was made t h a t  t h e  payload was bur ied  deep ly  i n  
t h e  i n s u l a t i n g  medium. The r e s u l t s  of t h e s e  c s l c u l a t i o n s  a r e  d i sp layed  i n  
Tab le  5-17. 

5 -4 - 3  G r a n i t e  Immct Analvs i s  

The o b j e c t i v e  of t h i s  dynamic f in i t e -c lement  impact a n a l y s i s  was to  
perfarm a p r e l i m i n a r y  a n a l y t i c a l  response assessment  of t h e  r e e n t r y  impact of 
t h e  waste payload on hard rock ( g r a n i t e )  i n  suppor t  of p r e d i c t i n g  t h e  r e l e a s e  
r i s k .  For t h i s  a n a l y s i s ,  s h p l ~ f  ying assumptions  were -made f o r -  t h e  m a t e r i a l  
behavior  of t h e  payload and t h e  g r a n i t e  t a r g e t .  By n o t  a l lowing  f a i l u r e  t o  
occur i n  t h e  t a r g e t ,  t h e  r e s u l t s  p resen ted  here  a r e  conserva t ive .  

The DYNAZD f in i t e -e lement  computer program, developed a t  Lawrence 
Livermore Nat iona l  Laboratory ,  uas used i n  t h e  a n a l y s e s .  DYNA2D is  a n  
e x p l i c i t ,  t h o  i n t e g r a t i o n  code and c o n t a i n s  a four-noded q u a d r i l a t e r a l  
element t h a t  is based on t h e  Celerkin-Petrov formulat ion.  Fea tu res  w i t h i n  t h e  
program which a r e  s i g n i f i c a n t  i n  terms of t h e  model employed i n  t h i s  a n a l y s i s  
i n c l u d e  : 



TABLE 5-17. TEEBMAL CONDUCTIVITY I# IMPACT MEDIUM NEEDBD 
TO ALLOW TEMPERATURE COLODITIOIOS GIVEN 

Case Core Center Core Surface Outer Shield Limit ing Thermal 
Number Temperature, C Temperature, C Temperature, C Conduct ivi ty ,  W/QC 

(a) M e l t  condi t ion  f o r  ou te r  p a r t  of r a d i a t i o n  sh i e ld .  

( 1) A b i l i n e a r  r ep re sen ta t ion  with i s o t r o p i c  s t ra i .n  hardening f o r  
e l a s t i c - p l a s t i c  s t r e s s - s t r a i n  response of t h e  m ~ t e r i a l .  

(2) Calcu la t ions  based on l a rge  d e f l e c t i o n  and f i n i t e  s t r a i n  
t heo r i e s .  

(3)  S l i d e l i n e s  t h a t  a l low modeling of i n i t i a l  s epa ra t ion  and 
subsequent contac t  a s  a r e s u l t  of impact. 

I t  is p a r t i c u l a r l y  s i g n i f i c a n t  t h a t  t h e  a n a l y s i s  was devoid of any ma te r i a l  
f a i l u r e  c r i t e r i o n ,  thus  al lowing s t r e s s e s  t o  exceed thresholds  such as t h e  
u l t ima te  o r  rupture  stress. This  h p l i e s  t h a t  t h e  ca lcu la ted  r e s u l t s ,  i n  
terms of t h e  ex t en t  of damage through f a i l u r e ,  would be conserva t ive  on 
account of t h e  s imulat ion of t h e  t a rge t .  

5.4.3.1 Impact Hodel Descript ion 

The finite-element a n a l y s i s  is based on t h e  assumption t h a t  t he  
components ok t h e  waste payload can be considered a s  homogeneous, s p h e r i c a l l y  
sypippetric core  mater ia l  represent ing  t h . ~  cermet waste € o w  and the  primary 
s t e e l  core  s t r u c t u r e ,  surrounded by t h e  Inconel-625 r a d i a t i o n  s h i e l d  s h e l l .  
h e  t h i n  outer  s t e e l  impact absorber and the  thermal a b l a t i o n  s h i e l d  ( t i l e s )  
were assumed t o  be s t r u c t u r a l l y  i n s i g n i f i c a n t  and, hence, were not  modeled. 
The payload with the  Inconel s h i e l d  was assumed t o  impact a 66-cm-thick 
g r a n i t e  layer  which was assumed t o  be supported by a r i g i d  foundation. 

Figure 
g r a n i t e  

An axisymmetric f ini te-element  g r id  was developed, and is shown i n  
5-9. It c o n s i s t s  of 334 nodal po in ts  and 262 elements ,  of which t h e  

impact s l a b  accounted f o r  80 elements,  t he  r a d i a t i o n  s h i e l d  was 
;epresented by 92 elements,  and t h e  waste core  was represented by 90 elements. 
'hro s l i d e l i n e s  were prescr ibed i n  t h e  model which allowed sepa ra t ion  o r  con- 
t a c t  a s  a r e s u l t  of deformation between t h e  w a . t e  core  and the  r a d i a t i o n  



s h i e l d ,  and between the  s h i e l d  and t h e  g r a n i t e  sur face .  These s l i d e l i n e s ,  a s  
ind ica ted  i n  Figure 5-9, allowed f r e e  s l i d i n g  between t h e  r e spec t ive  su r f aces .  

The ma te r i a l  represen t ing  t h e  waste c o r e  (cermet waste form and i ts 
encapsulat ing steel core)  was assumed t o  have mechanical p r o p e r t i e s  corres-  
ponding t o  Hastel loy X, while t h e  r a d i a t i o n  s h i e l d  material was modeled a s  
Inconel-625. The s t r e s s - s t r a i n  curves  f o r  both these  m i t e r i a l s  were c a s t  i n t o  
b i l i n e a r  forms t o  account f o r  elastic and p l a s t i c  responses.  These repre- 
s e n t a t i o n  f o w s  -re d i c t a t e d  by t h e  computer program. The g r a n i t e  l a y e r  was 
modeled a s  l i n e a r  e l a s t i c .  

The e f f e c t  of a temperature d i s t r i b u t i o n  within t h e  primary contain-  
ment and the  r a d i a t i o n  s h i e l d  l aye r  on the  s t r u c t u r a l  deformation was a l s o  
sought. De ta i l s  of t h e  assumed temperature d i s t r i b u t i o n  a f t e r  r e e n t r y  and 
j u s t  before  ground impact may be  found i n  Sec t ion  5.4.1. It was assumed t h a t  
t he  con t r ibu t ion  of temperature g rad i en t s  toward nodal  point  loads  appl ied  t o  
t h e  model is r e l a t i v e l y  mall  and can be neglected.  Hcwever, t h e  e f f e c t  of 
temperature on t h e  m a t e r i a l  y i e l d  p rope r t i e s  was considered important and, 
hence, was included by assuming t h a t  t he  temperature d i s t r i b u t i o n  remains 
unchanged during deformation of t h e  containment. Table 5-18 conta ins  t h e  
mechanical property d a t a  assumed f o r  t he  t h r ee  ma te r i a l  c o n s t i t u e n t s  i n  t h e  
f i n i t e  element model. The d a t a  were e i t h e r  d i r e c t l y  obtained from re fe r ences  
(Lama, 1978; Manson, 1976; o r  MIL-HDBK-5B, 1971) o r  der ived through 
interpolationlextrapolation. 

The d a t a  set de f in ing  t h e  model a l s o  included z e r t a i n  v i s c o s i t y  
parameters. It is usual  t o  p re sc r ibe  such parameters when modeling dynamics 
of impact through e x p l i c i t  time i a t e g r a t i o n  methods so  a s  t o  smooth t he  shock 
f r o n t s  a s  w e l l  a s  prevent  hourglassing o r  keystoning e f f e c t s  ( H a l l q u i s t ,  
1980). 

Two sets of computations,  corresponding t o  two impact v e l o c i t i e s ,  
were ca r r i ed  out  t o  determine the  d e f o m a t i o n s  suf fe red  by the  waste payload. 
The impact v e l o c i t i e s  assumed were 442 ;n/s and 152 m l s .  The higher  v e l o c i t y  
corresponds t o  t h e  expected v e l o c i t y  a t  impact following inhdver ten t  payload 
r een t ry  due t o  a decaying o r b i t a l  condi t ion  ( s e e  Sect ion 5.4.1 f o r  r e e n t r y  
ca l cu l a t i on ) .  The second v e l o c i t y  was se l ec t ed  f o r  a n a l y s i s  based upon t h e  
thought t h a t  t he  payload su rv iva l  could be achieved a t  t h i s  va lue ,  and t h a t  
t h i s  value was poss ib le  i n  t he  e a r l y  po r t i on  of t he  f l i g h t  phase of t he  
Shu t t l e .  

5.4.3.2 Resul t s  of Impact Calcu la t ion  

The DYNAZD computer program (given the  modeling assumptions previ- 
ously s t a t e d )  ca l cu l a t ed  s t r e s s e s  and d e f l e c t i o n s  of the  f ini te-element  g r i d  
a t  var ious  i n s t a n t s  fol lcwing i n i t i a t i o n  of impact. For the  case  correspond- 
ing t o  t he  impact v e l o c i t y  of 442 m ! s ,  i t  was found t h a t  the  k i n e t i c  energy 
was almost e n t i r e l y  d i s s i p a t e d  a f t e r  1.5 m s .  Obviously, during t h i s  time 
i n t e r v a l ,  t he  k i n e t i c  energy i s  converted i n t o  e l a s t i c  and p l a s t i c  deforma- 
t i ons .  The e l a s t i c  p a r t  of the  deformations would induce t he  payload ti, 
rebound a f t e r  the  k i n e t i c  energy has approached the  zero l e v e l .  



Assumptions 

Velocity of impact = 442 mls. 

The effect of temperature gradie: 
on material properties is accoun 
for in the model; thermal load 
effects are ignored. 

Steel encapsulation Inconel-625 shield 
includfng was 
form billets 

Slideline modeled 
between Inconel 
shield and steel 
encapsulation 

Granite 
Slideline modeled 
@ contact gap 

Rigid Surf ace d 

FIGURE 5-9. FINITE-ELEMEm MODEL FOR WCLEAR W A S T E  
PAYLOAD IHPACTING GRANITE 

B A T T E L L E  - C O L U M B U S  



TABLE 5-18 STRUCTURAL PROPERTIES OF HATERIALS USED I N  ANAI.YSIS 

Temperature,  D e n s i t y ,  Young's Modulus Y i e l d  Stress, P l a s t i c  Modulus, 
C g/ c c N/ cm2 P o i s s o n ' s  R a t i o  N/ cm2 N/ cm2 

ID 835 6 .83 1.05E7 
D H a s t e l o y  + 
4 660 6 .83 1 . 2  1E7 

m 
C 
(B Granite 2 5 2.49 8.19E6 0.036 -- -- 

Sources :  Lama ( 19781, Maneon ( 19761, and MIL-HDBK-SR( 197 1) 



Figure 5-10 i l l u s t r a t e s  t he  deformed shape of t he  modeled payload a t  
var ious times following i n i t i a l  impact on g r a n i t e .  It m y  be seen t h a t  t h e  
g r i d  progress ive ly  undergoes s i g n i f i c a n t  d i s t o r t i o n ,  e s p e c i a l l y  i n  t he  region 
within the  r a d i a t i o n  s h i e l d  c lo se  t o  t he  impact point .  D i s to r t i ons  of t h e  
o rde r  ev ident  i n  Figures  5-10e and 5-10f lead t o  numerical e r r o r s  i n  the  
computations when us ing  a  Lagrangian-based code l i k e  DYNA2D. It would have 
been poss ib le  t o  a c t i v a t e  t h e  rezoning f e a t u r e  e x i s t i n g  wi th in  D W D  t o  
counteract  t h e  problem of mesh d i s t o r t i o n ,  but such an undertaking would have 
meant s i g n i f i c a n t ,  a d d i t i o n a l  work. 

The reason f o r  t h e  deformation i n  the  g r a n i t e  s l a b  being small i n  
comparison with those f o r  t h e  waste payload is because t h e  e l a s t i c  modulus of 
g r a n i t e  is s i g n i f i c a n t l y  l a r g e r  than t h e  p l a s t i c  moduli o r  t h e  secant  moduli 
corresponding t o  t he  s t r e s s  condi t ion  of t h e  Inconel and Has te l loy  components. 
Figures  5-1 1 and 5-12 presen t  computer graphics  of t h e  von Mises s t r e s s  
(equivalent  s t r e s s )  and t h e  hoop s t r e s s  ( s t r e s s  perpendicular  t o  t h e  plane of 
t he  model) a t  1 m s  a f t e r  impact ( s e e  Appendix H f o r  a d d i t i o n a l  p l o t s  a t  
d i f f e r e n t  t imes) . 

The van Mises s t r e s s  (5) is  a measure of t he  t r i a x i a l  s t r e s s  s t a t e  
t h a t  can usua l ly  be d i r e c c l y  c o r r e l a t e d  aga ins t  d a t a  der ived from a un iax ia l  
t e n s i l e  test. It may be seen i n  Figure 5-11 (and i n  f i g u r e s  i n  Appendix R) 
t h a t  CJ is p a r t i c u l a r l y  severe  a t  t h e  edge of t he  contac t  zone. This  result is 
s i m i l a r  t o  what has  been observed i n  o the r  s imulat ions.  It is a l s o  evident  
t h a t  t he  maximum value of 6 during t h e  course of deformation exceeds t y p i c a l  
u l t imate  stress values ( a t  s p e c i f i c  l oca t ions )  f o r  a u s t e n i t i c  steels. This 
s i g n i f i e s  f a i l u r e  a t  these  loca t ions  f a i r l y  e a r l y  wi th in  t h e  impact dura t ion .  
But, due t o  t h e  absence of a  f a i l u r e  c r i t e r i o n ,  5 is seen t o  progress ive ly  f a r  
exceed t h e  u l t ima te  s t r e s s  range. This  inadequacy i n  t h e  model prevents  a  
r e d i s t r i b u t i o n  of s t r e s s e s  t h a t  would occur  a s  a r e s u l t  of f a i l u r e  of a  
c e r t a i n  region. Qua l i t a t i ve ly ,  i t  may be sa id  t h a t  a  l a r g e r  region would 
exceed the  u l t ima te  s t r e s s ,  were r e d i s t r i b u t i o n  allowed t o  occur.  

While t h e  magnitude of 6 is an  index of s t r e s s  c r i t i c a l i t y ,  t he  
l i k e l y  mode of f a i l u r e  can only be obtained by inspec t ing  the  stress compo- 
nents .  It WP.S found t h a t  t he  hoop s t r e s s  ( p l o t t e d  i n  Figure 5-12) was t h e  
p r e d m i n a l t  t e n s i l e  component, t hus  suggesting t h e  p o s s i b i l i t y  of t he  contain- 
ment s p l i t t i n g  open i n  two o r  more p ieces  ( s e e  Appendix H f o r  hoop s t r e s s  
p l o t s  a t  a l l  four  s e l ec t ed  times).  But a t  t h e  edge of t h e  contac t  zone, t h e  
r a d i a l  component of s t r e s s  was a l s o  t e n s i l e  t o  an ex ten t  t h a t  suggests  f a i l u r e  
through s p a l l i n g  . 

It must be noted t h a t  t he  model a l s o  f a i l s  t o  account f o r  the  f i n i t e  
mater ia l  s t r e n g t h  of t he  g r a n i t e ;  thus  t he  c a l c u l a t i o n s  made overest imate t he  
damage t o  the payload. 

Figure 5-13 d e p i c t s  the  deformed shape of t he  waste payload a t  
var ious times following impact on a  g r a n i t e  s l a b  a t  152 m l s .  The computa- 
t i ons  were c a r r i e d  ou t  through 1.5 mil l i seconds  from the  time of i n i t i a l  
impact. Inspect ion of the r e s u l t s  corresponding t o  1.5 mil l iseconds i n d i c a t e s  
t h a t  the  payload w i l l  be i n  a  s t a t e  of rebound a t  t h a t  time. A t  t he  time 

a A T T E L L E  - C O L U M B U S  



FIGURE 5-10. DEFORMED S W E  OF THE SHIELDED WASTE PAYLOAD FOR 
VARIOUS TIMES DURING IMPACT (442 m/s INITUT., VELOCITY) 
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FIGURE 5-11. CONTOURS OF VON MISES STRESS AFTER 1 IW OF 
IMPACT (442 m/s INITIAI, VELOCZTP) 
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FIGURE 5-12. CONTOURS OF ROOF STRESS AFTER 1 ms OF 
IMPACT (442  m/s INITIAL VELOCITY FIGURE) 
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FIGURE 5-13. DEFORMED S M P E  OF TEE SHIELDED WASTE PAYLOAD FOR VARIOUS 
TIMES DURING IMPACT (152 m/s INITIAL VELOCITY) 
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i n s t a n t  of 1.0 n i l l i s e c o n d s  ( s e e  F igure  5-13d), t h e  k i n e t i c  energy c o r r e s -  
ponding t o  t h e  i n i t i a l  c o n d i t i o n  was observed t o  be almost e n t i r e l y  
d i s s i p a t e d .  

F igures  5-14 and 5-15 show t h e  contour  p l o t s  of t h e  von Mises stress 
and t h e  hoop s t r e s s  i n  t h e  payload f o r  1 m s  a f t e r  impact ( a t  152 mls).  The 
o t h e r  p l o t s  f o r  d i f f e r e n t  t imes  a r e  provided i n  Appendix H. It may be  noted 
t h a t  t h e  s t r e s s e s  are s t i l l  c a l c u l a t e d  t o  r e a c h  h i g h  l e v e l s  and f a i l u r e  of t h e  
r a d i a t i o n  s h i e l d  l o o k s  t o  be l i k e l y .  However, as expec ted ,  t h e  magnitude of 
t h e  stress and t h e  l i k e l y  e x t e n t  o f  damage of t h e  waste payload i s  muted f o r  
t h e  c a s e  of V 3 152 m / s  when compared w i t h  t h e  r e s u l t s  of V = 442 m / s .  Again, 
t h e  r e a d e r  is reminded of t h e  c o n s e r v a t i v e  model assumptions.  

5.4.3.3 Conclusions  

The major conc lus ion  reached by conduct ing t h i s  p r e l i n i r l a r y  and 
conserva t ive  impact a n a l y s i s  is t h a t  t h e  r a d i a t i o n  s h i e l d  l i k e l y  w i l l  no t  be 
a b l e  t o  wi ths tand  t h e  impact and w i l l  f a i l  ( a t  V = 442 mls).  A s  a r e s u l t ,  t h e  
p o s s i b i l i t y  of release of t h e  enc losed  waste form w i l l  need t o  be considered 
i n  t h e  r i s k  a n a l y s i s .  

5.5 Consequence Eva lua t ion  

This  s e c t i o n  d i s c u s s e s  t h e  v a r i o u s  a c a l y s e s  conducted t o  e v a l u a t e  t h e  
consequences of e v e n t s  shown a t  t h e  top  of t h e  f a u l t  t r e e s  desc r ibed  and shown 
i n  Sec t ion  5.2, Based upon t h e  f a u l t  t r e e  development, t h e  e v e n t s  l i s t e d  i n  
Table 5-19 have been eva lua ted  a s  t o  t h c i r  p o t e n t i a l  consequences. Table 5-20 
d e f i n e s  t h e  r a d i o n u c l i d e  i n v e n t o r i e s  ( i n  Cur ies )  as a f u n c t i o n  of time f o r  t h e  
Reference cermet HLW payload,  t h e  technetium payload,  and t h e  i o d i n e  payload. 
The 15 i s o t o p e s  l i s t e d  were s e l e c t e d  such t h a t  t h e  space  d i s p o s a l  r i s k  
e s t i m a t e s  could be made compatible w i t h  t h e  MGR r i s k  e s t i m a t e s  provided by 
PNL. The 15 i s o t o p e s  a r e  r e l a t e d  t o  d r a f t  EPA r e p o s i t o r y  r e l e a s e  l i m i t s  ( s e e  
McCallun e t  a l ,  1982). 

The consequences of each w e n t  shown i n  Table 5-19 a r e  d i scussed  i n  
t h e  fo l lowing  s e c t i o n s .  A t  t h e  beginning of each s e c t i o n ,  a b r i e f  d i s c u s s i o n  
o f  each event  i s  p r e s e n t e d ,  followed by s n  a p ~ r o p r i a t e  d i s c u s s i o n  of t e c h n i c a l  
i s s u e s .  

5.5.1 Long-Term Co r r o s i o t  , Ocean 

This event  occurs  when t h e  n u c l e a r  waste  payload impacts t h e  ocean,  
i n t a c t ,  recovery a t t empts  f a i l ,  and t h e  pay lo t  ! is l o s t  f o r e v e r .  The r e l e a s e  
s c e n a r i o  i s  governed by t h e  c o r r o s i o n  of t h e  Incsnel-625 r a d i a t i o n  s h i e l d ,  
followed by waste fo7.m leaching.  Corrosion of t h e  shi;ld i s  es t imated  t o  
occur based upon corro.;ion r a t e s  14  0.1 m i l s / y r  w i t h  range of 0.3 m i l s / y r  t o  
0.01 m i l s / y r  ( s e e  Sec t ion  5 .5 .1 .1  ). This  means t h a t  a f t e r  87,800 y e a r s  
(29,300 yzars  t o  878,000 y e a r s )  t h e  c o r e  w i l l  be a v a i l a b l e  f o r  l each ing .  For 
l e a c h i n g ,  a l e a c h  r a t e  of 1 0 ' ~  g/crn2*day, wi th  30 percen t  conf idence t h a t  



ORlGlNAL PAGE IS 
94 OF POOR QUALW 

S I G M A  EQ 

FIGURE 5-14. CONTOURS OF VON MISES STRESS AFTER 1 ms OF 
IMPACT (152 m/s IEITIAL VELOCITY) 
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Xmg-Texm Corrosion. Ocean 

O P b i t  Col l i s ion  

bag-TCR Corros im,  So i l  

Blgh-Velocity hpact on Water 

h y l o d  i q . c t m  ocem, intact, recovery fa i l* .  m d  
payload ts lu8t forever. 

P a y l o d  irp.cts roet at oolilul decaying reen t ry  
veloci ty.  and l a  rccmd within reasamable tLe. 

Plyload -ts m active oolccmo, melts, *s, and 
d l ~ p ~ m ~ ~  i n t o  l..a. 

P a y l o d  fip.cts m a M g U y  i n s d a t a  mterlal k < 
k l w t m  16 a t  reamed, bears up, and rlts. 

(h-orbit p a y l c d / d e b r l s  o r  p a y l d r t e o r i t e  c o l l i s i o a  
occurs  wlth p a y l o d  breakup followed by r a m t r y .  

Payload impacts sat soil. i n t a c t ,  recovery f a i l s .  and 
payload is lost forever. 

P a y l o d  m c t s  oceao, i n t a c t ,  but thcn breaches a d  
leacbes. no recorery assumed. 

r u g t r ~ e l o c i c y   pact m ~ o c l r ( ~ )  Payload Lpacts rock, i n t a c t ,  bet tkn breacbcs. 
re l-ul ing f r a c t i o a  o f  mterial t o  atmosphere, f r a c t i o n  
m l n l n g  I. recovered. 

Payload impacts mi l ,  recovery f a i l s ,  the payload is 
breached a d  hacks  t o  b i o e ~ r e .  

Deep Space - Payload Return t o  Earth Payload r e t u r n s  t o  Earth because of ON/SOIS f a l l a r e  
a f t e r  escape, e l l  - ce r ia l  re leased t o  biosphere. 

Deep Space - b t e o r o l d  Collision Payload c o l l i d e s  v l t h  meteoroid, breaks up, and some 
mater ia l  t r a v e l s  way back t o  Earth. 

Deep Space - Payload/Payl& Col l i s ion  A paylod/payload c o l l l o i o n  occurs, paylosd breaks up, 
aod m t e r i a l  recurus t o  Earth. 

Dcep Space - PayloadlCorat Col l i s ion  A p a y l o a d / c a e t  e o l l i s l o a  occurs, payload breaks up, and 
mate r ia l  r e t u r n s  t o  Earth. 

Deep Space - E r ~ s i o n  long-term eros ion  of t b e  payload s h i e l d  i n  deep space. 

i a )  Based upon the  cur ren t  Reference Cnncept ( s e e  S e c t i m  3.0). 
( b )  Accident recovery possible. 
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TABLE 5-20. P A W  RADIOHUCLIIX? IIWEM'ilXIES (I# CURl?S) 
As A mCP1OBI OF TINE 

Age ?f waste, YearP 

Iwrtope(c) 50 100 103 104 l d  1 Oa 
- 
Ref erenee ~ayload(a) 

99% 1.7 lE3 1.71E3 1.70€3 1.65153 1.213 53.5 

15 E?A Isotopes (4.22E5) (2.00E5) (3.02Eb) (6.7283) (1.51E3) (l.lOE2) 

Other Tsotopes 6.38E6 2 .WE6 7.90E3 3.38E3 7.90E2 7.99E2 

Total 6.80E6 2.28E6 3.81Eb 1.01Eb 2.30E3 9.09E2 

Technetium ~ a y l o a d (  b, 

9% 1.5E5 1.5E5 1.49E5 1.45E5 1.06E5 4.69E3 

Iodine 

1291 646.4 646.4 646.4 646.4 646.6 620.6 

(a )  Besed on 67.39 kg waste form per 1 Ml'W, 133.2 ~ I m i s s i o n  equivalent, 2 spheres a t  
6312 kg cermet. 

(b) Based on 0.75 kg waete form per 1 MT%, 11,800 ~ l m t s s i o n  equivalent, 2 spheres a t  
8850 kg Tc metal. 

( c )  Based on 0.40 kg waste form per 1 m, 18,750 MTW/Pission equiva1er.t. 2 spheres a t  
7500 kg PbIp. 
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i t  is  wi th in  1 0 ' ~  t o  lo", has  been assumed, based upon a conversat ion 
wi th  Sco t t  Aaron, ORNt (see discuss ion  below). l each  models uere  poss ib le  
t o  use. The f i r s t  (amre conservative) assumed t h a t  all b i l l e t s  are a v a i l a b l e  
f o r  leaching a t  t h e  given expected r a t e .  The second ass-s t h a t  on ly  a 
sphe r i ca l  surf  ace area is ava i lab le .  Data f o r  t he  b i l l e t  leaching model are 
u ~ r d  here;  t he  s p h e r i c a l  model would reduce t h e  release r i s k  by about one 
o d e ;  of magnitude (McKenna. 1982). 

The source tews used f o r  t h i s  w e n t  f o r  each of t h e  t h r e e  payloads 
considered f o r  space d i sposa l  are given i n  Table 5-21. The d iscuss ion  t h a t  
follows provides an overview ,i t he  assumptions made and the  iaodel used. 

T i r e ,  Years 
Payload/ Isotope( s 1 8.8W 8.9W 9.1E4 9.3Eb 9.7Eb l.OE5 1.1ES 1.2E5 1.41ES 1.0 I 

Reference Payload 

Tc-99 0 0 0 0 0 6.7E2 9.8U 1.1E3 1.2E3-------- 
AC 0 0 0 0 0 1.6&? 2.2U 2 .SU 2.6F2-------- 
15 EPA Isotopes 0 U 0 0 0 0.7E2 1.X3 1.483 1.SE3-- 

Technetium Payload 

Tc-99 0 b.OE4 8-2E4 1.OES 1.1E5 

Iodine Payload 

TABLE 5-21. EXPECTED CUMlLATIVE m C E  'PERM (CURIES) FOR EVENT 1, 
LOllOTERM COBBOSION/LEACEING I N  TIE OCW 

5 .5.1.1 Radiation Shield Corrosion 

In the  search  f o r  e s t ab l i sh ing  a reasonable value and range f o r  the  
corrosion of t h e  r ad i a t ion  s h i e l d  i n  seawater,  s t a f f  a t  ONWI, Sandia ( t h e  
Subseabed Disposal Program), and B a t t e l l e  were questioned. Based upon the  
dis:ussions, i t  was determined t h a t  B a t t e l l e  and Walt Boyd were the  exper t s  
t h a t  should provide answers t o  t he  questions.  Yr. Walt Boyd, n a t t o n a l l y  known 
corrosion exper t ,  recommended t h a t  w consider  t i t an ium,  Inconel-625, o r  
Hastel loy C-276 f o r  cur r ad i a t ion  s h i e l d ,  such t h a t  low-shield corrosion would 
be possiblz.  This recommendation was given t o  Boeing, and we se l ec t ed  the  
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Inconel-625 s h i e l d  f o r  t he  Reference mission, considering i ts  sh i e ld ing  and 
s t r e n g t h  a spec t s  as w e l l .  Boyd indica ted  t h a t  t h e  expected cor ros ion  r a t e  f o r  
Inconel-625 was on the  order  of 0.1 mi l s ly r  o r  so. H e  s a i d  i t  t u l d  not be 
a f f ec t ed  by temperature and, f o r  a l l  p r a c t i c a l  purposes,  i t  j u s t  would not 
corrode. S t a i n l e s s  s t e e l ,  on the  o the r  hand is subjec t  t o  c r ev ice  corrosion,  
B a t t e l l e ' s  Fktals and Ceramics Information Center r ecen t ly  published Corrosion 
of Metals i n  Marine Environments, by U. K. Boyd and I. W. Fink (1978). This  - 
document con ta ins  much information about t h e  vsr ious  types of cor ros ion  
(genera l ,  c r ev ice ,  ga lvanic ,  p i t t i n g ,  e t c  .) t h a t  a r e  poss ib le  f o r  d i f f e r e n t  
mater ials .  

The corrosion r a t e  values f o r  Inconel-625 a r e  too numerous t o  review 
here; however, i n  revjouing d a t a  i n  B a t t e l l e ' s  EIetals and Ceramics Information 
Center, an expected value of 0.1 mi l s /y r  was chosen, with an upper boundary of 
0.3 mils /yr  and a lower bound of 0.01 mi ls /yr .  

5.5.1.2 Waste Fora Leach Rate 

Yr. Scot t  Aaron, ORNL, one of t he  leading exper t s  on cermet waste 
form technology, was asked ( i n  a telephone conversation December 7 ,  1981) what 
would be appropr ia te  cermet leach r a t e s  i n  t h e  ocean f o r  long-term space 
d i sposa l  accidents .  H i s  rep ly  is summarized a s  follows. Because cesium (Cs) 
and s tront ium (S r )  havs been removed from t h e  waste (95 percent ) ,  and because 
r e s idua l  C s  and Sr  w i l l  have long decayed (allowing time f o r  Inconel-625 
cor ros ion) ,  Aaron suggests  t h a t  t he  lower and upper bounds would l i k e l y  be 1 x 
lo-' and 1 x lo+,  respec t ive ly .  Galvanic coupling of t h e  cermet and 
Inconel-625 ( f o r  nonuniform Inconel cor ros ion)  o r  cermet and core  s t a i n l e s s  
s t e e l  could be possible .  ?k. Aaron s t a t e d  t h a t  304 s t a i n l e s s  s t e e l  could be 
e i t h e r  "act ive" o r  "passive". If i t  is a c t i v e ,  then the  leach r a t e  of cermet 
would be slower than the  expected value. We w i l l  assume t h a t  we can use a 
s t e e l  mater ia l  f o r  the  core t h a t  would al low t h i s  t o  be t rue .  h e  lower l i m i t  
of 10" i s  based upon the  f a c t  t h a t  a c t i n i d e  leach r a t e s  a r e  very iow, on 
the  order  of 10-8 t o  10'9. Therefore,  f o r  purposes of t h i s  preliminary 
space d isposa l  r i s k  assessment, we assumed f o r  long-term space d i sposa l  
acc idents  a cermet leach r a t e  of 1 0 ' ~  g/cm2*day, with 90 percent 
confidence thqt  i t  is within the  range of 10-5 t o  !Z:, 

5.5.1.3 Corrosion and Leaching Nodels 

One possible  consequence of a space deployment accident  i s  t h a t  the 
nuclear  waste payload could r e tu rn  t o  t he  Ear th ' s  sur face  i n t a c t  ( i . e . ,  with- 
out s i g n i f i c a n t  breakup) and be deposi ted i n  a "we t "  environment, such a s  the  
ocean. For shcrt-term acc iden t s ,  t h e  nominal response i s  t o  recover the  pay- 
load ,  but i f  such recovery were t o  f a i l ,  then long-term rad ioac t ive  r e l e a s e s  
would occur. Corrosion of t he  Inconel-625 s h i e l d  b a r r i e r  and subsequerlt 
leaching of waste form mater ia l  represent  a time-delay mechanism fo r  eventual  
r e l ea se  of r a d i o a c t i v i t y  t o  the biosphere. This s ec t ion  presents  the  corro- 
s ion  and leaching models employed in  the ca l cu la t ion  of such r e l eases .  



5.5.1.3.1 Corrosion Plodel 

A l l  waste form payloads (Reference HLW i n  cermet, technetium, and 
iodine) a r e  assumed t o  be packaged ins ide  an Inconel sh ie ld  approximately 22.3 
c m  thick,  It is fu r the r  assumed tha t  waste form leaching does not begin u n t i l  
the  sh ie ld  i s  completely corroded. The corrosion model is therefore  qu i t e  
simple, with the  r e s u l t  s t a t e d  i n  terms of the  corrosion delay time, tc, 
equal t o  the  t h i c h e s s  divided by r a t e  of corrosion. The following t a b l e  
gives these da ta  f o r  the  nominal and bounded values of corrosion r a t e  
d i sa l s sed  previously (see Section 5.5.1.1). 

Corrosion Rate 

0.1 mi l s ly r  = 2.54E-5 cm/yr 
nominal 0.1 mi l s ly r  = 2-54E-4 cmlyr 

0.3 mi ls lyr  = 7-62E-4 cm/yr 

Corrosion Time, t, (years)  

Note t h a t  even the  shor tes t  value of 29,300 years provides f o r  a s ign i f i can t  
delay f o r  many of the  isotopes i n  the  cermet waste form tc decay t o  low l e v e l s  
of  radioact iv i ty .  

5.5.1.3.2 Leachina Model 

Nominal leaching c h a r a c t e r i s t i c s ,  f o r  the  three  waste forms under 
evaluat ion,  have been estimated based upon discussions with DOE'S waste form 
experts ,  although there  i s  uncer ta in ty  due t o  a lack of experimental da ta  f c r  
the  s p e c i f i c  physical and environmental conditions. The leach r a t e s  a r e  
estimated a s  (1)  10-6 g/cm2*day f o r  cermet, (2 )  10-5 g/cm2-day f o r  the  
technetium payload, and (3)  e f f e c t i v e l y  instantaneous f o r  the iodine payload. 
Since the  cermet and technetium waste forms a r e  both packaged i n  the  waste 
form core a s  numerous small b i l l e t s ,  a conservative leach model was applied on 
an individual  b i l l e t  bas i s ,  assuming t h a t  the  water leach source can contact  
a l l  b i l l e t s  simultaneously. 

Each b i l l e t  is cy l indr ica l  i n  shape with i n i t i a l  radius ( r O )  and 
length (2,). To copvert the  s p e c i f i c  area  l ea& r a t e s  ( L ~ )  given above t o  
a mass loss  r a t e  (m), it  is  assumed t h a t  the  b i l l e t  s i z e  w i l l  reduce i n  
proportion t o  i t s  i n i t i a l  s i z e ,  i.e., 



The m s s  loss rate can be stated in terms of the instantaneous surface arer 
and the sire/density parameters. 

Equating (3) and ( A  yields the constant value of i qnd the time for 
camplet e leaching. 

These quantities arc evaluated below for the design billet size of ro - 
2.926 cn and to - 5.858 cm. 

Cermet Billet Technetium Billet 

6.50 10.93 
3.6 5E-4 3.65E-3 
5.5GE-5 3.3GE-4 
5.28E+.3 8.7 bE+3 

The next step is to calculnte,the mass release fraction as a function 
of time. Since the billet mass is D-rcR, the release fraction is given bv 

where 

r - r -it 
1) 

The followln~ table illustrates the release time churacteriatir. 



Cermet Payload Technetium Payload 
t ( y e a r s )  ~R*R/& t ( y e a r s )  f~- 

5.5.1.3.3 Cumulative Re lease  C a l c u l a t i o n  

L e t  A ( t )  1. tpresent  t h e  r a d i o a c t i v i t y  ( i n  C u r i e s )  of a g iven  i s o t o p e  
as a f u n c t i o n  of  t ime ,  combinat ion of i s o t o p e s ,  o r  t h e  t o t a l  pay load ,  
whichever is of i n t e r e s t .  Then t h e  cumulat ive  release t o  t h e  b iosphere  as a 
f u n c t i o n  of time up t o  t o t a l  r e l e a s e  can be  c a l c u l a t e d  by t h e  i n t e g r a l  
f o m u l a s  : 

(1) Leachinn Onlv ( s h i e l d  b r e a k u ~ )  

( 2 )  Corrosion and L e a c h 1 3  

T<tc+tL 

A (T) A t - t  ) d t  

c 

Trapezo ida l  i n t e g r a t i o n  was found t o  be q u i t e  adequa te  f o r  numerical  
c a l c u l a t i o n s .  

5.5.2 Impact on Hard Rock 

Th is  event  o c c u r s  when t h e  n u c l e a r  waste payload impacts  a t  t h e  nomi- 
n a l  r e e n t r y  v e l o c i t y  of 442 m / s  ( s e e  S e c t i o n  5.4.1) on ha rd  rock ,  i n t a c t ,  and 
is recovered by r e s c u e  teams Kf th in  a r e a s o n a b l e  time per iod  (assumed h e r e  t o  
be  two days ) .  Based upon t h e  payload response  a n a l y s i s  f o r  t h e  payload i m -  
p a c t i n g  on a r i g i d  g r a n i t e  s u r f a c e ,  t h e  payload is expected t o  s p l i t  open a t  
t h e  t o p ,  w i t h  deformed b i l l e t s  f a l l i n g  o u t  on t o  t h e  ground w i t h  some r e l e a s e  
t o  t h e  atmosphere i n  t h e  form of p a r t i c u l a t e  m a t e r i a l .  The waste  form b i l l e t s  



should not  be very ho t ;  they a r e  expected t o  be on t h e  o rde r  of 400 C a t  
impact and cool  f u r t h e r .  With no a n a l y t i c a l  d a t a  t o  c a l c u l a t e  t h e  release 
p o t e n t i a l ,  we have assumed t h a t  t h e  amount re leased  t o  t h e  atmosphere is 
propor t iona l  t o  t he  r e l e a s e s  from ground impacts of rad io iso tope  thermal 
genera tors  (RTGs). Typical  atmospheric r e l e a s e s  f o r  R E s  a r e  on t h e  order  of 
1 C i  of plutonium f o r  t h e  RTG payload conta in ing  approximately 200,000 Ci  
(USAF, 1975). For t h e  period p r i o r  t o  recovery, we assumed t h a t  t h e  poyload 
su r f ace  would be i n  a ra inwater  leaching condi t ion  f o r  a per io8  of one hour. 
These assumptions lead t o  t h e  r e l e a s e s  shown i n  Table  5--22. 

TABLE 5-22. EXPECTED CUMULATIVE SOURCE TERM (CURIES) 
FOR EVENT 2,  BARD ROCK IMPACT 

Payload/ I so topes  
Short-Term Release 

Atmosphere Ground 

Reference Pavload 

Tc-99 
AC 
15 EPA Isotopes 

Technetium Payload 

Iodine Payload 

( a )  Assumes a leachable  su r f ace  of 36,600 cm2 f o r  each payload. 
(b) Cermet leach  r a t e  of 1.OE-6 g/cm2-da (Aaron, ORNL). 

f T ( c )  Techt;tium leach r a t e  of 0.7E-5 /cm *day (McCallum, PNL). 
(d)  Iodine leach r a t e  of 1.OE-3 g/cm *day (es t imate) .  

5.5.3 Impact on Volcano 

This event occurs  when a nuc lear  waste payload inadve r t en t ly  impacts 
an a c t i v e  volcano and meets wi th in  a c e r t a i n  t ime, mixes with t he  1-.va, d i s -  
pe r se s ,  and is t ranspor ted  t o  o t h e r  a r ea s  and l a t e r  s o l i d i f i e d .  For proper 
eva lua t ion ,  we need to  es t imate  how much of t h i s  is then l-.achec? by e i t h e r  
ground water o r  rainwa ? r ,  o r  how much is  re leased  v i a  an e rupt ion  o r  o f f -  
gassing while  mater ia  ' s  i n  molten lava.  For t h e  purpose of a n a l y s i s ,  we 
have conserva t ive ly  as. *lned a 100 percent r e l e a s e  ( s e e  Tabie 5-29, t h e  50- 
year column). 
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5.5.4 S o i l  Meltdown 

Analysis and discussion i n  Section 5.4.2 have forced us t o  conclude 
t h a t  t h i s  event is not  credible.  Therefore, i t  has been dropped from f u r t h e r  
consideration i n  t h i s  analysis .  

5.5.5 On-Grbit C o l ~ l s i o n s  

Should a ca tas t rophic  payload/meteoroid o r  payload/debris c o l l i s i o n  
occur i n  o r b i t ,  payload f r a c t u r e  followed by r e l a t i v e l y  Immediate reent ry  is 
expected. Pieces a r e  expected t o  be the  s i z e  of b i l l e t s  f o r  the  Reference 
case. Reentry analys is  ind ica tes  t h a t  individual  b i l l e t s  w i l l  be expected t o  
m e l t  and d isperse  above about 60 lcm a l t i t u d e  (see Section 5.4.1) .  Thus, f o r  
smaller fragments, the  r e l ease  is expected t o  be 100 percent i n t o  the  
atmosphere. For l a r g e r  fragments, i t  is  possible t h a t  some w i l l  make it t o  
land and water, contaminating both v i a  leaching processes. For purposes of 
t h i s  ctudy, we have conservatively assuined a 100 percent atmospheric r e l e a s e  
i s  l ike ly .  Release da ta  a r e  assumed t o  be i d e n t i c a l  with the  50-year column 
of Table 5-20. 

5.5.6 Long-Term Corrosion, S o i l  

This w e n t  occurs when the  nuclear waste payload impacts w e t  s o i l ,  
i n t a c t ,  recovery at tempts f a i l  and the  payload i s  l o s t  forever,  For simpli- 
c i t y ,  t h e  re leases  a r e  assumed t o  be the  same a s  long-term corrosion i n  the  
ocean (see  Table 5-21 f o r  da ta) .  

5.5.7 High-Velocity Impact on Water 

This w e n t  occurs when the  OTV f a i l s  i n  a ce r t a in  way ( o r b i t  adjus t  
allows immediate reent ry  a t  high veloci ty)  j u s t  p r io r  t o  Earth escape. The 
impact v e l o c i t i e s  could be on the  order  of 3000 t o  6000 m / s .  Water impact 
analys is  could not be conducted because of l imited funds avai lable  f o r  th's 
study. A conservative est imate of the  r e l ease  scenario has been assumed, i n  
the  absence of needed a n a l y t i c a l  data. It has been assumed t h a t  the  payload 
containment w i l l  be breached upon ocean surface  impact and the  e n t i r e  payload 
( f o r  Reference and technetium payloads leaching of b i l l e t - s i zed  waste form 
pieces) w i l l  be ava i l ab le  f o r  immediate leaching. Tablt  3-23 provides the  
cumulative source term fo r  t h i s  event. 

5.5.8 High-Velocity Impact on Rock 

The re leases  f.)r t h i s  event a r e  estimated t o  be a f a c t o r  of 100 times 
more than the re leases  i n  Event 2 (wlth an impact ve loc i ty  of 442 m/s). Refer 
t o  the values i n  Table 5-22 and multiply by 100. 
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5.5.9 High-'?elocitv Im~act on S o i l  

I f  a  ~ i igh-ve loc i ty  impact occurs  on s o i l ,  a l a r g e  100 t o  300-m- 
diameter crater w i l l  l i k e l y  be formed (Baldwin, 1963), and t h e  payload w i l l  
l i k e l y  break open and mix wi th  t h e  t a r g e t  s o i l .  For purposes of a.nalysis, i t  
was assumed t h a t  recovery of t h e  r ad ioac t ive  m a t e r i a l  would be dore  d i f f i c u l t  
than  the  rock impact case, and i t  - a s  assumed t h a t  t h e  f r a c t i o n  l o s t  t o  t h e  
s o i l  would be a f a c t o r  of 200 more than t h a t  ~ i v e n  f o r  Event 2. Therefore ,  
t h e  cumulative source term is c a l c s l a t e d  by mul t ip ly ing  t h e  50-year d a t a  i n  
Table 5-20 by 0.001. 

5.5.10 Deep Space - I n t a c t  Payload Return t o  Ear th  

This  event  can occur a s  a  long-term o r b i t a l  evolu t ion  result of a 
l a t e  f a i l u r e  of t h e  OTV i n j e c t i o n  ( a f t e r  Earth-escape condi t ions  are 
a t t a i n e d ) ,  bu t  p r i n c i p a l l y  a s  a result of a SOIS f a i l u r e  during t h e  s o l a r  
o r b i t  placement maneuver. The c h a r a c t e r i s t i c s  and mathematical model descr ib-  
ing  t h i s  w e n t  have been t r e a t e d  ex tens ive ly  i n  e a r l i e r  s t u d i e s  (Fr ied lander  
et a l ,  1977a and 1977b; Fr iedlander  and Davis, 1978). To summarize t h i s  
model, l e t  T denote  t he  long-term time i n t e r v a l  a f t e r  launch f o r  measuring t h e  
r i s k  of such an eve3t.  The cumulative p r o b a b i l i t y  of Ear th  c o l l i s i o n  
( r een t ry )  is g iven  by t h e  express ion  

where PEc(T/t) is the  cond i t i ona l  p r o b a b i l i t y  of r een t ry  wi th in  t h e  i n t e r v a l  
(0, T) given a  f a i l u r e  occurrence of t i m e  t (deployment sequence t ime l ine ) ,  
and R ( t )  is t h e  r e l i a b i l i t y  func t ion  of t h e  deployment system. The propuls ion 
s t a g e  r e l i a b i l i t y  is  s t a t e d  i n  terms of a  s t a r t u p  r e l i a b i l i t y  Rs and an 
ope ra t i ona l  r e l i a b i l i t y  ~ ( t ) = e ' ~ ~ ,  where X is a  cons tan t  f a i l u r e  r a t e  given 
by 1 = -In R E p / t g ,  where t g  is t h e  s t a g e  burn t i m e  and REP is  t h e  
end-po i n t  r e l i a b i l i t y  a t  burnout. 

In eva lua t ing  Equation (11) above, t h e  cond i t i ona l  p r o b a b i l i t y  
PEC(T/t) is  obtained by Monte Car10 s imula t ion  of t h e  p l ane t a ry  c l o s e  
encoun te r / co l l i s i on  problem ( e f f e c t i v e i y  a  random process)  i n i t i a t e d  a: each 
f a i l u r e  s tage .  The i n t e g r a t i o n  was c a r r i e d  out us ing  t h e  OTV and SOIS s t a g e  
r e l i a b i l i t y  parameters l i s t e d  previously i n  Table 5-10. Numerical r e s u l t s  
showed a  very smooth v a r i a t i o n  wi th  T and were w e l l  represented by t h e  
log-quadratic l eas t - sqaares  f i t  

I n  %c0(T) -22.1821 + 1.7862 ( I n  T) - 0.0500 ( I n  ~ ) 2  (12 

This  func t ion ,  which is p l o t t e d  i n  Figure 5-16, represent .  t he  Larth reen t ry  
p robab i l i t y  d i s t r i b u t i o n  f o r  a  s i n g l e  payload launch with-ut rescue.  Rescue 
c a p a b i l i t y  f o r  f a i l e d  payloads i n  s o l a r  o r b i t  has been shown t o  be a  p r a c t i c a l  
response o f f e r ing  orders-of-magnitude reduc t ion  i n  r i s k  (Fr ied lander  and 
Davis, 1978). Allowing f o r  rescue mission redundancy t o  o rde r  N ,  t h e  long- 
term probab i l i t y  of Earth rl!entry is obtained as 



A 

- Stage Reliability Parameters 

- Stage RS REp 

- Injection 1 0.9986 0.9875 
Placement 2 0.9960 0.9969 

- 

- - 
- 
- 

- 

- - 
- 
- 

- 

Time T, Years 

FIGURE 5-16. EARTR REENTRY PROBABILITY DISTRIBUTION FOR P. SINGLE PAYLOAD 
LAUNCH WITHOUT RESCUE (NPO); REDUCE SCALE BY FOR 



where RR is the  e f f e c t i v e  r e l i a b i l i t y  ( o r  success  probabi l i ty!  of each 
rescue  mission attempted. Each such at tempt  would requi r -  a time i n t e r v a l  of 
1.5 t o  2 years.  It i s  most d e s i r a b l e  t h a t  t he  rescue mode be "cooperative",  
i .e., t h e  payload a t t i t u d e  c o n t r o l  and communication/tracking systems remain 
func t iona l .  This can be assured t o  an extremely high l e v e l  c f  r e l i a b i l i t y  
(through system redundancy) f o r  perhaps a per iod of up t o  10 years  a f t e r  
launch. Hence, f o r  t h e  presen t  r i s k  assessment we w i l l  assuse a rescue 
a i s s i o n  redundancy l e v e l  of N = 4. With t h e  e s t i n a t e d  value o f  RR = 0.9444 
f o r  rescue miss ioc  success  ( s e e  Table  5-10), we o b t a i n  a f i v e  o~de r s -o f -  
magnitude reduct ion of tl*e Earth r e e n t 7  p robab i l i t y .  

T (yea r s )  -- PIX - 

Since t h i s  is a emulative d i s t r i b u t i o n ,  i t  should be i n t e r p r e t e d  a s  fo l lows  
(e.g., t h e  p r o b a b i l i t y  t h a t  Ear th  r e e n t r y  w i l l  occur sometime ' with in  104 
years  a f t e r  launch is  4.6 x 10-10; t h e  p r o b a b i l i t y  t h a t  t h i s  event w i l l  
occur wi th in  t h e  i n t e r v a l  lo4 t o  105 years  a f t e r  launch is 2.6 x 13'9 - 
4.6 x 10-10 = 2.14 x 10-9). 

The f i n a l  s t e p  i n  t h i s  a n a l y s i s  i s  t o  i n t e g r a t e  t h e  r e e n t r y  event  
p robab i l i t y  wi th  t h e  consequence as measured i n  Curies  of r a d i o a c t i v i t y .  Let  
A = A(T) represen t  t h e  r a d i o a c t i v i t y  of s e l e c t e d  i so topes  o r  groups of 
i so topes  i n  t he  nuclear  waste payload ( s e e  Table  5-20). We de f ine  R s ( T )  as 
t h e  cumulative source r i s k  a t  t h e  time of r e e n t r y  a s  measured i n  u n i t s  of 
"probable Curies". This  source r i s k  is  ca l cu l a t ed  by t h e  i n t e g r a l  expression 

In  gene ra l ,  t he  second form of t h i s  exprcss ion  has been <.mployed wi 
t rapezotda l  i n t e g r a t i o n  used t o  genera te  t h e  numerical r e s u l t s .  

Tabla 5-24 presen ts  t h e  s i n g l e  miss ic~n ,  cumulative r e e n t r y  source 
r i s k  f o r  each of t he  15 EPA i so topes  i n  t he  Reference cermet ~ a y l o a d .  Also 
l i s t e d  e r e  r i s k  v ~ l u e s  f o r  t h e  group of e igh t  a c t i n i d e s ,  f i v e  f i s s i o n  products 
(excluding T:-99), and t n e  t o t a l  of t he  15 EPA iso topes .  For t imes up t o  
103 vears ,  t h e  r l s k  i s  dominated by Am-241, Cs-137, and Sz-90 i so topes .  
Between 103 and 105 yea r s  t h e  major r i s k  con t r ibu to r s  a r e  Am-241, Am-243, 
Pu-239, Pu-240, and Tc-99. After  1 ~ 5  years  .he dominant r i s k  i so tope  i s  
Tc-99. It s h ~ l d  be noted,  hottever, t h a t  t h e  cumulative r i s k  of t he  15- 
i so tope  sum does no i  exceed 1.8 x 10-5 Curies over lo6 yea r s ,  and bu i ld s  
up t o  10 percent of t h i s  va lue  during t h e  f i r e t  few hundred years .  



T e a E  5-24. CUMULATIVE REEMXR !jOURCE RISE( (Ci) 
FOB BeFEBENCB #ISSIOW: CBBIIEf PAYLOAD 

 PA^ izmum ~ ~ a 4  DBBP  SPACE(^) 

t h e .  vears * - 
Isotope 1 E2 1E3 1E4 1ES 1E6 

PU-2 39 

Pu-240 

Pu-242 

-2 37 

R?-2 26 

AC 

C-14 

Cs-  135 

Cs-137 

Sr-90 2.2E-7 2.5E-7 2 .  SE-7 2.5E-7 2. SE-7 

Sn-126 3.7E-10 3.6E-9 3.3E-8 1. SE-7 2.1E-7 

FP (4.1E-7) (7.6E-7) ( 1 .5E-6) ( 4  .8E-6) ( 8  .OE-6) 

15 EPA Isotopes 1.lE-6 3.hE-6 8 .OE-6 1 .4E-5 1 .8E-5 

(a) Single mission data; t-m s75eres .  
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Table 5-25 p re sen t s  t h e  s i n g l e  mission,  cumulative r i s k  f o r  impacting 
wet scil. These r e s u l t s  a r e  based on t h e  r e e n t r y  source r i s k  d a t a  mu l t i p l i ed  
by the  p r o s a b i l i t y  of impacting vet soil (0.0118), and s u i t a b l y  delayed ir. 
time by t h e  cermet leaching  c h a r a c t e r i s t i c s  as discussed earlier i n  Sec t ion  
5.5.1.3. Note t h a t  t h e  uaste payload Inconel  s h i e l d  is assumed he re  to be 
s h a t t e r e d  upon high-velocity impact. 

Table 5-26 p re sen t s  sisilar d a t a  f o r  ocean impact r i s k .  In  t h i s  c a s e  
t h e  r een t ry  source  r i s k  m u l t i p l i c a t i o n  f a c t o r  is 0.667 - ep re sen t ing  t h e  
p robab i l i t y  of ocean impact, and s h i e l d  cor ros ion  as w e l l  as cermet leaching  
i s  included i n  t h e  time-delayed r e l e a s e  p r o f i l e .  

Table 5-27 lists t h e  emulative deep-space risks i n  t h e  va r ious  
r e l e a s e  c a t q o r i e s  f o r  t h e  a l t e r n a t i v e  1-129 and Tc-99 waste payloads. 
Included as i ta  5 i n  t h l s  t a b l e  is t h e  r i s k  a s soc i a t ed  w i t h  -11 p a r t i c l e  
r e t u r n  and subsequent upper a taosghere burnup. This  pathway r e s u l t s  from 
poss ib l e  payload breakup caused by meteoroid t p a c t  i n  deep space, a t o p i c  t o  
be discussed i n  t h e  next  s e c t i o n  of t h i s  r epo r t .  It may be noted t h a t  t h i s  
r e l e a s e  r i s k  is n e g l i g i b l e  by c a p a r i s o n  t o  o t n e r  types  of r e l e a s e s ,  except  a t  
very  long times approaching lo6 years  when t h e  r i s k  btcc;les l a r g e r  than t h e  
i n t a c t  payload r een t ry  source  r i s k .  

5.5.11 Dee~ S m c e  - Meteoroid C o l l i s i o n  

The con t r ibu t ion  of t h i s  eve r t  t o  t h e  r i s k  scenar;o occurs  f o r  t h e  
most p a r t  a f t e r  t h e  waste payload h ~ s  succes s fu l ly  been p l a c d  a t  t h e  noe ina l  
s o l a r  o r b i t  (0.85 A.U.) des t ina t ion .  Although t h e  p r o b a b i l i t y  r a t e  of a 
meteoreid <=pact ( c o l l i s i o n s / y e a r )  is very small ,  t h e  long time s c a l e  (%lo6 
years)  i n  t h i s  o r b i t  a c t s  t o  i nc rease  t h e  p o t e n t i a l  r i s k .  I f  a  h i t  of s u f f i -  
c i e n t  energy breaks up t h e  payload i n t o  a d i s t r i b u t i o n  of small p a r t i c l e s  
(<  1000 microns),  and i f  some f r a c t i o n  of t h i s  ma te r i a l  even tua l ly  r e t u r n s  t o  
~ a r t h ,  t h e  radionucl ide r e l e a s e  mechanism is  t o t a l  burnup i n  t h e  upper 
atmosphere. 

The problem of payload breakup due t o  meteoroid c o l l i s i o n  and t h e  
ionz-term o r b i t a l  evolu t ion  of a  small p a r t i c l e  d i s t r i b u t i o n  has  been t r e a t e d  
i n  depth i n  a  previous s tudy (Rice e t  a l ,  1980a). The p r i n c i p a l  o r ~ i t  d i sper -  
s i o n  pathway lead ing  ts poss ib le  ma te r i a l  r e t u r n  t o  Ea r th  is  induced by t h e  
dominant nongrav i t a t i ona l  pe r tu rba t ions ,  namely s o l a r  r a d i a t i o n  pressure  and 
e l  -ctroraagnetic f o r c e s  on charged p a r t i c l e s ,  and t h e i r  i n t e r a c t i o n  wi th  
g r a v i t a t i o n a l  c l o s e  encounters  of these  p a r t i c l e s  with t h e  Earth and Venus. 
We w i l l  no t  r e i c e r a t e  t he se  c h a r a c t e r i s t i c s  here ,  bu t  simply apply t h e  method- 
ology developed e a r l i e r  t o  t h e  space d i sposa l  a p p l i c a t i c n  def ined i n  t h e  
presen t  s tudy ,  and repor t  t he  major r e s a l t s .  

With re fe rence  t o  t h e  d i scuss ion  i n  Sect ion 5.3.2.1, t h e  s ing le -  
mission ( t u >  payload spheres )  p robab i l i t y  of being \.it by a meteoroid of 
s u f f i c i e n t  s i z e  t o  i n i t i a t e  payload breakup a t  t he  o r b i t a l  energy l i m i t  i s  
6.69 x 10'~/yr.  The p robab i l i t y  of being h i t  by a l a r g e  enough meteoroid t o  
cause t o t a l  c a t a s t roph ic  breakup (100 percent  r e l e a s e  i n  m a l l  p a r t i c l e s )  is  
estimated t o  be 1.78 x 1 0 ' 1 ~ / ~ r .  For t h e  present  a n a l y s i s ,  we assumed a  



Time, years 
Componcn t 1EZ 1E3 1 E4 1E5 I ~ 6 -  

Tc-99 1.4E-13 1 .bE-1 l 1 .2E-09 2.4E-08 S.8E-M 

1-12? 0 0 0 0 0 

AC(8)  8.lE-12 3.ZE-I0 ?( .9E-09 2,4E-OH 3 . 1  E-08 

15 EPA I s o t ~ p c s  1 .SE-11 3.8E-10 4-38-09 G .8E-08 9.2E-08 

( a )  S i n g l e  m i  s s l o n  data; two spheres,  vi t t t  leachirrg . 

TABLE 5-26. C i U T I V E  OCEAN INPACT RISh (Ci) FOR REFEREKE 
HISSIOLQ: ~ m ~ c r  PAYLOAD RETURN FRW DEEP SPACG(~)  

Component 
Time, years 

<II .PEA 1 .OEF 2,0E5 5 .OES 1 .OF(, 
- - - - - - 

Tc-99 0 tr . bE-08 Q.&E-07 2 .OE-Oh 2 . E - 0 b  

1 - 1 3  0 0 0 0 0 

AC( 8) 11 1 .&E-08 1 .7E-07 3.7F-07 i . i E - 0 7  

I 5  EPA Iscrtopes 0 8.ZE-08 1 . IS-Ob 2 .OE-?b 2.8€-06 
- - - - 

( a )  Sing le  mission data;  tw, spheres .  



TABLE 5-21. QMUUTIVE DEEP-SPACE RISKS (Cl) FOB 
A L T R ~ T I P E  WASTE PAYWMDS(~) 

Time, pears 
Type of Re lease  1E2 1€3 1E4 1 ES 1 E6 

1. I n t a c t  Payload 
Reentry  Source  
Risk  - 

2. I n t a c t  Payload 
Return  - Hard Rock 
Impact 

1-129 Payload 2.9E-10 2.9E-9 2.7E-8 1.5E-7 4.9E-7 
Tc-99 Payload 6.7E-8 6.7E-7 6.1E-6 3.OE-5 5.68-5 

3. I n t a c t  Payload 
Return - Uet S o i l  
Impact ( l e a c h )  

1-1 29 Payload 3 .8E-11 3.8E-10 3.58-9 2 .OE-8 6.3E-8 
Tc-59 Payload 7.5E-11 6.98-9 3.4E-7 3.3E-6 6.3E-6 

4. I n t a c t  Payload 
Return  - Ocean 
Impact (Corrode/  
Leach) 

1-129 Payload 0 
Tc-99 Payload 0 

5. Payload Breakup 
I n t o  Smal l  P a r t i c l e  
D i s t r i b u t i o n  Upper 
Atmosphere Burnup 

1-129 Payload 0 0 4.2E-14 2.2E-12 4.9E-5 
Tc-99 Payload 0 0 8.OE-12 3.4E-10 8.4E-4 

( a )  S i n g l e  miss ion  d a t a ;  two spheres .  
(b) Impact p r o b a b i l i t i e s  used were: ocean ,  0.6673; wet s o i l ,  0.0118; 

rock ,  0.0898; o t h e r ,  0.0384. 



continuum meteoroid f l u x  over a  range of mass ( s i z e )  and allowed f o r  a  
t ime-integrated d i s t r i b u t i o n  cf impacts r e s u l t i n g  i n  material r e l e a s e  from t h e  
waste payload. The in t eg ra t ed  mass r e l e a s e  r a t e  f o r  a  s i n g l e  payload sphere  
( s h i e l d  p lus  cermet) is  2.3 x 1 0 ' ~  kglyr.  The cermet release rate f o r  a  
s i n g l e  mission (two spheres )  is  est imated i n  proport ion t o  cewe t lpay load  mass 
r a t i o ,  i.e., 

For a period T = 106 years ,  t h e  probable,  cumulative cermet r e l ea sed  i n  deep 
space is j u s t  under 1.0 kg. Only a  small  f r a c t i o n  of t h i s  r e l e a s e  w i l l  f i n d  
i t s  way back t o  Ear th ,  a s  descr ibed below. Furthermore, t h e  ma te r i a l  t h a t  
does r e tu rn  w i l l  do so ,  n o t  a t  one po in t  i n  time, but  r a t h e r  a s  a  d i s t r i b u t i o n  
over  t i ne .  

The proP*,ble mass r e t u r n  t o  Earth has  two components, each of which 
is  induced by the  Poynting-Robertson e f f e c t  of s o l a r  r a d i a t i o n  pressure  caus- 
ing  t h e  small  partic1.e ( s i z e )  d i s t r i b u t i o n  t o  s p i r a l  i n  toward t h e  Sun. These 
cmponents  a re :  ( 1) an i n t e r n e d i i t e  time-scale e f f e c t  f o r  p a r t i c l e s  reaching 
the  c lo se  v i c i n i t y  of t h e  Sun, swept outward with t h e  s o l a r  wind, and then 
same f r a c t i o n  being in t e r cep t ed  by Earth;  and (2 )  a  longtime-scale e f f e c t  f o r  
p a r t i c l e s  coming i n t o  c l o s e  g r a v i t a t i o n a l  encounter with Venus during t h e t r  
s p i r a l  toward the  Sun, and then  some f r a c t i o n  being de f l ec t ed  i n t o  an Earth- 
c ross ing  o r b i t ,  with some smaller  f r a c t i o n  then c o l l i d i n g  -with Earth on 
r een t ry  t r a j e c t o r i e s .  For t h e  s o l a r  wind e f f e c t ,  i t  has  been est imated t h a t  
t h e  p robab i l i t y  of a s o l a r  wind ion  being in t e r cep t ed  by t h e  Ear th ' s  
sagnetosphere and subsequent ly  being t r ac spo r t ed  i n t o  t h e  atmosphere ( 1  
percent  t r anspo r t  e f f i c i e n c y )  i s  ( 5  x 10'~) x (10'~) = 5 x 10'~. 

The two t a b l e s  t h a t  fol low present  t h e  probable cermet mass re turn-  
to-Earth reen t ry  a s  a  cumulative func t ion  of time a f t e r  launch f o r  a  s i n g l e  
m i s s  ion. 

1. Poynting-Robertson + Sun + So la r  Wind + Ear th  

- 
T (yea r s )  MR (kg) 

2.  Poynting-Robertson -, Venus + Earth 

- 
T (yea r s )  % (kg) 

B A T  T E L L E  - C O L U M B U S  



These d a t a  were in t eg ra t ed  w i t h  t h e  cermet rad ionucl ide  inventory and decay 
p r o f i l e  t o  o b t a i n  t h e  r i s k  ( t n  Curies)  a s soc i a t ed  with small p a r t i c l e  r e tu rn .  
The r e s u l t s  are presented i n  Table 5-28. 

TABLE 5-28. CUHUIATIVE UPPER ATMOSPHERE B U R W  RISK ( C i  
REFERREE MISSION: SMBCL PARTICLE itETLlda 

Time, yea r s  
Conponen t - <3.OE3 1.0E4 1 .OE5 2.OE5 1 .@E6 

15 EPA Iso topes  0 2.OE-12 1.8E-11 1.9E-08 1.9E-05 

( a )  S ingle  mission da ta ;  two spheres.  

5.5.12 Deep Space - Payload/Payload C o l l i s i o n  

In  t h i s  s e c t i o n  and t h e  two t h a t  fol low we b r i e f l y  presen t  suppor t ing  
d a t a  f o r  s e v e r a l  r i s k  mechanisms t h a t  have a e g l i g i b l e  con t r ibu t ion  t o  t h e  
t o t a l  r i s k  p r o f i l e  f o r  space d i sposa l .  The f i r s t  of t he se  cons iders  pos s ib l e  
c o l l i s i o n s  between nuclear  waste payload spheres  placed i n t o  t he  d e s t i n a t i o n  
o r b i t  region on d i f f e r e n t  missions. The payload o r b i t s  ( a t  0.85 A.U.) are a l l  
assumed to  be i nc l i ned  by 1 degree t o  t h e  e c l i p t i c  plane,  bu t  t h e  var ious  
o r b i t s  a r e  not  coplanar  s i n c e  t hey  do not  have i d e n t i c a l  va lues  of t h e  ascend- 
ing node, i.e., t h e  o r b i t s  will i n t e r s e c t  i n  s p a t i a l  o r i e n t a t i o n  by 1-degree 
r e l a t i v e  i nc l i na t ions .  The r e l a t i v e  speed of p o t e n t i a l  c o l l i s i o n s  is  564 m / s ,  
and the  k i n e t i c  energy of impact is 2.4 x 109 Jou le s  f o r  a payload sphere  
mass of 15,492 kg. The energy-to-mass r a t i o ,  Ep/Mt, is 1.6 x lo5 
Joules/kg,  which is considerably g r e a t e r  than t h e  c r i t i c a l  f ragmentat ion ener- 
gy l e v e l  of 7500 Jouleslkg.  In  f a c t ,  such a c o l l i s i o n  would be expected t o  
r e l e a s e  25 percent  of t he  payload mass i n  small p a r t i c l e  d i s t r i b u t i o n  ( <  - 1000 
microns) . 

The annular  s p h e r i c a l  *rolume of o r b i t s  a t  r = 9.85 A.l?. arrd i = 1 
degree is 1.5 x 11132 m3. For 750 missions a t  two spheres  each, t h e  number 
dens i ty  i s  5.0 x 1 ~ j - ~ ~  m3. Hence, t h e  c o l l i s i o n  p robab i l i t y  f o r  any t w 9  
spheres  of 2.12 m2 c ross -sec t iona l  a r e a  i s  3.8 x l g / r .  The s i n g l e  
mission r i s k  measured i n  terms of cermet cuss r e l e a s e  i n  space is  6.0 x 
10-l6 kglyr .  For the  t o t a l  of 750 missions deployed, t h e  c o l l i s i o n  proba- 
b i l i t y  i s  2.8 x 1 0 ' 1 ~ / ~ r  and the  probable cermet nass  r e l e a s e  i s  4.5 x 
10-13 kglyr .  This  is s e ~ e r a l  o rde r s  of magnitude less than the  meteoroid 
c o l l i s i o n  r i s k .  

B A T T E L L E  - C O L U M B U S  



5.5.13 Deep Space - PayloadIComet C o l l i s i o n  

So-called "new comets" a r e  bel ieved t o  emanate from a source of mate- 
r ial  loose ly  bound t o  t h e  s o l a r  system a t  very g r e a t  d i s t ances .  Occassional ly  
t h i s  m a t e r i a l  is d e f l e c t 4  on near-parabol ic  t r a j e c t o r i e s  toward t h e  Sun, per- 
haps by g r a v i t a t i o n a l  pe r tu rba t ions  of nearby stars. Based on hundreds of 
years  of observa t iona l  d a t a  and r ecen t  t h e o r i e s  of comet source  dynamics, i t  
has  been est imated t h a t  t h e  cometary f l u x  wi th in  1.0 A.U. of t h e  Sun lies i n  
t h e  range of 2/yr t o  19.5lyr. We w i l l  conserva t ive ly  assume t h e  l a r g e r  f lux .  
The p r o b a b i l i t y  of c o l l i s i o n  between any one payload sphere  and a c o m t  i s  
est imated t o  be 2.1 x We w i l l  assume complete d e s t r u c t i o n  of t h e  
payload i f  such a c o l l i s i o n  should occur.  

The s ingle-mission (two spheres )  c o l l i s i o n  p r o b a b i l i t y  is  8.1 x 
1 ~ 2 2 / y r ,  and the  r i s k  measured i n  terms of probable cermet mass r e l e a s e  i n  
space i s  5.1 x 10-18 kglyr .  For t h e  t o t a l  of 750 missions deployed, t h e  
c o l l i s i o n  p robab i l i t y  is 6.1 x 10-19lyr and t h e  probable cermet mass release 
i s  3.8 x 13-15 kg/yr. This  i s  two o r d e r s  of magnitude less than t h e  
payload/payload r i s k ,  and many o rde r s  of magnitude less than t h e  me teorofd 
c o l l i s i o n  r i s k .  

5.5.14 Deep Space - Erosion 

The occurrence of s p u t t e r i n g  and e ros ion  of t h e  payload s h i e l d  due t o  
impingement of s o l a r  wind ions  is est imated t o  be  1 angstrom/yr = 1 0 ' ~  
c;n/yr. Since the  s h i e l d  is 22 c m  t h i c k ,  t h e  m a t e r i a l  recess ion  even i n  106 
years  is  inconsequent ia i .  No cermet aass r e l e a s e  i s  expected from t h i s  
i n s u l t .  

5.5.15 Leaching and Corrosion Consequences f o r  A l t e rna t e  Payloads 

The leaching and cor ros ion  consequences of a launch acc ident  involv- 
ing a l t e r n a t e  payloads a r e  summarized i n  Tables 5-29, 5-30, 5-31, and 5-32. 

5.6 Prel iminary Space Disposal  Risk Est imates  

Based upon t h e  work reported i n  t he  previous subsec t ion ,  t h e  shor t -  
and long-term space r i s k s  can be in tegra ted .  Tables 5-33 and 5-34 provide t h e  
d a t a  necessary t o  p lo t  and compare a shor t -  and long-term space d i sposa l  r i s k  
f o r  the  Reference Miss ion ,  and the  two a l t e r n a t i v e  missions (Tc-99 and 1-1 29 
t o  space).  Figures  5-17 and 5-18 present  p l o t s  of t he se  da t a .  

Considerable unce r t a in ty  e x i s t s  i n  t h e  da ta .  The accomplishment of a 
Monte Carlo ana lys i s  needed t o  help d e f i n e  uncer ta in ty  was beyond the  scope of 
t h i s  study. However, based upon mathematically car ry ing  through the  high- and 
low-probabili ty d a t a  and est imated unce r t a in ty  i n  source terms, we be l ieve  
t he re  a r e  a t  l e a s t  two o rde r s  of magnitude on e i t h e r  s i d e  of t h e  "expected" 
space r i s k  da ta .  

Sect ion 7.0 d i s cus se s  how these da ta  r e l a t e  t o  the MGR and 
complemented MCR cases .  



TABLE 5-29. CUERTLATIVE LEACEING CONSEQWNCES Ci) FOR 
m m m c a  mssroa wmm accroENTta) 

Time, years 
1E2 1E3 1E4 2E4 - >5 . 3E4 

Tc-99 9.8EO 9.5El 7.8F.2 1.3E3 1.6E3 

AC( 8 5 . 7 ~ 2 '  3.3E3 7.1E3 8.2E3 8.6E3 

15 EPA Isotopes 1.4E3 4.5E3 9.OE3 1.0E4 1 .lE4 

- -F---:-- - 
(a) Single mission data; two spheres. 

TABLE 5-30. CUMULATIVE CORROSION AND LEACHING CONSEQUENCES (Ci) FOR 
REFEBE~CE WISSIOH LAUNCH  ACCIDENT(^) 

Time, years 
<8.8E4 1 .OES l.lE5 1.2E5 >le4E5 

Tc-99 0 6.7E2 9.8E2 1 .lE3 1.2E3 

AC( 8 ) 0 1.6E2 2.2E2 2.5E2 2.6E2 

15 EPA Isotopes 0 8.7E2 1.3E3 1.153 1.5E3 

(a )  Single mission data; 2 spheres. 

B A T T E L L E  - C O L U M B U S  



TABLE 5-31. (3MULATIVE LEAC¶ING COHSBQUENCES ( C i )  FOR 
Tc-99 DISPOSAL KISSION IAJWCB ACCIDEUT(~) 

I s o t o p e  ( s) 
Time ,  vears 

1E2 1E3 2E4 5E4 >8 .BE3 

TABLE 5-32. CUMULATIVE CORBOSIW AND LEACEIX CONSEQUENCES ( C i )  
FOR Tc-99 DISPOSAL MISSION ACCIDEWTS(~) 

Time,  years 
8.8E4 8.9E4 9.1E4 9.3E4 >9.7E4 



TABLE 5-33. LOGl() CUMULATIVE RISKS (Ci) FOR SPACE DISPOSAL 
OF ALW, LESS C s  AND Sr, 750 MISSIONS 

Time, years 
Isotope( s) 1El 1E2 1E3 1E4 lE5 1 E6 

Short-Term Events 

TC-99 -4.03 -4.01 -3.86 -3.33 -2.18 -1.95 

AC -2.24 -2.22 -2.13 -2 *OO -1.95 -1.92 

15 EPA Isotopes -1.64 -1.63 -1.60 -1 .57 -1*45 -1.39 

Long-Term Events 

TC-99 -- -5.19 -4.20 -3.24 -2.53 -1.82 

AC -- -3.43 -2.71 -2.31 -2.i6 -1.94 

15 EFA Isotopes -- -3.08 -2.59 -2.22 -1.98 -1.56 

Total 

Tc-99 

AC -2.24 -2.19 -2.02 -1 -82 1.74 -1 -62 

15 EPA Isotopes -1.64 -1.61 -1.56 -1 048 1.34 -1.17 

I A T T E L L E  -- C O L U M B U S  



TABLE 5-34. LOG10 CUMULATIVE RISKS ( C i )  FOR SPACE 
DISPOSAL OF IODINE AND TECHNETIUM 
PAYLOADS (100,000 MTEM EQUIVALENT) 

Time, years 
Isotops(s) 1El  1E2 1E3 lE4 1E5 1E6 

Iodine 

Short-Term Events 

Long-Term Events 

1-1 29 -- -7.77 -7.77 -5 -80 -5.02 -3.54 

Technetium payload(b) 

Short-Term Events 

TC-99 -4.01 -3.93 -3.47 -3.05 -1.95 -1.95 

Long-Term Events 

TC-99 -- -5.20 -4.20 -3.24 -2.55 -2.28 

Total 

TC-99 

(a)  Calculated for 5 .33 missLons over 25 years to  s a t i s f y  100,000 MTHM. 
(b)  Calculated for 8.47 missions over 25 years to s a t i s f y  100,000 MTHM. 

B A T T E L L E  - C O L U M B U S  
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FIGURE 5-18. EXPECTED CUMULATIVE SPACE RISK COMPARISONS FOR 
1-129 AND TC-99 DISPOSAL I N  SPACE 
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6.0 TERRESTRIAL DISPOSAL l ISK ES'2IMATES (FROM PNL STmIY! 

This s e c t i o n  provides an overview of  PNL-generated MGZ r i s k  d a t a  t h a t  
are used i n  t h i s  prel iminary r i s k  assessment of nuc l ea r  waste d i sposa l  i n  
space. The Waste Mixes Study, by McCallum snd h i 8  coworkers (1982), was 
performed during 1981. The ob jec t ives  of t h e  s tudy  were t o :  

a Determine i f  removal of selected iso!.opes ( o r  waste mixes) from 
HLW and TRI' waste would reduce t h e  p o t t n t i a l  impacts of geo logic  
d i sposa l  

a Determine i f  p a r t i t i o n i n g  of t h e  s e l ec t ed  i so topes  i s  f e a s i b l e  
from t h e  s tandpoin t  of cos t  and technology 

Determine an acceptab le  waste f o r d s )  f o r  d i s p o s a l  of s e l ec t ed  
i so topes  i n  space 

e Compare any reduc t ion  i n  r epos i to ry  impact t o  t h e  i nc rease  ir. 
waste t reatment ,  s t o r age ,  and t r anspo r t a t i on  impacts incurred a s  a  
r e s u l t  of t h e  par t iS ioning  a c t i v i t y .  

The p o t e n t i a l  waste mixes i d e n t i f i e d  i n  t h e  PNL s tudy  have been used 
throughout t h i s  r e p o r t  a s  a b a s i s  f o r  evaluat is  'J t h e  r i s k  b e n e f i t  o r  disbene- 
f i t  of nuc lear  waste d i sposa l  i n  space. (Risk i s  defj-ad a s  expected cumula- 
t i v e  r e l e a s e s  t o  t h e  biosphere.) The 'NL ana lyses  l e d  t o  de f in ing  f i v e  
a l t e r n a t i v e  .taste maaagement systems : 

a Reference Case - Dispose ef  a l l  HLW and TRU waste i n  a mined 
geologic  r epos i to ry  (MGR) . 

e Al te rna t ive  A - Dispose of iod ine  (1-129) i n  space and t h e  balance 
i n  t h e  MGR. 

a Al te rna t ive  B - Dispose of technetium (Tc-99) i n  space a?ld thn_ 
balance i n  MGR. 

a Al te rna t ive  C - Age f o r  50 years  and then d ispose  of 95 percent  of 
both c e s i u  ( C ~ - 1 3 ~ )  and ~ t r o n t i u m  (Sr-90; i n  a  r epos i to ry ;  
d i spose  t h e  balance of t h e  IiLW i n  space; s epa ra t e  plrttonium from 
t h e  TXi wasce f o r  recyc le ;  and dispose of t h e  balance of t h e  TRU 
vas t&  i n  MC-R. 

Al te rna t ive  D - Age ELW f o r  50 years  and then d ispose  of i n  space; 
s epa ra t e  plutonium from TRU waste and d ispose  of i n  space; and 
d ispose  of t he  balance of t he  TRU waste i n  a  MGR. 

For each of t h e  a l t e r n a t i v e s ,  t h e  " t e r r e s t r i a l  r i s k "  i s  made up of 
two pa r t s :  
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iteleases during re?roccssing and p a r t i t l m i n g  (what rre r e f e r  Lo as 
F C O C ~ S S ~ ~ ~ )  

Releases from accidents  t h a t  occur during procgssing or a f t e r  tk 
waste is placed i n  the reposi tory.  

a e  potent ia l  f o r  r i s k  :znefit  f o r  the PGR depends on t h e  degree of separa t ion  
and losses  t o  the  biosphere. Risks ftam shcrt-term accidents  d u r i w  u s t e  
processing o r  pLacepent i n  the  H a  have been shown t o  be negl ig ib le  (ncCal1- 
et al, 1982) and w i l l  not be included i n  the  discussion here. 

6.1 PNI, Waste-Frocessing Rist E s t i a o t e s  - 
The f i v e  PNL waste manag-nt a l t e r n a t i v e s  d i f f e r  by t h e  f r a c t t c n  of 

each isotope which is sent  ?o space. 'Ihe nuclide f r ac t ions  sent t o  sp:e f o r  
saae of the  more important i so topes  a r e  presented i n  Table 6-1. Tbe f r a c  
tim remaining is then s e c i  t o  h t e r r e s t r i a l  disposa: site. These f r ac t ions  
a r e  presented i n  Table 6-2. 

Each of the  waste asnagerrent a l t e r n a t i v e s  requi res  processing. With 
each a d a i t i s n a l  processing s t e p  at. additronal  f rar t ior ;  of c e r t a i n  i so topes  
w u l d  b2 released t o  the  biosphere. ?he f r a c t i o n  l o s t  t o  the  biosphere due t o  
90-1 reprocessing (Reference Case) has been estimated by QNL and is 
given i n  Table 6-3. The short-:em partitioninlg ( add i t iona l  waste process- 
ing over and above ihe Reference Case) releases t o  the  biosphere have a l s o  
been estimated by PNL and a r e  presented i n  Table 6-4. These re leases  have 
been used i n  t hc  overa l l  r i s k  estimates ( see  Section 7.0). It should be 
pointed out  t h a t  the  re leases  shown i n  these t a b l e s  a r e  dominated by C-14 
re lease  daring re?rocessfng ( see  15 EPA isotope values i n  Table 6-3). But, 
more importantly, they a r e  completely overshadowed by a t o t a l  tritium re lease  
of 2.2 x 107 CI f o r  a 100,000 MRM reposi tory equivalent  ( ~ c ~ l l u m  e t  a l ,  
1982). For a l l  a l t e rna t ives ,  t h i s  tritium re lease  dominates the  expected 
t o t a l  dose t o  the  population f o r  reprocessing and par t i t ioning.  The value 
pravided by PNL is approximately lOOC mafi-reas. Based on the  PNL data ,  
therefora,  it is concluded tiia the  t o t a l  a c t u a l  hea l th  r i s k  of waste 
processi& does not s igo i f i can t i .  change (within 2 t o  9 percent) with 
d d i t i o n a l  part?  t ioning s t eps  i n  support of space disposal .  For addi t ional  
information regarding these reprocessing and pa r t i t ion ing  re leases ,  the  reader 
is urged t o  review the  PNL Waste Wxes Study repor t  (HcCallum et  a l ,  1982). 

6.2 PNL Risk Estimates From a Repository Release 

PUL has assuned t h a t  the  Reference reposi tory i s  a mined geologic 
reposi tory (HGR) in bedded s a l t  ( a t  Paradox Basin). The HLW waste is s tored  
i n  containers which a r e  assumed to  have a design l i f e  of a t  l e a s t  1060 years, 
and i n s t i t u t i o n a l  control  af the s i t e  w i l l  be f o r  a 100-year period a f t e r  
closure. 

During the time period considered i n  t h i s  r i s k  assessmen: (out  t o  
lo6 years) ,  the reposi tory could be subjected t o  a number of disruptions.  
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TABLE 6-3. SHORT-TERM REPROCESSING REl,EASES TO THE BIOSPHRRE ( C i / l 0 0 , 0 0 0  MTHM) 

A l l   waste^ HLW to  Space, Tcchnot ium I o d i n e  
I s o t o p e ( s )  to  Reference. MGH R e f e r e n c e  S p a c e  D i e p o s a l  t o  S p a c e  to S p a c e  

R A c t i n i d e s  1.3E-2 

1 5  EPA I s o t o p e 6  5.61.:2(b) 

-.r~-..- ------I.. -- - r r r n r r . r  r - 6 - m u r e - r a r r  --re-r r+-- lurror lr+-r  rr-rr-r-- rrrr  

S o u r c e :  PN1. Waste M i x e s  Study ,  by R. McCallum et a l ,  1982.  

( a )  B e l i e v e d  to be low - see CEIS ( R e f e r  to S e c t i o n  3 o f  McCallum et  o l ,  1 9 8 2 ) .  
( b )  Carbon-14 i e  5.hE2 CL; n o t  i n c l u d e d  i n  t h i s  i a  t r i t i u m ,  w h i c h  is 2 . 2 U  C i .  



TABLE 6-4. SHORT-TERM PARTITIONING RELEASES TO THE BIOSPHIRE (~i /100,000 MTW) 

A l l  Waetee HLW to  Space, Technetium Iodine 
Isotope( e)  to Reference MGR(B) Reference Space Di@posrl to Space to Space 

Tc-99 0 5 2E-2 2,hE-1 0 

8 Act inidee 0 2 . OE-2 0 0 

15 EPA Isotnpea 0 0 0 0 

Source: PNL Waete Mixea Study, by R. McCallum e t  a l ,  1982. 

(a)  Zero by def ini t ion of the terme reproceeeing ve. partitionfng; reprocessing releases 
given i n  Table 6-3.  

( b )  Releases included i n  reprocessing losees  ( see  Table 6 -3 ) .  



Table 6-5 (from Greenborg et a l ,  i978) r e p r e s e n t s  a list of some of t h e  
postulated chal lenges t o  t h e  i n t e g r i t y  of t h e  repos i tory .  These events  could 
poss ib ly  lead  t o  a r e l e a s e  t o  t h e  biosphere. Quan t i t a t i ve  estimates f o r  - two 
of t h e  events  ( s e e  boxed items i n  Table 6-5) were made i n  t h e  Waste Mixes 
Study (McCallum e t  al, 1982). The two events  considered by PNL, a d r i l l i n g  
event i n t o  bedded salt and a n a t u r a l  f a a l t  (beddzd s a l t )  are bel ieved by PNL 
t o  provide t h e  most s i g n i f i c a n t  con t r ibu t ion  t o  t b e  o v e r a l l  r i s k  a f  t h e  MGR. 
These events ,  a long wrth PNL's models and assumptions, are descr ibed  i n  t h e  
next two subsect  ions,  

6.2.1 Faul t  Rlsk E s t h a t e s  

The n a t u r a l  event chosen by PNL f o r  a n a l y s i s  was a seismic ( f a u l t )  
event  occurr ing 1W3 years  a f t e r  r epos i to ry  c losure ,  fo l loded  by ground water 
en t e r ing  and e x i t i n g  a region of t h e  repos i tory ,  Raymond e t  a1 (1980) pre- 
v ious ly  addressed t h i s  scenar io .  Raymond's work formed t h e  b a s i s  f o r  t h e  
release mechanism assumsd by PNL i n  t h e  study. Using a leach  rate of 1.0 x 
13-5 g/cm2*day aad o t h e r  parane te rs  (de t a i l ed  i n  McCallum e t  a l ,  1982) 
which were believed by PNL t o  be conserva t ive ,  cumulative releases over  
10,000, 100,000, and 1,000,000 yea r s  t o  t he  a c c e s s i b l e  environment were 
e s t i n a t e d  f o r  i so topes  i d e n t i f i e d  by t h e  EPA (U.S. EPA, 1981 and U.S. NRC, 
1981) t o  be of concern. f o r  long-term r i s k .  The a c c e s s i b l e  environment is 
def ined by t h e  EPA (U.S. EPA, 1981) a s  su r f ace  waters ,  land s u r f a c e s ,  t h e  
atmosphere, and underground formations g r e a t e r  than one mile from t h e  
r epos i to ry  boundary which might provide ground water f o r  human conslzaption. 
The one-mile boundary was se l ec t ed  by PNL as t h e  measure i n  t h i s  study. 

The r e s u l t s  of t h e  PNL c a l c u l a t i o n s  f o r  t h e  f a u l t  c a s ? ,  wi th  and 
withotit HLW d i sposa l  i n  space,  a r e  presented i n  Tables 6-6 and 6-7. These 
t a b l e s  d i sp l ay  t h e  cumulative csnsequences and r i s k  o u t  t o  one m i l l i o n  years.  

For removal of iod ine  and technetium, PNL recommended reducing Tc-99 
and 1-129 values  i n  Table 6-6 by f a c t o r s  of 0.014 and 0.020, r e spec t ive ly .  

PNL compared these  r e l e a s e s  t o  t h e  d r a f t  EPA r e l e a s e  limits f o r  
r e p o s i t o r i e s  (U.S. EPA, 1931) and found t h a t  t h e  pred ic ted  r e l e a s e s ,  even 
assuming the  f a u l t  occurs  a t  1000 years ,  were wel l  below t h e  limits. - 

6.2.2 D r i l l i n g  Event Risk Est imates  

PNL a l s o  used EPA es t ima te s  of f u t u r e  d r i l l i n g  r a t e s  t o  determine 
the  consequences of poss ib le  human 3nt rus ion .  D r i l l i n g  f o r  resources ,  e t c , ,  
was assumed t o  commence a f t e r  t he  f i r s t  100 years ,  when i n s t i t u t i o n a l  con t ro l s  
have ended (200-yzar-old waste).  The consequences and r i s k  of a d r i l l i n g  
event  were e s t i f a t e d  by PNL. me r e s u l t s  i n  terms of expected cumulative 
r e l ea se s  t o  t he  biosphere ( l and ,  top s o i l ,  and a i r )  a r e  presented i n  Tables 
6-8 and 6-9 f o r  t he  Reference MGR and MGR complemented by removing HLW, l e s s  
95 percent cesium and s t ront ium. A d e t a i l e d  explanat ion of the  r a t i o n n l e  
behind these  assumptions is presented i n  t h e  P:JL r epo r t  (?icCalium e t  a l ,  
1982). 
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TABLE 6-5. POTENTIAL DISRUPTIVE PHENOMENA FOR WASTE ISOLATION REPOSITORIES 

Natural Proceerea Natural Eventa bn-Cauaed Evan La 
Repository-Cauaad 

Procesreo 

a ClImctic Pluctuationr 

a ha-Lava1 Ylucluationa 

a Glaciation 

a River Eroaion 

a Trctonic Forcer 

a Volcanic B x t ~ a i o n  

a Igneour Intruaion 

a Diapiriro 

a N e w  or  Undetected 
Fault Rupture 

a Hydraulic Qrrcturing 

a Diaaolut ion 

a Aquifer Flux Variation 

- 

a Plood Eroaion Iaproper DarlgnlOparation~ 

l Snaft 80.1 Pri lura 
a Improper Waate bplacamsnt 

Undotactad Past Intruaion r 

a Undircoverrd Boreholas o r  Mino 
Shaf t a 

Inrdvartent Future I n t r u r i o n ~  

a Archeological Exhumation 
a Waapona Tasting 
a Nonnuclear Wauta Diapasal 

L - 
a Reaourca Mining (Minrral, 

Hydrocarbon, Gaotharmal, Sa l t )  
A - 

a Storage of Hydrocarbons or  
Compreared Air 

Xntrntional Intruaionr 

a War 
a Sabotage 
a Waate Rrcovery 

Perturbation of Ground Watar Syatrco: 

a I r r iga t ion 
a Rarervoirr 
a lntent  ionrl  Ar t i f i c i a l  Rachsrga 
l drtabliahmnt of Population h n t e r  

Thermal, Chmical Potential ,  
Radiation, and Elrchanical 
Forca Cradiancar 

a Induced Local Fracturing 
a Clremical o r  Phyqical Chrngsa 

in Local Geology 
Induced Ground Water Moveaent 

a Waata Container Movement 
a Incraare i n  mtc rna l  Praaaure 
a Shaft Ma1 Failure 

Source: Waste l ro la t ion  Safet Aasosrwnt Pro ram Scanario Anal a i r  Mathodr fo r  Uoa i n  Am#aaring the Srfa t  of tho Geologic 
-on of Nuclear zaate,  by J. Cra:nborg a t  01, Pacl:ic Nor th ra t  Laboratory, Pn-2643 (Novombo: l 9 7 r  



TABLE 6-6. CUMULATIVE CWSEQI"3XBS At; 1 XELEASE RISKS 
FOR FAULT SCBNARIt*, BEFEIL'IYCB MGR 

Con~equences  (Ci)  P r o b a b i l i s t i c  Risks  ( C i )  
f o r  Cumulative Release f o r  & n u l a r i v e  Release 

t o  Access ib le  Environment t 3 P-ccessjble ~ n v i r o n m e n t ( a )  
- 

I so tope(  s )  lo4 yr 105 y r  106 yr lo3 yr 105 y r  lo6 y r  

TOTAL 1.01E4 1.58E4 1.49E4 1.31E-? 1.48E-1 1.49EO 

Source: PNL Waste Mixes Study (McCallum e t  a l ,  1982). 

( a )  P r o b a b i l i t y  of f a u l t  o c c u r r i n g  es t imated  by PNL/ONWI t o  be s 1 0 ' ~ ~ / ~ e a r ;  
consequence d a t a  m u l t i p l i e d  by t h e  p r o b a b i l i t y  f o r  event  i n  t h a t  g iven  
per iod.  

E A Y T E L L E  - C O L U M B U S  



TABLE 6-7. CUMULATIVE COIYSEQUENCES AND RELEASE RISKS FOR 
FAULT SCEWIO, CWLRlBNTED BY REMOVAL OF HLW, 
LESS 95 PERCKNT Cs AND Sr  

Consequences (Ci )  P r o b a b i l i s t i c  Risks  (Ci) 
f o r  Cumulative Release f o r  Cumulative Release 

to  Accessible  Environment t o  Accessible  ~nv i ronmen t ( a )  

I so tope(s )  104 yr 105 y r  106 yr 104 yr 10s F 106 yr 

Tc-99 

1- 1 29 

-24 1 

Am-2 4 3 

Pu-2 38 

Pu-2 33 

Pu-240 

Pu-2 4 2 

Np-237 

&.-2 26 

AC 

C-14 

Cs-135 

Cs-137 

Sr-90 

Sn-126 

FP 

TOTAL 

Source: PNL Waste Mixes Study (McCallum e t  a l ,  1982). 

( a )  P robab i l i t y  of f a u l t  occurr ing est imated by PNLIONWI t,  be %10'10/~ear; 
consequence d a t a  mul t ip l ied  by the  p r o b a b i l i t y  f o r  event  i n  t h a t  given 
period. 
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TABLE 6-8. CUMULATIVE RELEhSE RISKS (CURILS) FROH DRILLING 
EVENTS OCCURRING OVER PERIOD UP TO 1 x 106 YEARS 
AT A BKDDED SALT REPOSITORY, REFERENCE M G R ( ~ )  

Time, y e a r s  

I s o t o p e s  200 1E3 1 E4 1 E5 1E6 

Tc-99 

1-129 

Am-2 4 1 

Am-243 

Pu-238 

F'u-239 

Pu-2 40 

Pu-242 

Np-2 3 7 

RE-226 

AC 

C-14 

Cs-135 

Cs-137 

Sr-90 

Sn- 126 

FP 

TOTAL 

Source: PNL Waste Nixes Study (McCallum e t  a l ,  1982). 

(a)  Assumes t h e  EPA (1980) f i r s t  e s t i m a t e s  of d r i l l i n g  r a t e s ,  t h e  r e l e a s e  
parameters  i n  t h e  DOE (1980) d i s r u p t i v e  e v e n t ,  and a 100,000 MTHM 
r e p o s i t o r y .  



TABLE 6-9. CUMULATIVE RELEASE RISKS (CURIES) FROM DRIILING 
m S  OCCURRING OVER PERIOD UP TO 1 x 106 YEARS 
AT A BEDDED !%LT REPOSITORY, COMPLEMENTED MCR BY 
 OVAL OF mw, LESS 95 PERCENT cs m ~ r ( a )  

- Time, years 
Isotopes 200 1 E 3  1E4 1 E 5  1E6 

TOTAL 

Source: PNL Waste Mixes Stu8y (McCallum e t  a l ,  1982). 

(a) Assumes the U.S. EPA (1980) f i r s t  estimates of dr i l l ing  rates,  the 
release parameters in  the U.S.  DOE (1980) disruptive event, and a 
100,000 MTHM repository. 

(b) Some fraction of th i s  isotope would remain i n  a repository; however, 
t h i s  point was not examined in the PNL study. 

B A T T E L L €  - C O L U M B U S  



PNL concluded t h a t ,  from a human in t ru s ion - r i sk  s tandpotn t ,  t h e r e  nay 
be some incen t ive  t o  remove t h e  a c t i n i d e s  from t h e  r epos i to ry  inventory;  h o w  
eve r ,  PNL's r e s u l t s  a l s o  show t h a t  t h e  r e l e a s e  r a t e s  were wi th in  t h e  d r a f t  EPA 
limits. 

6.3 Summarv of PNL T e r r e s t r i a l  Risk Data 

A summary of t h e  PNL MGR r i s k  d a t a  f o r  waste processing,  t h e  f a u l t ,  
and d r i l l i n g  events  i s  given i n  Tables 6-10, 6-11, and 6-12. The cumulative 
r i s k s ,  i n  C i ,  a r e  provided i n  terms of Loglo. This  f a c i l i t a t e d  t h e  p l o t t i n g  
of t he  va lues  ( s e e  Sec t ion  7.0). 



TABLE 6-10. LOG10 3F TOTAL EXPECTEI) MGR RISKS (CURIES) 
FOR PI& PRO(;ESSIMG SCENARIOS 

Scenario 

Log l o  
To ta l  Curies  Released 

f o r  10C ,000 MTHM 

Reference MGR 

Tc-99 
1-129 
AC(8) 
15 EPA Iso topes  

Complemented MGR (HLW, less Cs and 
Sr  t o  Space) 

Tc-99 
1-1 29 

15 EPA Iso topes  

Complemented MG?. (Tc-99 t o  Space) 

Tc-99 
1-1 29 
AC( 8 
15 EPA Iso topes  

Complemented MGR (1-129 t o  Space) 

Tc-99 
1-1 29 
W 8 )  
15 E?A Iso topes  

(a)  From FEIS (U.S. DOE, 1980;; PNL be l i eves  should be much higher .  
(b! Mostly C-14. 



ORIGINAL PAGE IS 
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TABLE 6-11. LOG10 OF EXPECTED CUMULATIVE MGT; RISKS 
(CURIES) FOR PNL 9RIUING SCENARIOS 

3 cenar !.o 200 1E3 1E4 lE5 1E6 

Reference MGR 

Tc-99 -0.42 0.20 1.08 2.11 2.66 
1-1 29 -2.69 -2.35 -1.38 -0.39 0.60 
AC(8) 0.53 1.76 2.08 2.39 2.45 
15 EPA Isotopes 2.24 2.38 2.50 2.76 3.0: 

"mplemented MGR (HLW less Cs and Cr to space) 

Tc-99 -2 -42 -1 -80 -0.82 0.11 0.66 
1-1 29 -2 .96 -2.35 -1.38 -0.41 -0.58 
AC(fJ) -1 -65 -0.256 0.0246 0.280 0.405 
15 EPA Isotopes 2.19 2.23 2.23 2.25 2.32 

Com~lemented MGR (Tc-99 to mace) 

Tc-99 -2.12 -1 .50 -0.62 0.41 0.96 
1-1 29 -2.96 -2.35 -1.38 -0 -39 0.60 
AC( 8 1 0.53 1.76 2.08 2.39 2.45 
15 EPA Isotopes 2.24 2.38 2.48 2.65 2.76 

Complemented MGR (1-129 to space) 

Tc-99 -0.42 0.20 1 .@8 L.ll 2.66 
1-129 -4.81 -4.2C -3.23 -2 -24 -1.25 
AC(8) 0.53 1.76 2.08 2.39 2.45 
15 EPA Isotopes 2.24 2.3d 2.50 2.76 3.01 
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TABLE 6-12. OF EXPECTKD CUMULATIVE HGB RISKS 
(CURIES) FOR PM, FAULT SCENKLOS 

The, years  

Scenario 1 E4 1 E5 1E6 

Reference MGli 

Tc-39 -2 900 -0.89 0.11 
I- 129 -4.57 -3.46 -2.46 
AC(8) -7 -75 -2.17 -1.11 
15 EPA Isotopes -2 -00 -0.83 0.17 

Tc-99 -4 .OO -2 -89 -1.83 
1-1 29 -4 .57 -3 .a6 -2.46 
AC(8) -9.74 -3.88 -3.11 
15 EPA I so t  ,pes -3.46 -2 -09 -1 -09 

Complemented MCR (Tc-99 t o  space) - 
Tc-99 -3 -69 -2.59 -1.59 
1-1 29 -4.57 -3.46 -2.46 
AC( 8 -7.75 -2.17 -1.11 
15 EPA Isotopes -3.39 -1.69 -0.57 

Comolemented MGR (1-129 t o  space) 

Tc-99 -2.00 -0.89 -0.11 
1-1 29 -6.42 -5.31 -4.31 
AC(8) -7.75 -2.17 -1.11 
15 EPA Isotopes -2 .OO -0.83 -0.17 
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7.0 U@T?XUTED RISK BEHEFIT/DISBENEFIT FOR DISPOSAL S Y S m S  
COMPLRELOTQ) BY SPACE DISPOSAL OF NUCLEAR WASTE 

This  s e c t i o n  i n t e g r a t e s  the r e s u l t s  of bo th  t te  PNL ( S e c t i o n  6.0) and 
BCL [St?.-tior, .5.0) release r i s k  assessments  f o r  t h e  t o t a l  n u c i e a r  waste  d i s -  
posa l  s v s t .  s c o n + i d e ~ &  i n  t h e  c u r r e n t  year  s t u d y  program. Risk is  d e f i n e d  
as cumul..tive ? , r  ies r e l e a s e d  t o  t h e  a c c e s s i b l e  environment (what we r e f e r  t o  
as t h e  "oiosghece").  The terrestrial d i s p o s a l  r i s k  is comprised of t h e  
f 01 lowing comp- n e n t s  : ( 1 )  expected waste-processing r e l e a s e s  t o  t h e  
b iosphere ,  ( 2 )  p r o b a b i l i s t i c  waste releases t o  t h e  b iosphere  v i a  a  f a u l t  
e v e n t ,  and ( 3 )  p r o b a b i l i s t i c  was te  releases t o  t h e  b iosphere  due t o  a d r i l l i n g  
s c e n a r i o .  The space  d i s p o s a l  r i s k  is comprised of p r o b a b i l i s t i c  releases t o  
t h e  biosphere  r e s u l t i n g  from c r e d i b l e  a c c i d e n t s  t h a t  can occur  frcm t h e  launch 
pad t o  t h e  f i n a l  d e s t i n a t i o n .  Space a c c i d e n t s  inc lude :  

Long-term c o r r o s i o n  i n  t h e  ocean and i n  w e t  s o i l  
Hard rock impact 
Volcano impact 
Meteoro id /debr i s  impact 
High-velocity impacts on s o i l ,  rock,  and water 
Deep-space meteoroid impacts 
Deep-space payload r e t u r n  over  t h e  long  t e r n .  

Based upon t h e  d a t a  i n  S e c t i o n s  5.0 and 6.0, we w i l l  d i s c u s s  and 
compare t h e  v a r f o u s  cumulative r e l e a s e  r i s k  c o n t r i b u t i o n s  f o r  t h e  
noncomplemented HGR (no space d i s p o s a l ?  and t h e  space-complemented MCR 
systems. The e , coach f o r  d i s c u s s i n g  t h e  i n t e g r a t e d  r i s k  i s  as fol lows.  For 
t h e  f i v e  s c e n a r i o s  l i s t e d  below, t h e  r i s k  of t h e  noncomplemented MGR w i l l  be  
d i scussed  f i r s t ,  followed by :he complemented MCR r i s k ,  a s s u i n g  t h a t  an 
" idea l "  o r  "zero" r i s k  d i s p c s a l  system could handle  t h e  waste removed from t h e  
c m p l e n e n t e d  YGR. Then, t h e  t o t a l  i n t e g r a t e d  r i s k s  (complemented YCR ~ l u s  
space r i s k )  f o r  each s c e n a r i o  w i l l  be compared t o  t h e  noncomplemented MGR. 
P o t e n t i a l  r i s k  b e n e f i t s  o r  d i s b e n e f i t s  based upon t h e  a v a i l a b l e  d a t a  w i l l  be 
d i scussed .  

These f i v e  s c e n a r i o s  a r e  considered and d i scussed :  

( 1) The c u n u l a t i v e  r e l e a s e  r i s k  f o r  t h e  srw of t h e  15  EP.4 i s o t o p e s  
( s e e  McCellum e t  a l ,  1982) f o r  HLV d i s p o s a l  i n  space 

( 2 )  The cumulative r e l e a s e  r i s k  f o r  t h e  sum of e i g h t  a c t i n i d e s  ( s e e  
McCallum et a l ,  1982) f o r  HLW d i s p o s a l  :n space  

( 3 )  The cumulative r e l e h s e  r i s k  of Tc-99 f o r  HLW d i s p o s a l  i n  s p a c e  

( 4 )  The cr,mulative r e l e a s e  r i s k  of 1-129 f o r  1-129 d i s p o s a l  i n  
space 

( 5 )  The cumulative r e l e a s e  r i s k  of Tc-99 f o r  Tc-99 d i s p o s a i  i n  
space .  



7.1 HLW Disposal  i n  Space - 15 EPA I so topes  

Figure 7-1 p re sen t s  t h e  emulative r e l e a s e  r i s k  d a t a  f o r  15 EPA 
i so topes ,  a s  c i t e d  i n  Sec t ions  5.0 and 6.C of t h i s  r epo r t ,  f o r  t h e  case  of HLW 
d ' sposa l  i n  space ( t h e  Reference space d i s p o s a l  mission).  The magnitudes of  
t h e  f o u r  major r i s k  con t r ibu to r s  (process ing ,  d r i l l i n g ,  f a u l t ,  and space)  are 
designated by t h e  app rop r i a t e  shading ( s e e  legend).  

7.1.1 Reference HCR Risk (No Space Disposal) 

The cumulative r e l e a s e  r i s k  f o r  t h e  Reference MGR case ,  no space 
d i sposa l  ( s e e  Figure 7-la),  i n d i c a t e s  t h a t  short-term waste-processing 
r e l e a s e s  dominate t h e  cumulative r e l e a s e  r i s k  (mostly due t o  C-14). The 
computed r i s k  f o r  d r i l l i n g  events  dominates over t h e  f a u l t  case  by about t h r e e  
o rde r s  of magnitude. 

7.1.2 Com~lemented HCR Risk 

Because of t he  dominance of  t h e  waste-processing r e l e a s e s ,  even an  
i d e a l  d i sposa l  system f o r  HLW would not appear t o  reduce t h e  cumuiative re- 
l e a s e  r i s k  f o r  t he  d i sposa l  systela ( s e e  Figure 7-lb). I f  one ignores  t h e  
short-term processing r e l e a s e s ,  then about a f a c t o r  of t h r e e  reciuction i n  t h e  
cumulative r e l e a s e  r i s k  f o r  t h e  d r i l l i n g  event  i n  t h e  long term is ind i ca t ed ,  
assuming an i d e a l  d i sposa l  s y s t e a  f o r  HLW. The f a c t  t h a t  TRU is always 
present  i n  t h e  MGR c o n t r i b u t e s  t o  t h i s  f a c t .  For t h e  f a u l t  c a se ,  about one 
o rde r  of magnitude improvement i s  poss ib l e  f c r  t h e  sum of t h e  15 EPA i so topes .  
The cumulative r e l e a s e  r i s k  f o r  both t h e  Reference !IGR and complesented MGR i n  
t h e  event of t he  pos tu la ted  f a u l t  c a se  is a t  o r  below t h e  1 C i  cumulative 
r e l e a s e  l i n e .  This  i s  a very low r i s k  i n  both cases .  PNL i n d i c a t e s  t h a t  t h i s  
is - w e l l  below the  d r a f t  EPA r e l e a s e  l i m i t s  f o r  nined geologic  r e p o s i t o r i e s .  

7.1.3 Space Risk - 
The space r e l e a s e  r i s k  e s t ima te  ( s e e  Figure 7-lc) is extremely small  

compared t o  processing ~ ~ o l ~ ~ e s  and d r i l l i n g  re leases .  I t  is about t he  same -- 
orde r  of magnitude a s  t he  r e l e a s e  rLsk f o r  t h e  complemented f a u l t  ( s e e  Figure 
7-lb). Because of t h e  unce r t a in ty  i n  t h e  d a t a ,  pnss ib le  b e n e f i t s / d i s b e n e f i t s  
of space d i s p o s a l  f o r  t he  MGR f a u l t  s cena r io  only a r e  uncer ta in .  A l l  t h a t  can 
be concluded is  t h a t  t h e  expected cumulative r e l e a s e  r i s k  of t h e  15 EPA 
i so topes  f o r  t he  space d i sposa l  of HLW i s  t h a t  t he  r i s k  b e n e f i t s  a r e  p o s s i b l e  
i n  t h e  very long term, but a r e  not l i k e l y  t o  be important. One must look t o  
o t h e r  d i s c r imina to r s ,  such a s  t he  a c t i n i d e s  and techne t iun ,  t o  s ee  i f  t he re  
a r e  any poss ib le  b e n e f i t s  f o r  s p e c i f i c  problem s r e a s  i n  t h e  HCP.. 
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7.2 HLrl Disposal  i n  Space - Eight  Act in ides  

Figure 7-2 p re sen t s  t h e  cumulative r e l e a s e  r i s k  d a t a  f o r  t h e  sun of 
e i g h t  a c t i n i d e s ,  as c i t e d  i n  Sec t ions  5.0 and 6.0 of t h i s  r epo r t  f o r  t h e  case 
of HLW d i sposa l  i n  space. 

7.2.1 Reference ncR Risk (No Space Disposal)  

The cumulative a c t i n i d e  r e l e a s e  r i s k  f o r  t h e  Reference HGR case  (see 
Figure 7-2a) Ind ica t e s  t h a t  t h e  d r i l l i n g  event  s i g n i f i c a n t l y  dominates over  
t h e  r i s k s  f o r  waste processing and the  f a u l t .  The a c t i n i d e  r e l e a s e  r i s k  from 
f a u l t i n g  is  i n s i g n i f i c a n t l y  sinall and comparable t o  t h e  processing r e l e a s e s  
f o r  t h e  ac t in ides .  

7.2.2 Com~lemented MCR Risk 

Figure 7-2b i n d i c a t e s  only  a s l i g h t  i n s i g n i f i c a n t  increase  i n  waste- 
processing r e l e a s e s  i n  t h e  s h o r t  term. The r e l e a s e  r i s k  from t h e  f a u l t  case 
moves from i n s i g n i f i c a n t  values t o  two o r d e r s  of magnitude less (see  Figures  
7-2a and 7-2b). For an i d e a l  d i sposa l  system f o r  HLW, a bene f i t  can be 
r ea l i zed  when one cons iders  t he  d r i l l i n g  event  pos tu la ted  by PNL. About a 
f a c t o r  of 100 reduct ion  i n  t h e  long-term r i s k  can be r e a l i z e d  f o r  t h e  
a c t  i n ides  . 

7.2.3 S m c e  Risk 

A s  shown i n  Figure 7-2c, t h e  space r i s k  i s  aga in  very s m a l l  and 
camparable t o  t he  r i s k  of waste processing and t h e  r i s k  of f a u l t i n g  i n  t h e  
Reference MGR case. It appears ,  even with t h e  unce r t a in ty  t h a t  i t  does not 
make sense t o  dispose of t h e  a c t i n i d e s  i n  space i f  one cons iders  only waste 
processing and the  f a u l t  r e l e a s e  r i sk .  A s i g n i f i c a n t  d i s b e n e f i t  i s  poss ib le .  
Howev.?r, i f  human i n t r u s i o n  ( d r i l l i n g )  is considered t o  be an important f a c t o r  
i n  t h e  r i s k ,  then space d i sposa l  of t he  a c t i n i d e s  can provide a cu-ulative 
rele'ase r i s k  bene f i t  by about a f a c t o r  of 100, even with a space r i s k  
component increase  by two o rde r s  of  magnitude. 

7.3 HLW Disposal i n  Space - Tc-99 Risk 

Figure 7-3 p re sen t s  t he  cumulative r e l ea sz  r i s k  d a t a  f o r  Tc-99, a s  
c i t e d  i n  Sect ions 5.0 and 6.0 of t h i s  r epo r t  f o r  t h e  case of HLW d i sposa l  i n  
space. 

7.3.1 Reference MGR Risk (No Space Disposal) 

Figure 7-3a i n d i c a t e s ,  when compared t o  Figure 7-la,  t h a t  Tc-99 is  an 
important c o i ~ t t i b u t o r  t o  the  r e l ea se  r i s k  i n  an YGR (only i n  terms of Curies 
re leased) .  Figure 7-3a e l s o  i n d i c a t e s  t h a t  t h e  d r i l l i n g  event dominates t h e  

m A T T P L L B  - C O L U M B U S  
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possible releases. PNL says that processing releases of Tc-99 were predicted 
by the FEIS (U.S. W E ,  1980) to be very small; therefore, they do not appear 
on the graph. 

7.3.2 Complemented W R  Risk 

Figure 7-3b indicates that about a factor of 103 improvement in the 
long-term release risk for Tc-99 can be obtained for an ideal disposal system. 
However, because of short-term processing releases, the benefit becomes a 
slight disbenefit in the short ten. 

7.3.3 Space Risk 

The space risk (see Figure 7-3c), is very small compared to the 
complemented NGR risk envelope. It is, however, comparable to the risk of the 
fault case. Due to the uncertainties that exist in the data base, little can 
be said for technetium disposal, if one does not include human intrusion 
(drilling). Benefit is possible if one considers that hman intrusion is 
possible. However, this benefit would be better realized by partitioning 
technetium and shipping it to space (see Section 7.5). 

7.4 1-129 Disposal in Space - 1-129 Risk - 
Figure 7-4 indicates that because of the large processfng releases 

anticipated i2 the short term (see Section 6 . 0 ) ,  no benefit is possible for 
disposing of 1-129 in space. If improvement can be made in the processing of 
the iodine, than benefits are possible with space disposal. flowever, these 
benefits are believed to be technically insignificant (see the 1-Ci line in 
the figure). The space disposal risk is exceedingly insignificant (see 
Figure 7-4c) .  

7.5 Tc-99 Disposal in Space - Tc-99 Risk 
Figure 7-5 indicates that the short-tern risk due to waste pro- 

cessing for Tc-99 disposal in space is increased to a "relatively insig- 
nificant" level (see the 1-Ci line). Long-term benefits are possible if one 
considers human intrusion d r i l n ' , .  There do not appear to any tech- 
nical benefits for Tc-99 in space if one excludes human intrusion. ?lore 
efficient partitioning processes could improve the potential benefit for 
technetium dis~osal ia space. The space risk component is an insi~nificant 
contributor when compared with waste-processinp and drilling events. 

8 A T T E L L E  - C O L U M B U S  
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8.0 S U M U Y  OF RESULTS 

This  s e c t i o n  summarizes a few of t h e  major r e s u l t s  of t h i s  study. 
The results given hzve considered t h e  unce r t a in ty  i n  t h e  2alculated va lues  f o r  
t h e  r e l e a s e s  f o r  both t h e  MGR and space d i sposa l .  The r e s u l t s  l i s t e d  a r e  
organized by t o p i c  a r ea :  

Based Upon Data Derived i n  t h e  PNL Study 

(1)  The r i s k  t o  f u t u r e  populat ions from t h e  mined geologic  d i s p o s a l  
of r ad ioac t ive  waste appears  t o  be extremely small .  

( 2 )  I n  t e r n s  cf Cur ies  r e l ea sed ,  t h e  escape of f i s s i o n  products 
during normal reprocess ing  would be expected t o  be a s  l a r g e  a s  
t h e  t o t a l  amount re leased  (due t o  a n a t u r a l  f a u l t  o r  human 
i n t r u s i o n )  over t h e  subsequent one mi l l i on  years .  

(3) The r e l e a s e  of a c t i n i d e  elements dominates t h e  escape of 
rad ionucl ides  over t h e  expected period of pos s ib l e  human 
i n t e r v e n t i o n  ( d r i l l i n g  events )  i n  t h e  MGR. 

(4) The r e l e a s e  of  Tc-99 appears t o  dominate t h e  escape of 
rad ionucl ides  i n  MGR se i smic  events.  Act inide r e l e a s e s  a r e  
expected t o  be small .  

(5)  Since some r a d i o a c t i v e  m a t e r i a l  would be disposed of i n  an  MGR 
f o r  each of t h e  space d i sposa l  o p t i ~ n s  examined, space d i s p o s a l  
could reduce but no t  e l imina te  t h i s  element of r i s k .  For some 
rad ionucl ides ,  t h e  a d d i t i o n a l  waste processing required f o r  
s r ace  op t ions  would a c t u a l l y  i nc rease  t h e  waste-reprocessing 
component of t h e  r i s k .  

(6)  The p o t e n t i a l  f o r  r i s k  b e n e f i t  i s  l imi t ed  by the  degree of 
separa t ion  and r e l e a s e  i n  waste processing and t h e  i n c l u s i ~ n  of 
TW wastes i n  t he  MGR. 

( 7 )  Current technology i n d i c a t e s  t h a t  t he re  i s  no p o t e n t i a l  f o r  re- 
l e a se  r i s k  b e n e f i t  f o r  t he  space d i sposa l  of 1-129. P o t e n t i a l  
e x i s t s  f o r  Tc-99 and t h e  a c t i n i d e s  f o r  cu r r en t  waste-processing 
technology. 

Based Upon BCL Prel iminary Space Risk Est imates  

(8 )  The r i s k  of :pace d i sposa l  appears t o  be very small .  

( 9 )  Short-term space d i sposa l  r e l e a s e  r i s k  (space component) i s  
dominated by payload r een t ry ,  impact on hard rock, and complete 
breakup and r e e n t r y  due t o  d i r e c t  neteoroid/payload o r  
debris /payload c o l l i s i o n s .  



(10) tdng-term r e l e a s e  r i s k  (space component) i s  dominated by t h e  
f a i l u r e  t o  l o c a t e  reen te red  payloads i n  t h e  ocean, i n t a c t  
payload r e t u r n  from deep space a f t e r  rescue  a t tempts  f a i l ,  and 
small p a r t i c l e  r e t u r n  a f t e r  deep-space meteoroid c o l l i s i o n s .  

(11) Short-term acc ident  even t s  dominate t h e  space  r i s k  component, 
but not  by much (wel l  wi th in  any unce r t a in ty  band). 

(12) An unce r t a in ty  a n a l y s i s  was not  pos s ib l e  under t h e  scope of t h i s  
s tudy;  however, t h e  unce r t a in ty  f o r  t h e  space d i sposa l  r i s k  is  
bel ieved t o  be *within two o rde r s  of magnitude of t h e  expected 
value. 

(13) Froa exanina t ion  of t h e  r e l e a s e  r i s k  f o r  space d i s p o s a l  ( space  
component), i t  is ev ident  t h a t  a  few con t r ibu to r s  t o  t h e  r i s k  
would be very d i f f i c u l t  t o  reduce (e.g., meteoroid impact);  
however, most of t h e  r i s k  c o n t r i b u t o r s  can be con t ro l l ed  by 
proper design. 

Based Upon Ir t tegrated PNL/BCL Risk Data 

(14) Ignoring p r o b a b i l i t i e s ,  no s i n g l e  acc ident  event  examined i n  t h e  
s tudy ,  f o r  e i t h e r  space d i s p o s a l  o r  mined geologic  d i sposa l ,  
would be c a t a s t r o p h i c  i n  terms of an immediate t h r e a t  t c  a  l a r g e  
number of human l i v e s  o r  an ex tens ive  impact on t h e  environment. 

(15) Although space d i s p o s a l  appears  t o  o f f e r  some p o t e n t i a l  f o r  
reduc t ion  i n  r i s k ,  i t  should be recognized t h a t  t h e  uncertain-  
t ies i n  t h e  r i s k  e s t ima te s  a r e  l a r g e  and t h a t  t h e  pred ic ted  r i s k  
of mined geologic  d i sposa l  i s  extremely small  t o  begin with. 

(16) The r e s u l t s  of t h i s  s tudy only i n d i c a t e  pos s ib l e  b e n e f i t s /  
d i sbene f i t ,  of space d i sposa l .  To o b t a ~ , .  more r e a l i s t i c  and 
meaningful r e s u l t s ,  pathway models r e s u l t i n g  i n  dose e s t ima te s  
a r e  needed. 

B A T T E L - E  - C O L U M B U S  



9 0 CONCLUSIONS 

This s e c t i o n  summarizes t h r e e  major conclusions t h a t  coae from t h i s  
prel iminary r i s k  assessment of nuc lear  waste d i sposa l  i n  space: 

(1) Preliminary e s t ima te s  of space dLsgoszl r i s k  a r e  low, even with 
t h e  estimated unce r t a in ty  bounds. 

( 2 )  I f  ca lcu la ted  MGR r e l e a s e  r i s k s  remain low, e.g., a s  given i n  
t h e  PNL Waste Mixes Study (McCallum e t  a l ,  1982), and t h e  EPA 
r e q u i r a r n t s  cont inue t o  be met, then no a d d i t i o n a l  space 
d i sposa l  s tudy  e f f o r t  i s  warranted. 

(3)  I f  r i s k s  perceived by t h e  publ ic  a r e  s i g n i f i c a n t  i n  t h e  
acceptance of mined geologic  r e p o s i t o r i e s ,  then  cons idera t ion  of 
space d i sposa l  a s  a n  MGR complement i s  warranted. 

10.0 RECOMMENDATIONS 

A s  a r e s u l t  of t h i s  s tudy ,  t h e  fol lowing recommendations a r e  mad< co 
NASA and t h e  U. S. DOE : 

'1) During t h e  continued eva lua t ion  of t he  mined geologic  r epos i to ry  
r i s k  over t h e  years  ahead by DOE, i f  any s i g n i f i c a n t  i nc rease  i n  
the  ca lcu la ted  h e a l t h  r i s k  is pred ic ted  f o r  t he  MGR, then space 
d i sposa l  should be reevaluated a t  t h a t  time. 

( 2 )  The r i s k s  perceived by t h e  publ ic  f o r  YGR should be evaluated on 
a broad b a s i s  by an independent organiza t ion  t o  eva lua t e  
acceptance. 

(3 )  I f ,  i n  t h e  f u t u r e ,  MGR r i s k s  a r e  found t o  be s i g n i f i c a n t  due t o  
some presen t ly  unknown t echn ica l  o r  s o c i a l  f a c t o r ,  and space 
d i sposa l  i s  se l ec t ed  a s  an a l t e r n a t i v e  t h a t  may be u se fu l  i n  
mi t iga t ing  t h e  r i s k s ,  then the  following space d i s p o s a l  s tudy 
a c t i v i t i e s  a r e  recommended: 

Improvement i n  chemical processing technology f o r  wastes 

Payload acc ident  response a n a l y s i s  

Risk uncer ta in ty  ansl;rsis f o r  both MGR and space d i sposa l  

Health r i s k  modeling t h a t  inc ludes  pathway and dose e s t ima te s  
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ACRONYMS AND ABBBEVATIONS 

AC 
AEC 
ALARA 
AOA 
AT0 
A.U. 
BCL 
C 
C C 

C/ C 
C FR 
C i  
c m  
COR 

DOT 
EPA 
E RDA 
E SMC 
ET 
FS S 

g 
GWe 
HLk' 
LAEA 
IGQS 
JSC 
k 
kg 
km 
KSC 
kW 
LCC 
LEO 

LH2 
LOX 
LRB 
LWR 
m 
ME 
MECO 
MGR 
MLP 
MHH 
m r  em 

act i n i d e  e lements  
U.S. Atomic Energy Commission 
as low as reasonab ly  a c h i e v a b l e  
abort-once-around 
abor t - to -orb i t  
a s t ronomica l  u n i t  
Battelle Columbus L a b o r a t o r i e s ,  Columbus, Ohio 
degrees  c e n t i g r a d e  
c u b i c  c e n t i m e t e r s  (cm3) 
carbon/carbon 
Code of Federa l  Regula t ions  
C u r i e s  
c e n t i m e t e r s  
Cont rac t ing  O f f i c e r '  s Represen ta t ive  
s p e c i f i c  h e a t  
U.S. Department o f  Energy 
U.S. Department of T r a n s p o r t a t i o n  
U.S. Environmental  P r o t e c t i o n  Agency 
U.S. Energy Research and Development Admin is t ra t ion  
E a s t e r n  Space and M i s s i l e  Center  
Space S h u t t l e ' s  E x t e r n a l  Tank 
F l i g h t  Support System 
grams 
g i g a d a t t s  e l e c t r i c  
h igh- level  was te  
I n t e r n a t i o n a l  Atomic Energy Agency 
I n t e r a c t i v e  Graphics O r b i t  S e l e c t i o n  
NASA's Johnson Space Cente r ,  Houston 
thermal c o n d u c t i v i t y  
ki logram 
k i l o m e t e r  
Kennedy Space Cente r ,  F l o r i d a  
k i l o w a t t  
Launch Control  Cen te r  ( S h u t t l e ' s  a t  KSC) 
low-Earth o r b i t  
l i q u i d  hydrogen 
l i q u i d  oxygen 
Liquid Rocket Booster  (Uprated S h u t t l e )  
l f q h t  wa te r  r e a c t c r  
meters 
main engine 
= i n  engine cu to f f  
mined geo log ic  r e p o s i t o r y  
Mobile Launch P la t fo rm ( S h u t t l e ' s  a t  KSC) 
monome thy1 hydrazine  
aillirem 



m/ s 
MS FC 
HT 
MTHM 
N 
NASA 
~ / c m 2  
NPO 

NPPF 
NRC 
NTO 
O/ F 
OHS 
OW1 
o m  
OTV 
PCR 
PL 
PNL 
RCS 
rem 
RETAC 
RP- 1 
RSS 
RTG 
RTLS 
SAX 
SW 
SL 
SOIS 
SRB 
S S 
SSME 
S TD 
STS 
AT 
TBD 
T PS 
TRU 
TVC 
USAF 
AV 
VAB 
W 

meters per  second 
NASA's Marshall Space F l i g h t  Center ,  Huntsv i l le ,  Alabama 
me t r i c  tons  
met r ic  tons of heavy metal  
Newtons 
Nat ional  Aeronautics and Space Adminis t ra t ion 
Newtons per  square  cent imeter  
Nat ional  Waste Terminal Storage Program Of f i ce  ( formerly DOE-Richland 
Operations Off ice  i n  Columbus, OH) 
Nuclear Payload Prepara t ion  F a c i l i t y  
U.S. Nuclear R e ~ u l a t o r y  Commission 
n i t rogen  t e t r o x i d e  
o x i d l z e r t o - f u e l  r a t i o  
O r b i t a l  Maneuvering System ( S h u t t l e )  
Off ice of Nuclear Waste I s o l a t i o n  (DOE'S) 
Oak R ; d ~ e  National Laboratory 
Orbiz Transfer  Vehicle  
Payload Changeout Room 
pay load 
P a c i f i c  Northwest Laboratory, Richland, Washington 
Reaction Control  Systen ( S h u t t l e )  
roentgen equ iva l en t ,  man 
Reentry Thermal Analysis Code 
rocket  p rope l lan t  number 1 (kerosene) 
Rotating Seni i c e  S t r u c t u r e  ( S h u t t l e )  
r s? io i so tope  thermal genera tor  
rnturn-to-launch-s ite 
Science Appl ica t ions ,  I nc  . , Schaumburg , I l l i n o i s  
S h u t t l e  Derived Vehicle  
sea- level  
Solar  Orb i t  I n s e r t i o n  Stage 
Sol id  Rocket Booster 
Space S h u t t l e  
Space S h u t t l e  Main Engine 
Standard 
Space Transpor ta t ion  System 
change i n  temperature 
t o  be determined 
thermal p ro t ec t i on  system 
t r ansu ran i c  waste 
t h r u s t  vec to r  c o n t r o l  
United S t a t e s  Air Force 
change i n  v e l o c i t y  
Vehicle Assembly B~ l i l d ing  ( S h u t t l e ' s  a t  KSC) 
Watt 
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APPENDIX C 

METRIC/EIOGLISE UNIT CONVERSION FACTORS 

To conver t  i n t c  . m u l t i p l y  by 

. .  atmospheres (atm) . . . .  pounds p e r  s q u a r e  i n c h  ( p s l )  14.70 

. . .  atmospheres (atm) . . . .  pounds per  square  f t  ( p s f )  2116.8 

c a l o r i e s  ( c a l j  . . . . .  B r i t i s h  thermal  u n i t s  (Btu) . .  3.9685 x 1 0 ' ~  

c a l o r i e s  p e r  gram B r i t i s h  thermal  u n i t s  p e r  
( c a l l g )  . . . . . . . . .  pound ( B t u / l b )  . . . . . . . . .  
c e n t i m e t e r s  (an)  . . . .  i n c h e s  ( i n )  . . . . . . . . . .  (3.3937 

c e n t i m e t e r s  (cm) . . . .  f e e t  ( f t )  . . . . . . . . . . .  3.281 x 1 0 ' ~  

c e n t i m e t e r s  (an)  . . . .  yards  (yd) . . . . . . . . . . .  1.094 x 1 0 ' ~  

cub ic  c e n t i s e t e r s  (cm3) . c u b i c  i n c h e s  ( i n 3 )  . . . . . . .  0.0610 

c u b i c  meters (m3) . . . .  c u b i c  f e e t  ( f t 3 )  . . . . . . . .  35.32 

. . . . . . . . .  . . . .  cub ic  meters  (a31 g a l l o n s  ( g a l )  264.2 

degrees  Cent igrade (OC) . degrees  Fahrenhe i t  (OF) . . . .  1.8 C + 32* 

. . . . . .  d e g r e e s  Kelvln (OK) . . .  d e g r e e s  Rankine (OR) 1.8 

grams (g )  . . . . . . . .  pounds ( l b )  . . . . . . . . . .  2.205 x 10-3 

ki lograms (kg) . . . . .  pounds ( l b )  . . . . . . . . . .  2.205 

k i l o m e t e r s  (km) . . . . .  s t a t u t e  m i l e s  (mi) . . . . . . .  0.6214 

. . . .  k i l o m e t e r s  (km) . . . . .  n a u t i c a l  mi les  (n.mi.). 0.540 

. . . . . . . . . . .  . . . . .  k i l o m e t e i s  (km) f e e t  ( f t )  3281 

. . . . .  k i l o w a t t s  (kW) . . . . .  Btu per  hour ( B t u / h r )  3413 

. . . . . . . . . .  . . . . . . .  meters  (m) i n c h e s  ( i n )  39.37 

-- .. . . 

*NOTE: b l t i p l y  by 1.8 and then  add 32 . 



To c o n v ?  

. . . . . . .  meters (m) 

meters (m) . . . . . . .  
meters per second (mls) . 

. . . .  metric tons (MT) 

. . . .  metric tons (MT) 

. . . .  micrometers ( in) 

Newtons (N) . . . . . . .  
Newtons per an2 (~lcrn2) . 

into . 
. . . . . . . . . . .  f e e t  ( f t )  

yards (yd) . . . . . . . . . . .  
. . . . .  f e e t  per second ( f t l s )  

. . . . . . . . . .  pounds ( l b )  

. . . . . . . . . . . .  tons (T) 

meters (m) . . . . . . . . . . .  
. . . . . . .  pound? force ( l b f )  

pounds per square inch ( ps i )  . . 

multiply by 

3.281 

1.094 

3 28 1 

2205 

1.102 

1.0 x 10-6 

0 -2248 

1.4504 



APPENDIX D 

SPACE DISPOSAL FAULT TREE D I A G W "  





FIGURE B 2 .  PHASE 2 FAULT TREE--IMPACT POINT CLEARS COASTLINE TO LRB STAGING ( T  - 24 to 124 sec) 
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OFiiGINRL PAGE iS 
QF f 4 W R  QUAUTY: 

W?HG TO SlTUITLE MAIN ENCINE CUTOFF (MECO) (T = 124 to 518 sec) 



FIGURE W4. PHASS 4 FAULT TREE-MECO TO EARTH ORBI' 



-MECO TO EARTR ORBIT ACHIEVEMEW (T = 518 to 2,734 sec) 



FICURe D-5. PHASE 5 FArLT TREE--EART:. ORBITAL OPERAT 
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'--EARTH ORBITAL OPERATIONS PRIOR TO OTV IGNITION ( T  = 2,734 to 35,024 sec) 
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FIGURE D-6. PHASE 6 FMICT TREE--OW IGNITION TO E 
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DISCUSSION OF CATASTROPBIC UPBBTED 
!jWTTLE FAILURES FOB IGHITIOE TO H E 0  

B A T T E L L E  - C O L U M B U S  



DI,SC4JSSIOkl OF CATASTROPEIC UPRATKD SlWCTLE 
FAIUlRRS FOR ICNITIOlO TO MBCO 

Catas t rophic  Uprated S h u t t l e  f a i l u r e s  a r e  ~ l f i n e d  t o  be those  f a i l -  
u r e s  which can r e s u l t  i n  a  l o s s  and breakup of t h e  vehicle .  Six ca t a s t roph ic  
vehic le  response modes have been def ined  f o r  t h e  period from i g n i t i o n  t o  main 
engine cu tof f  (MECO). These six modes cover a l l  of t h e  c a t e g o r i e s  of v e h i c l e  
ca t a s t roph ic  response vhich a r e  expected t o  r e s u l t  from veh ic l e  component 
(hardware, subsystem) f a i l u r e s .  The component f a i l u r e s  considered are s ing le -  
point  f a i l u r e s  and a r e  pr imar i ly  t h e  c r i t i c a l i t y  one f a i l u r e  m d e s  def ined by 
NASA f o r  t h e  s tandard  Shut t le .  The six response modes and r e l a t e d  
desc r ip t i ons  presented i n  t h i s  appendix have been der ived from t h e  Wiggins 
s tudy  (Baeker, 1981). The Uiggins Company developed d a t a  f o r  t h e  s tandard  
S k u t t l e  from a  series of  meetings and te lephone conversat ions wi th  NASA, NASA 
con t r ac to r s ,  and Eas te rn  Space and Uissile Center  (ESMC) range s a f e t y  person- 
n e l ;  and from engineer ing judgment. For t h e  purpose of t h i s  BCL s tudy ,  two 
LRBs a r e  assumed t o  r ep l ace  t h e  SRBs t o  form t h e  Uprated Space S h u t t l e  
veh ic le ,  used f o r  t h e  nuc lear  waste d i s p o s a l  mission. 

The s i x  f a i l e d  veh ic l e  response modes f o r  t h e  LRB Uprated S h u t t l e  a r e  
a s  follows: 

(1) Inadver ten t  s epa ra t i on  a t  an LRB/ET a f t  a t t a c h e n t .  Th i s  
response mode involves  a  f a i l u r e  o r  inadver ten t  s epa ra t i on  of 
t h e  LRB from t h e  External  Tank at t' e a f t  a t t a c h e n t .  The a f t  
end of t h e  LRB would be expected t o  r o t a t e  away from t h e  ET 
about t h e  forward attachment,  and the  e n t i r e  veh i c l e  would be 
expected t o  s t a r t  tumbling rap id ly .  The sepa ra t i ng  LRB would be 
expected t o  puncture t he  LH2 and/or  t h e  LOX tank. The sce- 
n a r i o  is depicted i n  Figure E-l(a).  The sepa ra t i ng  LRB is 
expected t o  r o t a t e  about t he  forward ( t h r u s t )  attachment un ti1 
i t  f a i l s ,  r e s u l t i n g  i n  a  separated but r ap id ly  tumbling LRB. 

( 2 )  Inadvertent  s epa ra t i on  a t  an LRBIET forward attachment.  This 
response mode involves  a  f a i l u r e  o r  inadver ten t  s epa ra t i on  a t  a  
forward attachment.  The forward attachment 1s t h e  t h r u s t  
f i t t i n g  which c a r r i e s  t he  LRB t h r u s t  load i n t o  t ye  ET. The a f t  
attachment is not  designed t o  c a r r y  t h e  t R B  t h r u s t  load and w i l l  
f a i l  almost immediately. The th rus t i ng  LRB w i l l  move forward 
r e l a t i v e  t o  t h e  ET, with t h e  LRB probably s t r i k i n g  t h e  ET a f t  
dome acd puncturing the  LH2 tank. The s i t u a t i o n  i s  depic ted  
i n  Figure E-l(b). 

(3)  Prope l lan t  t anks  punctured. This response mode c o n s i s t s  of a  
sudden puncturing o r  rup tur ing  of one of t he  prope l lan t  t anks  - - 
due t o  such th ings  a s  shrapne l  from an engine explos ion ,  l o s s  of 
tank u l l age ,  o r  a thermal p ro t ec t i on  system (TFS) f a i l u r e .  A 
tank puncture is expected t o  r ap id ly  r e s u l t  i n  a  l o s s  of veh i c l e  



(a) A€t Attachment 

(b) Forward Attachent 

Source: Baeker, J. B., 1981. 

FIGURE E-1 . INADVERTENT LRB SEPARATION 



c o n t r o l ,  i n i t i a t i o n  of v e h i c l e  breakup inc luding  a puncturing of 
o t h e r  prope l lan t  t anks ,  and a mixing of p rope l l an t s  r e s u l t i n g  i n  
a low-order explosion. No s i g n i f i c a n t  d i spe r s ion  of the  veh ic l e  
from t h e  nominal t r a j e c t o r y  is expected p r i o r  t o  i n i t i a t i o n  of 
breakup. 

(4) In t e r t ank  and/or a f t  LOX tank d a e  f a i l u r e .  This  response mode 
c o n s i s t s  of a s t r u c t u r a l  f a i l u r e  of t h e  i n t e r t a n k  o r  a f t  dome of 
t h e  LOX tank i n  t h e  ET o r  LRBs. The expected r e s u l t  is a 
ruptur ing  of t h e  a f t  LOX tank  dome and t h e  forward f u e l  tank 
dome with a mixing of t h e  l i q u i d  p r o p e l l a n t s  i n  t h e  forward 
s e c t i o n  of t h e  f u e l  tank. Pene t ra t ion  of t h e  f u e l  tank r e s u l t s  
e i t h e r  from LOX con tac t  with t he  LRB t h r u s t  load-carrying c r o s s  
beam o r  from t h e  f u e l  tank impact of t h e  LOX from t h e  ruptured 
LOX tank. The mixing of p rope l l an t s  i n  t h i s  ca se  is l a r g e l y  
confined,  a l though some of t h e  LOX may escape through punctures  
i n  t h e  i n t e r t a n k  sk in .  This  i n t e r n a l  mixing condi t ion  is 
expected t o  r e s u l t  i n  a h igher  y i e l d  explosion than f o r  those  
ca se s  which result i n  e x t e r n a l  mixing of p rope l l an t s  ( 5  t o  10 
percent y i e ld  versus  0.5 t o  1 perceqt) .  This response mode is  
much more l i k e l y  t o  occur whi le  t h e  f l i g h t  loads and hea t ing  a r e  
high. 

( 5 )  LRB recontac t  a t  separa t ion .  This response mode occurs  on ly  a t  
LRB sepa ra t i on  and involves  a recontac t  of an LRB wi th  t h e  ET 
due t o  a f a i l u r e  of t h e  LRB sepa ra t i on  system. The recontac t  is  
l i k e l y  t o  cause a ruptur ing  of both prope l lan t  tanks,  but  could 
a l s o  cause a buckling of t h e  ET in t e r t ank .  

( 6 )  Loss of engine propulsion. This response mode involves  a l o s s  
of propuls ion from a l l  t h r e e  Orb i t e r  main engines  and/or 
engines on the  two boosters .  If a c r i t i c a l  l o s s -  o r  c r i t i c a l  
f a i l u r e  of engines occurs during t h e  e a r l y  po r t i on  of f l i g h t ,  
any one of two hazardous condi t ions  could r e s u l t :  (1) t h e  
veh ic l e  may f a i l  s t r u c t u r a l l y  and break up p r i o r  t o  LRB s t a g i n g ,  
and ( 2 )  t h e  LRBs may recontac t  t hz  OrbiterIET a t  separa t ion .  

A c r i t i c a l  l o s s  of main engines  from LRB s t ag ing  t o  MECO is expected 
t o  r e s u l t  i n  t h e  following: 

a LRB s t ag ing  (124  seconds) t o  168 seconds - O r b i t e r  d i t ched ,  ET 
impacts i n t a c t  

168 t o  250 seconds - Orbi te r  breaks up, ET impacts i n t a c t  

250 t o  500 seconds - Orbi te r  breaks up, ET breaks up 

500 seconds t o  MECO ( 5 1 8  seconds) - Orb i t e r  d i t ched ,  ET breaks up. 

The f l i g h t  times presented above a r e  approximate and a r e  based on t h e  o r b i t a l  
f l i g h t  t e s t - l  t r a j e c t o r y .  

B A T T E L L E  - C O L U M B U S  



The six f a i l e d  veh ic l e  response modes a r e  f u r t h e r  def ined i n  Table 
E-1. The t a b l e  summarizes t h e  veh ic l e  d ispers ion  and breakup c h a r a c t e r i s t i c s  
assumed f o r  each of t h e  modes, d e f i n e s  t h e  ca t egor i e s  of component f a i l u r e s  
which can lead  t o  each mode, and presents  important assumptions and key 
comments. The comments s e c t  ion  r e i t e r a t e s  t h e  poss ib le  v a r i a t i o n s  on veh ic l e  
response and breakup discussed above. Note, however, t h a t  t h e  models pre- 
sented under the  breakup column of t h e  t a b l e  a r e  considered t o  represent  t h e  
most probable scenarios .  



TABLE E-1. FAILED VEHICLE RESPONSE MODES* 

*NOTE: The basic information contained in t h i e  table has been d e r i v e d  from Baeker, J. B., 
1981, by eliminating the SRB and replacing it with an LRB. 

k 

CASE 

1 

2 

HAZARD 

VC:IIICLE RRSPONSI! MODE 

I n a d v e r t e n t  S e p a r a t i o n  
a t  an  LRB/ET Af t  
A t  t a c h r n t  

I n a d v e r t e n t  S e p a r a t i o n  
a t  a n  LRB/ET Forward 
Attachment 

FAILURE MODES CAUSING 
HAZARD 

1. S t r u c t u r a l  F a i l u r e  a t  
t h e  A f t  LRB/ET At tach-  
ment 

2. I n a d v e r t e n t  De tona t ion  
o f  t h e  Attachment 
F i t t i n g  

3. TPS F a i l u r e  a t  t h e  A f t  
I.RB Attachment Ring ( 1 )  
(100-124 Sece  o n l y )  

1. S t r u c t u r a l  F a i l u r e  a t  
t h e  Forward LRB/ET 
Attachment 

2 .  I n a d v e r t e n t  De lona t ion  
o f  t h e  Forward At t ach -  
ment F i t t i n g  

CONDITION 

ESTIMATED VEtlIC1.E BREAKUP 

A. (7 Secs:  V e h i c l e  w/o 1.RB 
Impacts  I n t a c t ,  ET and 
Remaining LRB Tanks Ex- 
plode (10-50% TNT Equiva- 
l e n c y ) ,  E r r a n t  LRB Im- 
p a c t e  I n t a c t  and Explodes 

B .  ~7 Seca: 
S e p a r a t i n g  LRB P u n c t u r e s  
LtIZ a n d / o r  LOX 'rank(a) 

Other  Tank Ruptures ,  Fuel .  
Mix and Explode With Low 
Yie ld  

O r b i t e r  (With t h e  Wings 
and A d d i t i o n a l  T i l e s  
Aasulned t o  Break F ree )  
and ET Expected t o  Break 
up a s  p e r  D e s t r u c t  System 
Breakup Study 

LRB Bangn ET a a  i t  T e a r s  
F ree  a t  Aft  Attachment,  
Af t  LRB S k l r t  S t r i k e s  ET 
Af t  Dome a s  LRB Moves 
Forward R e l a t i v e  t o  KT 

Breakup a s  i n  Case 1. 
Except E r r a n t  LRB S taye  
I n t a c t  t o  Impact and 
Explodes f o r  a l l  F a i l u r e  
T 1 men 

ASSUMPTIONS 

( a )  LRB a t  t h e  Af t  
Attachment Area 
I s  Dr iven i n t o  
Af t  Area of ET, 
P o e e i b l y  Driv- 
i n g  S t r u t  
fhrough LH 
Tank o r  o t t e r -  
w i s e  Ruptur ing 
Tank; a n d / o r  
LRB Ro ta t ee  
Away f tom ET 
About F ron t  
Attachment Dri-  
v1r.g Nose o f  
t h e  LRB Tova rd  
and I n t o  LOX 
Tank a a  Forward 
Attachment 
Breaks  

CWENTS 

: I )  PPS F a i l u r e  
h ~ a u l t o  i n  a 
I ~ i l u r e  o f  t h e  
F P/LRB At tach -  
~~g.:nt S t r u t  
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TABLE E-1. FAILED VEHICLE RESPONSE MODES (CONTINUED) 

ASSUMPTIONS 

( i )  Breakup and a n  
Explos ion Mey 
Be I n i t i a t e d  
P r i o r  t o  Im- 
pac t .  But t h e  
Major Explos ion 
W i l l  Occur a t  
Impact 

( j )  TPS F a i l u r e  
Causes Separa- 
t i o n  Motors to 
F i r e  P r i o r  t o  
S e p a r a t i o n  

YAI1,URE HOIIES CAIIS IN<; 
HAZARn 

1. F a i l u r e  t o  F r a c t u r e  a 
t h e  Forward o r  Aft  
LRB/ET Attachment 

2.  TPS F a i l u r e  a t  t h e  
Af t  S e p a r a t i o n  Mator 
( j )  

3. Premature  Opera t ion  o 
t h e  Forward o r  A f t  
S e p a r a t i o n  Motors 

1. Loss of  3 0' omre -8 

2 .  Puncture  of  t h e  LH2 
Feed Lines  (Through 
MECO) 

I 

CASE 
No' 

5 

6 

C W W  

(4) I f  t h e  Recon- 
t a c t  Occurs a t  
t h e  Forward 
End o f  t h e  ET, 
t h e  ET I n t e r -  
t ank  Could 
Buckle and a 
Higher  Orde r  
Explos ion 
R e s u l t  

( 5 )  A Loss o f  3 o r  
More Engines  
May R e s u l t  i n  
S t r u c t u r a l  
F a i l u r e  and 
Breakup o r  i n  
Recontact  a t  

HAZARI) 

VEtllCLE RESPONSE MODE 

LRB Recontact  a t  
S e p a r a t i o n  

Loss o f  P ropu l s ion  

CON1)I T10N 

ESTIMATED VEH1CI.E BRFAKUP 

a ET LH2 Tank and I n t e r t a n k  
S h a t t e r e d  i n t o  Small  Prag- 
e n t s ;  LOX Tank Breaks a s  
i n  D e s t r u c t  Study 

a Fotwaid Half of  O r b i t e r  
S h a t t e r e d ;  A f t  Half a 8  f o r  
D e s t r u c t  Except Wings and 
A d d i t i o n a l  T i l e s  Torn Free  

a LRB Punc tu res  LH2 Tank (4) 

a -LOX Tank Ruptures  and Pro- 
p e l l a n t s  Mix E x t e r n a l l y  

a Lou-Yield Explos ion Re- 
s u l t s  S i m i l a r  t o  D e s t r u c t  
System 

a LRBs Reenter  Normally 

r ET and O r b i t e r  (wi th  t h e  
Wings and Add i t iona l  T i l e s  
Assumed t o  Break Free)  
Expected t o  Break up a s  per 
D e s t r u c t  System Breakup 
Study 

a See ( 5 )  

a ET H a y  Break up on Reentry 
( 6 ) .  Otherwise  Explodes 
a t  Impac t 
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APPENDIX F 

CATASTROPHIC UPRATED SBDTnE FAILURES FOR 
MECO TO PAYLOAD SEPARATION 

Informat ion contained i n  t h i s  Appendix i s  d i r e c t l y  supported by the  
Wiggins s tudy  (Hudson, 1979). 

For p a r t  of t h e  mission from MECO t o  payload sepa ra t i on ,  v e h i c l e  
f a i l u r e  modes have been assigned t o  fou r  c a t e g o r i e s  ( i n  add i t i on  t o  t h e  f i r s t  
six defined i n  Appendix E) i n  terms of expected e f f e c t s  on t h e  uprated STS 
from WCO t o  payload separa t ion .  These a r e  t h e  following: 

(7 )  External  Ta& punctured 

(8) Loss of maneuverabi l i ty  and Orbi te r  tumbles t o  Earth ( p r i o r  t o  
o r b i t  i n s e r t i o n )  

(9) Loss of maneuverabi l i ty  on o r b i t  

(10) F i r e  and explosion i n  main engine compartment and Orb i t e r  
tumbles t o  Earth.  

With r e spec t  t o  Response Mode 9 ,  l o s s  of  maneuverabi l i ty  on o r b i t ,  
t h e  Orbi te r  w i l l  eventua l ly  tumble t o  Earth.  The f i r s t  OMS burn puts  t h e  STS 
i n t o  an e l l i p t i c a l  o r b i t .  The second burn pu ts  t h e  STS i n t o  a c i r c u l a r  o r b i t  
a t  300 km a l t i t u d e ,  and the  t h i r d  burn phases the  STS t o  a rendezvous with the  
OTV/SOIS. If t he  f i r s t  and second burns a r e  not  succes s fu l ,  then t h e  Orb i t e r  
w i l l  r e en t e r .  I f  t he  t h i r d  OMS burn i s  no t  succes s fu l ,  t h e  Orb i t e r  w i l l  
eventua l ly  r een t e r .  Thus, the  end r e s u l t  w i l l  be the  same as f o r  Response 
Mode 8,  except t h a t  t he  time s c a l e  w i l l  be extended, i.e., a l l  f a i l u r e s  l i s t e d  
f o r  Response Mode 9 w i l l  eventua l ly  r e s u l t  i n  t h e  Orbi te r  tumbling t o  Earth.  
The necessary condi t ions  f o r  each category of veh i c l e  behavior t o  occur a r e  
l i s t e d  i n  Table F-1. Table F-1 a l s o  o u t l i n e s  t h e  c r i t i c a l  t i m e  per iods i n  
which these c r i t i c a l  veh i c l e  behavior modes could occur. 

Fa i lu re s  which i n  themselves would not lead t o  l o s s  cf t h e  Orb i t e r ,  
but which, i f  they propagate,  could lead  t o  s sch  l o s s ,  have been included. 
These types of propagated f a i l u r e s  can 3.2 co~ls idered  t o  be a s p e c i a l  case  ~f 
common-cause f a i l u r e s .  Although common-cause i a i i u r e s  have been excluded rrom 
the ana lys i s ,  i t  is  important t o  inc lude  f a i l u r e s  which can propagate and lead 
t o  t he  c r i t i c a l  condi'ions l i s t e d .  An example of t h i s  type of propagated 
f a i l u r e  is rup ture  of an atmospheric rev1 t a l i z a  t i o n  system tank subassembly, 

I which r e s u l t s  i n  l o s s  of a l l  t h r ee  i n e r t i a l  measuring un i t s .  The f a i l u r e  
r a t e s  quoted f o r  these  types of propagated f a i l u r e s  recognize t h a t  propagation 

I is not a : e r ta in ty  given thac t he  i n i t i a l  f a i l u r e  occurs .  I n  t he se  circum- 
s t ances ,  t he re fo re ,  t h e  f a i l l r e  r a t e s  have been fac tored  accorclingly. 

i 
{ .  

! The most c r i t i c a l  time f o r  l o s s  of RCS/Avionics is immediately a f t e r  
I ST separa t ion  and before  t he  f i r s t  OMS burn. The RCS/Avionics a r e  needed f o r  
I 



p i t c h  con t ro l  of t h e  Orb i t e r  avay from the External  Tank. I f  e i t h e r  *re 
l o s t ,  the  Orbi te r  could p i t c h  down and c o l l i d e  with t h e  Externa l  Tank. me 
nos t  extreme case  m u l d  result i n  v e h i c l e  damage, as ou t l i ned  i n  Vebicle 
Respocse M e  7. The most benign case cotlld r e s u l t  i n  loss of some thermal 
riles fras the Orb!-ter which would render  i t  unsafe f o r  reentry.  

The n o s t  c r i t i c a l  the f o r  l o s s  cf O#S and/or RCS ic  o w  pod would be 
dsrinf:  the  f i r s t  O)IS b*lr?. lmis corresponds t o  t h e  h ighes t  mss  s f  trtc 
Orb i t e r  and payload c o a t - m t i o a .  T t  is d i f f i c u l t  t o  switch over  t o  t h e  
remafning OMS engine and do s o  C O Z ~ ~ C ~ ~ J .  However, t h e  mission should be a b l e  
t o  be cmple t ed  wi th  only one UMS engine renmining. 'be f l i g h t  c o n t r o l l e r  is, 
!muever, l i k e l y  t o  abor t  t h e  d s s i o n .  Vehicle Response Wes 8 and 9 cons ider  
such loss-s of t h e  OPiS and/or RCS i n  one-pod. The f a i l u r e s  included, however, 
30 n a t  a l low cross-f eediag t o  t h e  o t h e r  CMS e a i n e ,  a necessary coad i t i on  f o r  
*urvival.  

F a i l u r e s  of t t  -. OnS and lo r  RCS which propagate t? t h e  main engfae 
compartment can have ca t a s t roph ic  r e s u l t s  i f  t h e  r e s i d t a l  oxygen and hydropen 
hwe not  been completely vented t o  t h r  atmosphere. The r e s u l t i n g  explosion 
could cause t h e  Orbi te r  t o  break up and tumble t o  Earth. M s  type of 
behavior is out l ined  under Response Mode 10 of Table F-1, uhere vent ing of 
r e s idua l  f u e l  is considered t o  be completed by t h e  end of t h e  f i r s t  O#S burn. 

Fa i lures  of t he  forward r eac t ion  c o n t r o l  assembly items could r e s u l t  
i n  a p i tch ing  of t h e  Orbi ter .  I f  t h e  Grb i t e r  -ere t o  p i t c h  during Externa l  
Tank separa t ion ,  c o l l i s i o n  with t h e  External  Tank could occur ,  causiug l o s s  of  
t h e  Orbi ter .  I f  t h e  f a i l u r e  occurs  i n  t h e  W-S o r  RCS p rope l l an t  tank sssea- 
b l i e s ,  f eed l ines ,  o r  f i t t i n g s  and p i tch ing  d jd  not  result, then l o s s  of 
maneuverabili ty of t h e  veh ic l e  could occur w i th  the  Orb i t e r  tumbling t o  Earth. 

Fz i lu re s  i n  t he  a f t  r eac t ion  con t ro l  assembly o r  Orb i t e r  maneuvering 
system could a l s o  r e s u l t  i n  a c o l l i s i o n  between t h e  Orbi te r  and t h e  External  
Tank o r  could r e s u l t  i n  t he  l o s s  of O ~ b i t e .  maneuverabili ty.  Loss of O r b i t e r  
aaneuverabi l i ty  could a l s o  be the  r e s u l t  of propagated f a i l u r e s  wi th in  t h e  
e l e c t r i c a l  power o r  atmospheric r ev i t a l i za t io r ;  systems. 

Fa i lu re s  i n  t he  main propulsioa system, t h e  sepa ra t ion  mechanisai 
l ink ing  the  Orbi te r  and External  Tank, o r  t h e  Orbi te r IExterna l  Tank forward o r  
a f t  a t t a c b e n t  could r e s u l t  i n  t h e  Orbiiier impacting t h e  External  Tank. The 
c r i t i c a l  time period f o r  t hese  f a i l u r e s  is b e t w e n  HECO and External  Tank 
separat ion.  Orbi te r /Externa l  Tank impact could a l s o  occur a s  a result of an 
OMSIRCS f i r e  and explosion which propagates t o  t h e  *b i t e r  main engine com- 
partment. t rn t i l  a l l  r e s idua l  propel lan ts  a r e  vented, f i r e  and explosion i n  
t he  main engine compartment a r e  poss ib le  as a r e s u l t  of f a i l u r e s  which propa- 
g a t e  from t h e  a f t  reac t ion  c o n t r o l  asseably  o r  f r m  t h e  OMS. 

The failur:: modes involving l i qu id  oxygen or hydrogen r e l i e f  l i n e s  o r  
gaseous oxygen o r  hydrogen l i n e s  o r  valve assemblies i n  t h e  = in  propulsio? 
system a r e  not included here. These f a i l u r e s ,  i f  they occurred a f t e r  MECO, 
a r e  unl ike ly  t o  s e l i o u s l g  endanger t h e  vehic le .  Fa i lures  i ~ ;  t h e  l i q u i d  
hydrogen o r  oxygen ~ r e s s u r i z a t i o n  l i n e s ,  ven t  r e l i e f  assembly l i n e s ,  cab le  
t r a y ,  e t c . ,  could d i r e c t l y  o r  i n d i r e c t l y  r e s u l t  i n  l o s s  of ullage pressure and 
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TABLE F-1. VEHICLE RESPONSE NODES FOR MCO TO PAYLOAD SEPARATIOM 

Q c q p r f  VebLcle Behavior' C r i t i c a l  T h e  Period l b c e a u r y  Coadit ians 

(7)  ?xr*.nal fa& M C ?  :O E: t epara t loa  a Fa1:ures is b i n  -1=e 'YE) Proprl-  
?mctur.d (SCO t o  lac0 + 16 m i o m  S p t r  releasing r a a i d r u l  pro- 

w ~ & )  p a l l a n t  l a t o  dt PE c a p a r c w n t  uul 
l g n i t i w  from v l t h i n  nL corp . r tumt  

Fa i lu res  i n  t h e  Orbiter/ET 
Sapmratioa System 

a Fai lu rac  4 forvard o r  a f t  Orb i te r /  
Et a t t a c k a n t s  

buring OrbiteriET a Failure of ttu f o m r d  o r  a f t  RCS 
s e p r r a t  ion mneuver  a y s t m  
( WECO + 1 1 seconds 
t o  eod of RCS s e p a r r  l Fai lu res  of the  DetS s y s t a s  &ich 
t ion burn propagate and cause 100s of RCS 

WCO t o  =CO+ '1  8 Aft RCS o r  O)(S f a i l u r e s  h i c h  
secoad. propagate t o  NE c a p a r c w n t  .nd 

cauae f i n  and e x p l w i o n  with 
res idua l  !E prope l lan t s  

toss of k n c u r e r -  mCU t o  o r b i t  1nc.r- a Fa1lur.s of fomard  RCS which pro- 
a b i l i t y  6 Orbiter  t i o n  (end of f i r s t  p y a t c  and cauac f a l l u r e  of dl 
h b l e s  t o  b r t n  (RIS b u n )  3 IHUS 

a F a i l u r e s  of aft BCS which propagate 
and l e d  t o  loss of (RIS i n  one pod 
( u l t h  l o s t  capabi l i ty  t o  croes f e d  
t o  o t h e r  OnS engine). 

a Fai lu res  of (RIS i n  one pod ( v l t h  
l o s t  c a p a b i l i t r  t o  cross-feed t o  
o c h r  OMS engine) 

a Failures  of e l e c t r i c a l  pow? o r  
atmosphere r e v l t a l i r a t l o n  sjstm 
tank a u t ~ s s r b l i e s  uhich propagate 
and c m s e  f a i l u r e  cf dl 3 I M U s  

Loss ~f k n a u v w -  End f i r s t  iYNS h r n  Same conditions a s  f o r  (8)  
a b i l i t y  on Orbit t o  IUS deployme~t 

F i re  6 txplosion HECO + 16 seconds a Failures  i n  th. a f t  RCS o r  JnS A i c h  
i n  HE ( E p a r m e n t  t o  o r b i t  i n s e r t i o n  prepmate  t o  the YE capar tmcnt  
and Orbiter  t u b l e s  !e-4 f i r s t  (3NS burn) causiug f i r e  and explaeian 
t o  Earth 

Source: Hudson, J. 9 . .  1979. 



p s s i b l e  hydrogen or  oxygen tank rupture,  p r i o r  to FlECO. However, a f t e r  HECO, 
the  l o s s  of  u l l a g e  pressure is not  l i k e l y  to lead  t o  rupture o f  e i t h e r  of 
t h e s e  tanks, and hence, w i l l  not  be a problem f o r  the  Orbiter.  
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FAILURE PROBABILITIES POR FAULT TREES 



FAILURE PROBAEILIT'IBS FOB FAULT TREES 

Thi s  appendix documents t h e  p r o b a b i l i t y  d a t a  used i n  t h e  f a u l t  trees 
t o  estimate t h e  cr i t ical  pa ths  through t h e  f a u l t  trees, a s  w e l l  as provide a n  
expected and range of va lues  f o r  t h e  p r o b a b i l i t i e s  of va r ious  events .  Tables  
0 1  through G-6 were used t o  genera te  t h e  o v e r a l l  space d i s p o s a l  r i s k  esti- 
mates, a s  discussed i n  Sec t ion  5.0 of  t h i s  repor t .  The e n t r i e s  i n  t h e  t a b l e s  
t h a t  fo l low match t h e  event  numbers f o r  t h e  f a u l t  trees shown i n  Sec t ion  5.2. 
The dssc r ip t i on  of t h e  event ,  t h e  expected value,  t h e  9C percent  confidence 
range on t h e  expected va lue ,  and a b r i e f  coament on how t h e  expected ve lues  
were derived are given i n  t h e  t a b l e s  t h a t  follow. 

Host of t h e  va lues  i n  t h e  t a b l e s  a r e  t r u l y  estimates; a more r igorous  
a n a l y s i s  would be necessary t o  improve on these  values .  However, i t  is hoped 
t h a t  thc ranges provided on t h e  expected va lue  (wi th  90 percent  confidence) 
should inc lude  t h e  va lues  t h a t  would r e s u l t  from a more d e t a i l e d  ana lys i s .  
The b a s i s  f o r  many of t he  numbers comes from "expert" opinion. People t h a t  
provided information used i n  t h e  genera t ion  of t h e  d a t a  are l i s t e d  below, 
along wi th  t he  a r e a  of support.  

Persan Support Area 

J. B. Baeker (Wiggins Co.) 
F. C i b e l l i  (NASMKSC) 
A. J. Coyle (OEIWI) 
T. C. Davis (BCL) 
R. S. Denning (BCL) 
R. W. Earhar t  (BCL) 
A. L. Fr iedlander  (SAI, Chicago) 
J. M. Hudson (Wiggins Co.) 
D. J. Kessler (NASMJSC) 
W. S. Pope (BCL) 
R. P. Reiner t  (Boeing Co.) 
R. C. Reynolds (BCL) 
E. E. Rice (BCL) 
D. L. S u i t e r  (NASAIJSC) 
G. Walker (Univ. of  Hawaii) 
A. E. Weller (BCL) 
K. R. Yates (BCL) 

C r i t i c a l  STS F a i l u r e  Rates  
Range Safe ty  - A i r c r a f t  Co l l i s i ons  
Ocean Recovery 
General and In t eg ra t i on  
General,  I n t eg ra t i on ,  and Nuclear 
General and In t eg ra t i on  
Meteori te  Impact 
C r i t i c a l  STS Fa i lu re  Rates 
Debris Damage 
Ocean Recovery 
OTV/SOIS R e l i a b i l i t y  
Debris Impact 
General and In t eg ra t i on  
Launch Vehicle Lightning S t r i k e s  
Volcano Impact 
General and In t eg ra t i on  
General and Nuclear Waste Form 

Also, numerous published sources  were used i n  developing these  - - 

es t i amtes ,  t h e  major one being t h e  1974 e d i t i o n  of t h e  Overal l  Safe ty  Manual, 
developed by the  NUS Corporation f o r  t he  U.S. Atotli.: Energy Commission, Space 
Nuclear Systems Divis ion (I1.S. AEC, 1974a). 



TABLE G-1. PER NISSIOIII PROBABILITI ESTIMATES MIB PHASE 1 

Per Mission Event P r o b a b i l i t i e s  

Faul t  Tree* Event Expected 90% Confidence 
Event No. Description Value Upper Lower Basis f o r  E s t i a a t e  

100 Release t o  t h e  2.1E-12 9.5E-11 8.OE-15 Same a s  (1011 
biosphere 

101 Shield breakage 2.lE-12 9.5E-11 8.OE-15 hroduct of (1021 x (1031 

102 STS breakup and 4.2E-8 1.SE-7 1.6E-9 Product of (1041 x (1051 
payload impact on 
hard sur f  ace  

103 Mechanically 5 OE-5 5.OE-4 5.X-6 Based upon d a t a  on defecl I 
de fec t ive  s h i e l d  found i n  nuclear  r eac to r  
(undetected) pressure  ves se l s  (Wash 

1285, U.S. k E C ,  1974b). 

104 Payload impacts on 2.OE-3 4.OE-3 2.OE-4 Based on twice Shu t t l e  
hard su r f ace  runway a r e a  divided by 

KSC area 
( 2  x 5 ~ 5 m ~ / 5 . 7 ~ 8 r n ~ )  = 
2E-3. 

105 STS t o t a l  breakup 2.1E-5 
a t  a l t i t u d e  

106 C r i t i c a l  l igh tn ing  1 .OE-7 
s t r i k e  

1 .OE-6 1 .OE-8 Dwight S u i t e r ,  NASA/JSC; 
S u i t e r ' s  es t imate  reducec 
by f a c t o r  of 5 because 
of TLRB replacing SRB. 
2E-7 divided equal ly 
between Phases 1 and 2. 

bNote: Refer t o  f a u l t  t r e e s ,  Sect ion 5.2. 



G- 3 

TABU 0 1 .  PER MISSION PROBABILITY ESTIMATES FOR PHASE 1 (Continued) 

Per Ulssion Event P robab i l i t i e s  

Fault Tree* Event Expected 90% Confidence 
Event No. Description Value Upper Lower Basis f o r  Estimate 

107 In-f l ight  STS/ 7.5E-10 7.5E-9 7.5E-12 (2 x 15h2 /2~8m2)  x 
a i r c r a f t  (111000) = 7.5E-10. 
c o l l i s i o n  - STS Assmes 2 a i r c r a f t  and 
operat ions a i r  a  l i n  1000 chance and 
c r a f t  half  i n  Phase 1 and half  

in  Phase 2 (some da t a  
provided by F. C i b e l l i ,  
NASA/KSC, Range Safety 
Office) .  Not possible  
f o r  non-STS operat ions 
a i r c r a f t  t o  cont r ibu te  t o  
event. 

108 C r i t i c a l  STS 2.1E-5 4.7E-5 8.0E-6 Derived from Wiggins da t a  
system f a i l u r e  (J.B. Baeker, 1981) f o r  

LRB replacing SRB. 

*Note: Refer t o  f a u l t  t r ee s ,  Seccion 5.2. 



TABU G-2. PEP MISSIOIO PROBABILITY ESTIMTKS Ff.2- PRASE 2 

Per Hission Event P r o b a b i l i t i r s  

Fault  Tree* Event Expected 90% Confidznce 
Event No. Description Value Upper Lower Basis f o r  Estimate 

Release t o  t he  
biosphere 

Product of I2021 x [203] Long-term 
corrosion i n  
sea-water 

STS breakup and 
payload impacts 
on water 

Product of [20&] x 12051 

Recovery f a i l s  Product of [206] x 12071 

Payload impacts 
on water 

If f a i l u r e  occurs, w i l l  
l i k e l y  land i n  ocean. 

STS breakup a t  
a l t i t u d e  

(0.113 assumed three  
destroyed by impact, 
o the r  t h r ee  estimated 
t o  have 0.9 r e l i a b i l i t y  
each. 

A l l  SIX on-board 
transmlt t e r s  
f a i l  before 
de t ec t  ion 

Additional detec- 
t i on  a c t i v i t y  
f a l l  t o  loca te  

Estimate based upon 
conversations v i t h  Art 
Coyle, ONWI, and W i l l i a m  
Pope, BCL. 

(See [LO61 I C r i t i c a l  l igh tn ing  
s t r i k e  

In-f l ight  STS/ 
a i r c r a f t  c o l l i s i o n  

*hate: Refer t o  f a u l t  t r e e s ,  Section 5.2. 



TABLE 0 2 .  PBR NISSIOB PBnRABILm ESTMATRS FOR PRASE :! (Continued) 

Per Mission Even tP robab i l i t i e s  

Fault Tree* Event Expected 90% Confidence 
Event No. Description Value Upper Lower Basis f o r  Estimate 

210 C r i t i c a l  STS 1.1E-4 7.3E-4 4. !E-5 Derived frot. Wiggins 
system f a l l u r e  da t a  (J. B. Baeker, 

1981) f o r  LRB replacing 
SRB. 

General, m i l i t a ry ,  1 .OE-10 1  .OE-8 1  .OE-11 Estimate based upon a  
and c ~ r c i a l  
a i r c r a f t  c o l l i s i o n  

frequency of 1  v io l a t i on  
i n  50 f l i g h t s  during 2- 
hour c r i t i c a l  con t ro l  
period (F. Cibe l l i ,  KSC) 
and an a rea  r a t i o  of 
[150/(200 E6)] and a  30- 
second vulnerable t i m e  
from t = 30 t o  60 sec. 

212 STS operat ions 7.5E-10 7.5E-9 7.5E-12 (2 x 150 a2/200 E6 n2) x 
a i r c r a f t  (1/1000) 7.5E-10 
co l l i s i on  (See [107])  

*Note: Refer t o  f a u l t  t r e e s ,  Section 5.2. 



TABLE 0 3 .  PEE NISSION PROBABILITY ES'IIMATKS FOB PHASE 3 

Per Hission Event P robab i l i t i e s  

Fault Tree* Event Expected ?OX Confidence 
Event No. Description Value Upper Lower Basis f o r  Estimate 

300 Release t o  t he  2.33-9 3.2E-7 4.5E-11 Sum of [3011 + [3021 + 
biosphere [303] + [3041 + [305] 

30 1 Release i n  s o i l  9.2E-13 2.2E-10 3.3E-15 Product of [306] x I3131 
r e su l t i ng  from long- 
term corrosion i n  
wet s o i l  

302 Release i n  sea- 2.3E-9 3.2E-7 4.33-11 h'oduct of i3071 x !308] 
water r e su l t i ng  
from long-term 
cor ros 1 on 

Radiation sh ie ld  1.2E-12 2.8E-10 4.7E-15 Sum of (3331 + [336] + 
breakage a t  ground [3371 
impact 

Radiation sh ie ld  2.3E-15 5.4Z-13 8.6E-20 Sum of [311] + [312] 
melting 

Radiation sh i e ld  1 . 3 ~  13 1.3E-12 1.3E-15 Sum of [331] + [332] 
breakage a t  
a l t i t u d e  with 
reentry 

STS breakup and 
payload impacts 
on wet s o i l  

STS breakup and 
payload impacts on 
water 

9.2E-9 2.2E-7 3.3E-10 Product of [357] x 1316) 

1.1 5E-4 2.7E-4 4.1E-5 Product of [316] x [354] 

308 Recovery a t  sea 2.OE-5 1.2E-3 1.1E-6 Sumof [ 3 2 8 ] +  [329] 
f a i l s  

31 1 STS breakup and 2.3E-17 S.4E-15 8.2E-20 Sum of [316] + [327] 
payload impacts 
ac t i ve  volcano 

*Note: Refer t o  f a u l t  t r e e s ,  Section 5.2. 



TABLE 6-3. PER HISSIOlD PROBABILITY ESTIMATES F R  PRASE 3 (Continued) 

- 
P e r  Mission Event P r o b a b i l i t i e s  

F a u l t  Tree* Event Expected 90% Confidence 
b e n t  No. Descr ip t ion  Value Upper Lowr r Basis f o r  Es t imate  

3 12 I n t e r n a l  m e l t  

313 Recovery f a i l s  
beca .se d e t e c t i o n  
a c t i v i t i e s  f a i l  t o  
l o c a t e  

All s i x  on-board 
t r a n s m i t t e r s  f a i l  
be fore  d e t e c t i o n  

Addi t iona l  a c t i v  i- 
ties f a i l  t o  
l o c a t e  i n  ocean 

STS breakup a t  
a l t f t u d e  

STS breakup and 
payload impacts 
a c t i v e  volcano 

STS breakup and 
payload impacts 
on s o i l  wi th  k 
l e s s  than  k l i d t  

32 1 Recovery f a i l s  
w i t h i n  c r i t i c a l  
t ime m Tcr 

5.4E-13 4.1E-21 Product of [3201 x (3211 

1.OE-3 1.OE-5 Es t imate  - based on a b i l i t :  
t o  t r a c k  from space  and 
t a k e  t ime t o  f i n d .  

2 .OE-2 1 .OE-3 Es t imate  - based on 
d i s c u s s i o n s  w i t h  A r t  
Coyle, OWI, and W i l l i a m  
Pope, BCL. 

2.7E-4 4.1E-5 Sum of  [323] + [324] + 
13251 

5.4E-15 8.2E-20 See (3111 

*Note: Refer  t o  f a u l t  t r e e s ,  S e c t i o n  5.2. 
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TABLE 6-3. PER MISSlOB PROBABILITY ESTIMATES FOR PHASE 3 (Continued) 

Per  Mission El.ent P r o b a b i l i t i e s  

Faul t  Tree* Event Expected 90% Confidence 
Event No. Description Value Upper Lower Basis f o r  Estimate 

323 STSIspace d e b r i s  7.9E-9 7.9E-8 7.9E-11 
c o l l i s i o n  

324 Payload reen t ry  4.9E-12 4.9E-10 4.7E-14 
due t o  STS/meteor- 
i t e  c o l l i s i o n  

32 5 C r i t i c a l  STS 1.15E-4 2.7E-4 4.1E-5 
system f a i l u r e  

32 7 Payload impacts 2.rJE-13 2.OE-11 2.OE-15 
ac t i ve  volcano 

328 Detection of pay- 1 . OE-5 2.OE-4 1.OE-7 
load f a i l s  a t  sea  

329 Detection success- 1 .OE-5 1 .OE-3 1.09-6 
f u l  and recovery 
attempts f a i l  

330 Payload impacts 2 .OE-9 1 .OE-7 1 .OE-13 
on s o i l  with k 
l e s s  than k l imi t  

From BCL's R. C. Reynolds 
d e b r i s  da ta  base, a r r i v e  a t  
a c o l l i s i o n  r a t e  of 8E-18 
an-* s-1. Multiply 
t h i s  by 394 s f o r  Phase 3 
and 250 m2 f o r  Orbi te r  
average a r ea  and a r r i v e  
at  7.93-9. 

Based on A. Fr iedlander 's  
(SAI) da t a  of 3.5E-7 c o l l i -  
s i ons  per  year  times 394 
s divided by seconds i n  a 
year  ( f o r  Orb i te r ) .  

Derived from Wiggins da t a  
(J .  B. Baeker, 1981) f o r  
LRL replacing SRB. 

Estimate based on d a t a  from 
G. Walker, Univ. of Rawaii: 
1 km2 of l ava  a t  600 C ,  
worldwide, and 1% of t h i s  

molten condit ion 
( 1  km 10.34 x 5.1E8 
km2~(11100)(1/50 x 
1110)(2). 

Product of [3141 x [315] 

Product of [355] x [356] 

(1150 x 1/10) x <E-6) = 
2E-9; s e e  [340];  E-6 i s  
estimate. 

*Note: Refer t o  f a u l t  t r e e s ,  Section 5.2. 

B A T T B L L E  - C O L U M B U S  



TABLE G-3. PER HISSIOlO PROBABILITY ESTIMATES FOR PHASE 3 (Continued) 

Per  Mission Event P r o b a b i l i t i e s  

F a u l t  Tree* Event Expected 90% Ccnf idence  
Event No. Desc r ip t ion  Value Upper Lower B a s i s  f o r  Est imate  

33 1 Payload/meteor i te  2.2E-15 2.2E-13 2.2E-17 1.78E-10 p e r  year  x 3'94/ 
c a t a s t r o p h i c  (3609 x 24 x 365) f r m  
c o l l i s i o . ~  F r i e d l a a d e r  , SAI. 

332 Payload/debr is  1.3E-13 1.3E-12 1.3E-15 Mult i  l p  (3231 x 4.24 m2/ 
c a t a s t r o p h i c  250 m 5 and d i v i d e  by 
c o l l r s i o n  , 1000, becomes very  u n l i k e l y  

t h a t  d e b r i s  w i l l  cause  
breakup - per  d a t a  from Don 
Kess le r  , NASA/ JSC. 

333 Sh ie ld  breakage 1.2E-12 2.8E-10 4.2E-15 Product of [334] x [335] 
on hard s u r f a c e  
due t o  STS f a i l u r e  

334 Payload r e e n t r y  and 2.3E-8 5.4E-7 8.2E-10 Product of [340] x [316] 
impact cn hard  
su r f  a c e  

335 Sh ie ld  d e f e c t s  5.1E-5 5.1E-4 5.1E-6 Sumof [338] + [ 3 4 1 ]  
exceed damage 
l i m i t s  

336 Sh ie ld  breakage i .7E-17 3.9E-14 1.7E-21 Product of [342] x [343] 
on hard ground 
due t o  STS/meteor- 
i t e  c o l l i s i o n  

33 7 Shie ld  breakage 2.7E-14 2.7E-11 2.7E-18 Pxoduct of [344] x [345] 
on hard s u r f  a c e  
due t o  STS/debris 
c o l l i s i o n  

338 Manufacturing' 5 .OE-5 5.OE-4 5.OE -6 See [ 1031 
d e f e c t  undetected 

*Note: Refer t o  f a u l t  t r e e s ,  S e c t i o n  5.2. 

B ) A T T B L L E  - C O L U M B U S  
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TABLE C-3. PER MISSIOlO PROBABILITY BSTIMTES FOR P W B  3 (Continued) 

P t r  Mission Event Probabilities 

Faul t  Tree* Event Expected BOX Confidence 
Event No. Description Value IJPPer Loaer Basis  f o r  Estimate 

(1/10 x 1!50) x <1/10) = 
2E-:I ( p robab i l i t y  of 
impacting land during 
Phase 3) x (p robab i l i t y  of 
impacting rock on land) .  

Payload impacts 
on hard sur face  

Shield damage 
exceeds c r i t i c a l  
l i m i t  

Estimate - damage from PTS 
c r i t i c a l  f a i l u r e  nor 
l i k e l y  t o  damage payload 
i n  any s i g n i f i c a n t  way. 

Payload reentry and 
impact on hard 
surf  ace  

Product of [3481 x [349] 

Shield damage 
exceeds c r i t i c a l  
limits 

Sum of [346] + [347] 

Payload reen t ry  
and impact on 
hard sur face  

Product of (3501 x (3511 

Shield de fec t s  
exceed c r i t i c a l  
damage l i m i t s  

Sum of (3521 + [353] 

Manufacturing 
de fec t  undetected 

Same a s  [>J:'. 2nd [352] ,  
s e e  ! 103) 

Shield damage 
frcm meteori te /  
payload c o l l i s i o n ,  
assuming STS c o l l i -  
s ion  

Area r a t i o  of pay1 id ( ?  
spheres) tc, an ave. ape 
O r ~ i t e r  cross-sect ion 
(4.24 m2/250 m2j. 

Payload reen t ry  
due t o  STS/me teor- 
i t e  col1j;ion 

Same a s  [3241, s e e  [324] 

*Note: Refer t o  f a u l t  t r e e s ,  Section 5.2. 

B A T T E L L E  - C O L U M B U S  



Per Klsslon Event P r o b a b i l i t i e s  

Fault  Tree* Event Expected 90% Confidence 
Event No. Descrlptlon Value UPWr Lower Basis f o r  E s t h a t e  

paylolid impacts 
on hard surface  

Same a s  [340] and (351!, 
see [340] 

STS/space d e b r i s  
c o l l i s i o n  

!bme as [323], see (3231 

Payload i apac t s  
on hard su r f  ace  

Same a s  [NO1 and [3491, 
see [340] 

Y ! u f  actur ing 
defect  imdetected 

Sac as [3381 and (3461. 
s e e  I1031 

Shield danage from 
debr is /  payload 
c o l l i s i o n ,  assunfng 
STS c o l l i s i o n  

See [3471 

Payload impacts on 
water 

C o l p l a e n t  of land Inpact. 
see [340J 

Detectioa a t  sea  
successful  

Recokery a t t a p t s  
a t  sea  unsuccessfuL 

Estimate - based on discus- 
s i o n  with Art Coyle, ONUI, 
and Willfan Pope. BCL. 

Payload impacts on 
wet soil 

(1/10 x 1/50) x (1/50) x 
( 2 )  ( s e e  [3401 x ( f r e s h  
water) x 2. Assu ing  t h a t  
w e t  s o i l s  a r e  approxlmted 
by two times f resh  water. 
Fresh ua te r  d a t a  from U.S. 
AEC, 1974a- 

-- - ~ - -  -- 
i 
?Note: Refer t o  fault t r ees .  Section 5.2. 



Per Hission E~ent Probabilitie. - 
Fault Treef Even: Expected 902 b n f  idence 
Event No. Description Value upper I*wr Basis for Estimate 

101) Uslease to the 9.6E-9 1.2E-6 1.9s-10 ium of (401 1 + [402] + 
biosphere [4031 + (4041 + [bOS] 

401 Release in soil b.3E-i0 1.8E-8 8.8E-12 R d u c t  of 14061 x [413] 
resulting from long- 
tern corrosion in 
wet soil 

402 Release in sea water 8.6E-9 1.2E-6 1.3E-10 Product of [407] x [&08] 
resulting f r ~ p  long- 
term corrosion 

403 Radiation shiel 1 S.6E-10 2.ZE-8 1.1E-1, S u r  of [433] + [4361 + 
breakage at graund j 437 1 

t 

604 Radiation shield 1.17-12 4.6E-11 6-88-16 Sum of [411] + [412] 
melting 

405 Radiation shield 7.78-13 8.8E-12 7-75-15 Sm of [631] + [4321 
breakage at alii- 
tude vith reentry 

406 STS breakup and 6.3E-6 1.8E-5 E.8E-7 Product of [657; x [&I61 
payload impacts on 
let soil 

407 STS breakup and 4.3E-4 1.OE-3 l.5E-4 Product of [416] x [4S4] 
pa\=load lnpac t s 
on water 

408 Recovery at sea 2.m-5 1.2E-3 1.1E-0 Sum of (4281 + ik291 
fails 

411 STS breakup and l o  1%-I4 2.2E-12 4.SE-17 Product of I1271 x [4161 
payload impacts 
active volcano 

- - -  

*Note: Refer to fault trees, Section 5 . 2 .  



TABLE 0.i. PER KISSIOU PBOBABXLm ESTR4A¶'ES FOR PmUE 4 (Coat imed)  

Per Kission Event P r o b a b i l i t i e s  

Fault  Tree* Ev-at Expected 90% Confidence 
Event No ,  l i escr ip t ion  Value U P P ~  Lower Basis  f o r  Estimate 

412 In t e rna l  melt l.lE-12 4.4E-11 4.4E-16 Pfoduct of [42C] x [421] 

4 13 Recovery f a i l s  1.OE-4 1.OE-3 1.OE-5 Estimate - based on a b i l i t j  r 
because de t ec t ion  t o  t r ack  from space  and 
a c t i v i t i e s  f a i l  t o  take  t i m e  t o  f i nd ,  
l oca t e  

414 Al l  six on-board 1 .OE-3 1.0E-2 1.OE-4 See [206] 
t r ansmi t t e r s  f a i l  
before de t ec t ion  

415 M d i  t i o n a l  a c t i v i -  1 .OE-2 2.OE-2 1.OE-3 Estimate - based on d is -  
z i e s  f a i l  t o  l o c a t e  cussing wi th  A r t  Coyle, 
i n  ocean O W 1  . 

6 16 STS breakap a t  5.4E-4 1.1E-3 2.2E-4 !hm of (4231 + [424] - 
a l t i t u d e  14251 

b18 STS brsakup and l.lE-14 2.2E-12 4.4E-17 See (4111 
wyload  impacts 
a c t i v e  volcano 

STS breakup and I. IE-10 2.2E-9 4.bE-13 Product of [416] x 14301 
payload impacts 
on s o i l  with k 
l e s s  than k ih i t  

Recovery f a i l s  1 .OE-2 2.0E-2 1 .OE-3 Estimate 
v i t h f n  c r i t i c a l  
time = TCr 

423 STS/space d e b r i s  4.5E-8 4.5E-7 4.5E-10 See (3501, but with 2216 
c o l l f s i o n  s rep lacfng  394 s. 

621 Payload r een t ry  due 2.5E-11 2.5E-9 2.5E-13 See (3481, but with 2216 
rc  STS/= t e o r i t e  s rep lac ing  394 s. 
co l2 is ion  

- - 

*Note: Refer ta f a u l t  t r e e s ,  Sect ion 5.2. i i  
i 
8 
$ e A T T E L L E  - C O L L  (h9e)US 
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TABLE 04. PEE MISSIOtS PROBABILITP ESTMLVBS PO% PHASE 4 (Continued) 

Per Mission Event P r o b a b i l i t i e s  

Paul t Tree* Event Expected 902 Confidence 
Event No. Descr ipt  ion Value Upper Lower Basis f o r  E s t a t e  

Critical STS system 
f a l l u r e  

Derived from Uiqgins d a t a  
(J. 0 .  Baeker, '981) f o r  
LRB rep lac ing  SIB. 

See (3271; but r ~ p l a c i n g  
(1/50 x 1/10) by 
49/50 x 1/5). 

Payload impacts 
a c t i v e  volcano 

Detection of pay- 
load f a l l s  a t  s e a  

product of (4551 x (4561 Detect ion  success- 
f ul and recovery 
a t tempts  f a i l  

(49/50 x 1/5) x (E-6) = 
2E-7, see (340); E-6 is 
estimate. 

Payload h p a c t s  on 
s o i l  with k less 
than '=lhi t 

P a y l o a d l e t e o r i t e  
c a t a s t roph i c  col- 
11 s ion  

1.78E-10 per  year  x 
(221613600 x 24 x 365) 
(frola Fr iedlander ,  SAI). 

t 4 U l t i ~ l ~  :4231 x 
4.24~1 1250m2 and 
d iv ide  by 1000, see (3321. 

Payload/debris 
c a t a s t roph i c  
c o l l i s i o n  

Shield breakage 
on hard su r f ace  
due t o  STS f a i l u r e  

Product of (434) x [435] 

Payload reen t r y  
and impact on 
hard su r f ace  

Product of (440) x (4161 

Shield de f ec t s  
exceed damage 
l i m i t s  

*Note: Refer t o  f a u l t  trees, Sect ion 5.2. 
I 

B A T T B L L E  - C O L U M B U S  
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TABLE 04. PER MISSION PROMEILITP ESTIMATES FOR PHASE 4 (Continued) 

Per Hission Event Probabilities 

Fault Tree* Event Expected 90% Confidence 
Event No. Description Value Upper Lower Basis for Estimate 

436 Shield breakage 8.5E-15 
on hard ground 
due to STSImeteor- 
ite collision 

437 Shield breakage 1.5E-11 
on hard surface 
due to STS/debris 
collision 

43d Hanufacturing 5.OE-5 
defect undetected 

440 Peyload iapacts on 2.OE-2 
hard surface 

44 1 Shield damage 5 .OE-7 
exceeds critical 
limit 

442 Payload reentry 5.OE-13 
and impact on 
hard surface 

44 3 Shield damage 1.7E-2 
exceeds critical 
limit 

444 Payload reentry 9.OE-10 
and impact on 
hard surface 

1 
44 5 Shield defects I. IE-2 

! exceed critical 
damage llmtts 

I .  

*Note: Refer to fault trees, Section 5.2. 

Product of [444] x [445] 

See [lo31 

(115 x 69/50] x (1/10) = 
(1/50) (probability of 
impacting land during 
Phasz b )  x (probability of 
impacting rock on land). 

Estimate - half the value 
of [341] because fewer 
propellants available. 

Product of 1448 1 x [4491 

Sum of [446] + [447] 

Product of [450] x 14511 

Sum of [452 1 + (4531 



TABLE 6-4. PER MSSIOB PBOBbBILITY ESTIMATES lrOB P E S E  4 (Continued) 

Per Hiesion Event P robab i l i t i e s  

Fault Tree* Event f xpected 90% Confidence 
Event No. Description Value Upper Lower Basis f o r  Estimate 

Manufacturing 
defect  undetected 

Shield damage from 
meteorite/payload 
co l l i s ion ,  a s smfng  
STS c o l l i s i o n  

Payload reentry  
due to  STSIme teor- 
i t e  c o l l i s i o n  

Payload impacts 
on hard surface  

STS/space debr i s  
co l l i s fon  

Payload Impacts 
on hard surface  

Uanuf ac t  ur ing 
defect  undetected 

Shield damage 
f ran  debris/  
payload co l l i s ion ,  
asauaing STS c o l l i -  
s Ian 

Payload impacts on 
ua te r  

Detection a t  sea 
successful  

Recovery a t t e q t s  
a t  sea unsuccessful 

See (1031 

See [3471 

See (4241 

See (4401 

See (4231 

See (4401 

See (1031 

See [3471 

4/5 chance of hi' - ing water 
+ 20%. - 

Estimate - based on discus- 
s ions  with A r t  Coyle, ONWI. 

~p~ ppp-p-p-- 

*Note: R e f ~ ;  t o  f a u l t  t r ees ,  Section 5.2. 
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TABLE G-4. PER MISSION PROBABILITY BSTINATES FOR PRASE 4 (Continued) 

Per Hission Event Probabilities 

Fault Tree* 
Event No. 

Event 
Description 

Expected 90% Confidence 
Value Uppel: Lower Basis for Estimate 

457 Payload impacts on 8.OE-3 l.6E-2 6.OE-3 1/5 chance of h i t t ing  lax I 

wet  s o i l  on nominrl track, with 
1/25 chance of hitt ing w z 
s o i l  - see 13571. 

*Note: Refer to fault trees,  Section 5.2 .  



TABLE 0 5 .  PZR MISSION PROBABILITY E!STIMATES FOR PHASE S 

?or Hission Event Probab i l i t i e s  . 
Fault  Tree* Event Expected 90% Conf -- i d  ?rice - 

Event No. Description Value Upper Lower Basis f o r  Estimate 

500 Release t o  the 3.7E-10 
biosphe .re 

50 1 Release i n  s o i l  8.5E-16 
resu l t ing  from 
l c  ~g-term corrosion 
i n  w e t  s o i l  

Release i n  sea-water 1.3E-11 
resu l t ing  from long- 
term corrosion 

Radiation sh ie ld  3.5E-10 
breakage a t  ground 
impact 

Radiation sh ie ld  1.9E-15 
me1 t ing 

Radiation sh ie ld  1.1E-11 
breakage on o r b i t  
with reentry 

Reentry and pay- 8.55-9 
load impacts on 
wet s o i l  

3.6E-12 1.4E-18 Roduct  of [SO61 x [507] 

2.8E-9 4.5E-16 Product of [SO81 x [SO91 

1.6E-13 1.7E-21 Sum of [514] + [513] 

1.3E-10 1 1 - 1  Sum of [515] + [516] 

1.8E-7 1.4E-12 Product of [5171 x [5581 

Recovery f a i l s  1 -0E-5 2.02-5 1.OE-6 Estimate - have much more 
because detection time t o  prepare ior even- 
a c t i v i t i e s  f a i l  t o  tual  reentry.  
loca te  

508 Reentry a:-d pay- 5.2E-7 2.X-6 4.1E-10 Productof  [Sl?]  x j51S: 
load impacts on 
water 

50 3 Recoveq f a i l s  2.OE-5 1.2E-3 l.lE-6 Sum of [5551 + [528] 

*Note: Refer t o  f a u l t  t r ees ,  Section 5.2. 

B A T T B L L E  - C O L U M B U S  



TABLE G-5. PER MISSION PROBABILITY ESTIMATES FOR PHASE 5 (Continued) 

Per Kission Event P r o b a b i l i t i e s  

Faul t  Tree* Event Expected 90% Confidence 
Event No. Descriptiox Value Upper Lower Basis f o r  Estimate 

Shield breakage 
on hard surface  
due t o  STS f a i l u r e  
Shield breakage 
on hard gr0ur.d 
due t o  meteoroid/ 
payload c o l l i s i o n  

Product of [520] x [521] 

Product of I5231 x [522] 

Product of [524] x [525] Shield breakage 
on hard ground 
due t o  debr is /  
payload c o l l i s i o n  

Product of [5441 x [526] In te rna l  melt 

Same a s  15271 External  n e l t  

Payload/meteoroid 
ca tas t roph ic  c o l l i -  
s ion  

1.78E-10 per year x 
[ 3 2 , 2 9 0 / ( '  3 x 24 x 365)] 

8E-18 an-2 9-1 x 42, 
400 cm2 x 32,290 s x 
(1/1000), see  [3321. 

Payload/debris 
ca tas t roph ic  
c o l l i s i o n  

Product of [5321 x [531] Payload reentry  

?ayload impacts 
on water 

For 38-degree i n c l i n a t i o n  
o r b i t  random reentry ,  
from U.S. AEC, 1974a. 

Product of [5171 x [5341 Paylcad reentry  
and impact on 
hard surface  

Shield defects  
exceed damage 
l i m i t s  

- - - 

*Note: Refer t o  f a u l t  t r e e s ,  Seccjon 5.2. 

B A T T E L L E  - C O L U M B U S  



TABLE G-5. PER MISSION PROBABILI'PP ESTIMATES FOB PEASE 5 (Continued) 

Per Mission Event P robab i l i t i e s  

Fault Tree* Event Expected 90% Confidence 
Event No. Description Value Upper Lower Basis f o r  Estimate 

522 Payload reent ry  2.2E-13 2.8E-11 1.4E-15 Product of [537] x [538] 
and impact on 
hard sur face  

Shield de fec t s  
r.,: eed c r i t i c a l  
diimag.? limits 

S m  of [539] + [5401 

Product of 15411 x 15421 

Sum of [561] + is601 

Product of [543] x [517] 

Paylokd reent ry  
and impact on 
hard sur face  

Shield de fec t s  
exceed damage 
l i m i t s  

Payload reent ry  
and impact on 
s o i l  with k l e s s  
than "limit 

Product of [517] x [545] Payload reentry 
and payload impacts 
ac t ive  volcano 

Product of [5291 x [5301 Detection success- 
f u l  and recovery 
attempts f a i l  

1 - 15551 2 1 

See 14561 

Detect ion 
successful  

Recovery at tempts  
a t  sea unsuccess- 
f u l  

Rescue f a i l u r e  Estimate 

*Note: Refer t o  f a u l t  t r e e s ,  Section 5.2. 

I A T T B L L E  - C O L U M E U S  
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TABLE G-5. PER MISSION PROBABILITY ESTIMATES FOR ?HASE 5 (Continued) 

Per  Mission Event P r o b a b i l i t i e s  

Faul t  Tree* Event Expected 90% Confidence 
Event No. Description Value Upper Lower Basis f o r  Estimate 

Loss of cont ro l  
on STS system 
supported by pay- 
load 
Payload impacts 
on hard surface 

Sum of [547] + [548] + 
[5491 + [5501 + [5511 
+ [5521 

Zrom U.S. AEC, 1974a, 
Overal l  Safe ty  Manual, 
38-degree o r b i t  random 
reent ry  

Manufacturing 
defec t  undetected 

See 11031 

1% of Orbi te r  f a i l u r e s ,  
see  [550]. 

Shield damage from 
system f a i l u r e  
event exceeds c r i -  
t i c a l  l i m i t  

Payload reentry 
t o  meteoroid/ 
payload c o l l i s i o n  

6.7E-9 c o l l i s i o n s  
per year f o r  an a r ea  of 
4.24 m2 x 32,290 s 
divided by seconds i n  a 
year.  

Payload impacts 
o* hard surface 

3.2E-2 

5.OE-5 

1. OE-C 

See 1534 j 

See [!03] Manufact  ring 
defec t  undeterted 

Shield damage 
from c o l l i s i o n  
with meteoroid 
exceeds c r i t i c a l  
l i m i t  

Estimate 

8E-18 cme2 9-1 x 
42,400 cm2 x 32,290 
s 5 l.lE-8 ( see  [333]).  

Payload reentry 
due t o  debr i s1  
payload c o l l i s i o n  

*Note: Refer t o  f a u l t  t r e e s ,  Section 5 . 2 .  

O A T T E L L E  - C O L U M B U S  



TABLR G-5. PER MISSIOH PROBABILITY ESTMATBS FOR PBASB 5 (Continued) 

Per Mission Event P robab i l i t i e s  

Fault  Tree* Event Expected 90% Confidence 
Event No . Description Value Upper Lower Basis f o r  Estimate 

See [5341 Payload impacts 
on hard surf  ace  
Payload impacts 
on s o i l  with k less 
than k l m t  

For 38-degree i nc l ina t ion  
o r b i t ,  random reent ry  prob- 
a b i l i t y  of land impact 
is 0.267. Probabil i ty  of 
exceeding k l i d t  is 
estimated a t  1.OE-6. 

Recovery f a i l s  
within c r i t i c a l  
time = Tcr 

Estimate ( s ee  421) 

( 1  km2/0 .267 x 
5.1E-8 km2) x (1/100) x 
(115) x (21, see  [3271. 

Payload impacts 
ac t i ve  volcano 

8E-18 s-l x 
1,170,000 cm2 x 32,290 
s = 3.OE-7, debi-ts r a t e  
from BCL's Reynz~. s. 

Debris co l l i s i on  

Me teoroid co l l i s i on  Based on A. FriedLandor's 
(SAX) da t a  of 1.85E-., 
c o l l i s i o n  per year ,I.nes 
32,290 s divided by 
seconds i n  3 year. 

0.999999 + E-6; put i n  
10% here, r e s t  i n  OTV 
f l i g h t  phase. 

OTV/SOIS f a i l u r e  

Orbi ter  f a l l u r e  

Dbcking coll1s:on 

From Wiggins da t a  (J. 
Rudson, 1979). 

Estimate 

*Note: Refer to f a u l t  t r e e s ,  Section 5.2. 

B 4 T T E L L P  - C O L U M B U S  
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TABLE G-5. PER MISSION PROBABILITY ESTIMATES FOR PHASE 5 (Continued) 

Per Mission Event P robab i l i t i e s  

Fault  Tree* Event Expected 99% Confidence 
Event No. Description Value Upper Lower Basis f o r  Estimate 

552 Docking s ys t  em 1.OE-6 1.OP;-7 1.OE-8 Estimate 
w i l l  not re lease  

555 Detection f a i l s  1 . OE-5 2.OE-4 1.OE-7 Product of [556] + [557] 

556 All six trans-  1 . OE-3 1.OE-2 1.OE-4 See [206] 
mi t t e r s  f a i l  
before detect ion 

557 Additional detec- 1 .OE-2 2.OE-2 1.OE-3 See [415] 
t ion a c t i v i t i e s  
f a i l  t o  l oca t e  I n  
ocean 

558 Payload impacts 1.2E-2 6.OE-2 2.4E-3 F r e s h w a t e r x 2 , f o r  
on wet s o i l  random reent ry  38-degrees 

(U.S. AEC, 1974a). 

5 60 Manufacturing 5 .OE-5 5.OE-4 5.OE-6 See [535] 
defec ts  undetected 

56 1 Shield damage 1 .OEO 1 .OEO 1 .OE-2 Some damage nay occur 
from debris /  due to  debr i s  impact - 
payload c o l l i s i o n  assume worst case f o r  
exceeds c r i t i c a l  expected valuz . 
l i m i t  

*Note: Refer to  f a u l t  t r e e s ,  Section 5.2. 



TABLE G-6. PER MISSION PROBABILITY ESTIMATES FOR PRASE 6 

Per Mission Event P r o b a b i l i t i e s  

Fau l t  Tree* Event Expected YC? Confidence 
Event No Descr ip t ion  Value 'Ipper Lower Bas i s  f o r  Est imate  

600 Release t o  t h e  3.33-9 1.3E-7 
biosphere  

60 1 Release t o  s o i l  1 .OE-14 2 .OE-12 
r e s u l t b n g  from 
long-term cor ros ion  
i n  w e t  s o i l  

6CL Release i n  s e a  1.3E-13 1.6E-10 
u a t e r  r e s u l t i n g  
from long-term 
cor ros ion  

603 S!lield breakage 3.3E-9 1 .?V-7 
on hard s u r f a c e  
due co OTV/SOIS 
f a i l r l r e  

604 Radiat ion s h i e l d  2.3E-17 9.2E-15 
mel t ing 

605 Radiat ion s h i e l d  2.5E-1: 2.5E-10 
break-ge on o r b i t  
wi th  eventual  
r e e n t r y  (long- 
term) 

606 Reentry and pay- 1.9E-10 1.OE-8 
load impacts on 
wet s o i l  

607 Recovery tai ls  1 .OE-4 2.OE-6 
becsuse detec- 
t i o n  a c L i v i t i e s  
f a f l  t o  l c c a t s  

608 Reentry and pay- 6.3E-9 1.3E-7 
load Impacts on 
water 

Sum of (6011 + [602] + 
[6031 + (6041 + [605] 

Product of [606; x (6071 

Product of 16091 x [609] 

Sum of (6101 + [611! + 
16121 + (6131 + [614: c 
[6151 

Product of [620] x [621j 

Est imate  - have l e s s  
t ime i n  some f a i i u r z  
modes than i n  [SO71 

Product of (6221 x [623] 

*Note: Refer t o  f a u l t  t r e e s ,  Sect ion 5.2. 



Per Kission Event P robab i l i t i e s  

Fault Tree* Event Expected 90% Gmf ideace 
Event th. Oexr ip t ion  Valce Upper Louer Basis f o r  Estimate 

609 Recovery f a i l s  2.OE-5 1.Z-3 I. ;E-6 S u  of  [624] + [625] 

610 Ugh-veloci t y  2.1E-9 9.5E-8 6.OE-12 Product of [6261 x [627] 
sh ie ld  b- e w e  
on soi l  due t o  
OIPISOIS f a l l u r e  

61 1 Eigh-velocity 6.3E-10 2.1E-8 3.OE-12 Product of (6291 x [628] 
breakage on water 
due t o  OIYlSOIS 
f a i l u r e  

612 8 i ~ k v e l o c i t y  4.8E-10 1.3E-8 5.E-12 Product 9f [6M] x (6311 
surface breakage 
on hard surface 
due t o  UTVISOIS 

613 Shield broakaze 
on hard surface 
due t o  OTYISOIS 
f a i l u r e  

1.OE-14 3.Z-12 1.1E-17 Product of [632j x [633] 

614 Shield breakage 1.3E-14 1.SE-12 1.OE-17 Product of [634] x (6351 
on ha11 surface 
due t o  le teoro iu  
payload c o l l i s i c -  

61 5 Shield breakage on 8.OE-11 9.5E-10 6.5E-14 Roduct  of [636] x 16371 
hard surface due 
t o  debrislpayload 
c o l l i s i s n  

b16 In te rna l  a e l t  2.3E-17 9.SE-15 2.3E-22 Product of (6381 x 16393 

617 External lselt 1.E-19 3.4E-16 1.78-23 Same a s  (0401 

618 Peyioadlmeteoroid I. IE-i4 1.1E-12 1.1E-16 (5151 x (1902132,290) 
catastrophic 
c o l l l s i o n  

-- - - -- - - - - - - - 

*Note: Refer t o  f a u l t  t r ee s ,  Section 5.2. 

B A T T E L L S  - C O L U M B U S  



Per lliasion Event Probabi l i t i es  

Paul; Tree* 2vea t Expected 902 Coaf ldence 
Event Wo. C=scription Value upper Lower Basis f o r  Estimate 

Payload/debris 
catastrophic 
co l l f s lon  

Payload i rpac ts  
on u?t s o i l  

See [5581 

Product of 16411 x [6421 Payload reentry 
a t  l e s s  than 
c r i t i c a l  speed f o r  
wet s o i l  

Payload reen t ry 
a t  l e s s  than 
c r i t i c a l  speed f o r  
water 

Product of [64 11 x [643] 

0.73 fram U.S. AEC. 1974a Payload impacts 
on water %era11 Safety h&tl f az  

38degree  q r b i t ,  random 
reentry. 

Detection of 
payload f a l l s  
a t  sea  

Product of i684] x [685] 

Detection success- 
ful and recovery 
attesmpts f a i l  

Product of [672l x [673] 

Payload inpacts 
on any soil 

Sol1 Impact probabili ty 
f o r  38degree Incl inat ion 
o r b i t  f r m  U.S. AEC, 197ba. 

rayload reentry 
lnd Impact speed 
exceeds cr1:ical 
speed for s o i l  

*Note: Re5er t o  f au l t  t r ee s ,  Section 5.2 .  

S C I T T E L L E  - C O L U I W ~ U ~  



Per )Us#ion Event Probab i l i t i e s  - 
Fault  Tree* Event Expectc-a 902 Confidence 

Event No. Description Value upper Lower Basis f o r  Estimate 

628 Payload i rpac t s  7.3E-1 7.6E-1 7.OE-1 See [6231 
on water 

529 Payload reeentry 8.6E-10 2.SE-8 4.3E-12 Product of (6501 x (6511 x 
and i q m c t  exceeds (6521 
critical speed f o r  
= tar  

6 30 Payload impacts 3.2E-2 3.8E-2 2.6E-2 See tS421 
on hard surface 

63 1 Payload reentry 1. SE-8 3.4E-7 2.2E-10 Product of [653] x 16541 x 
and impact speed [65S1 
exceeds c r i t i c a l  
speed 

632 Payload reent ry  2.8E-10 6.5E-9 2.2E-12 Product of [656] x (6571 
and impact on 
hard surface 

633 Shield defec ts  5.OE-5 5.0E-4 S.OE-6 Sum of [6S8] + [659] 
exceed damage 
limits 

634 Payload reentry 1.3E-14 1.5E-12 1.OE-16 Product of [660] x [661] 
and impact on 
hard sur face  

635 Shield defec ts  1 .OEO 1 .OEO 1.OE-1 S m  of 16631 + [6611 
exceed c r i t i c a l  
damage limits 

636 Payload reentry 8.OE-11 9.5E-10 6.SE-12 Product of [664] x [66S] 
and Impacts on 
hard surface 

637 Shield defec ts  i .OEO 1 .OW 1.OE-2 Sum of (6671 + [666] 
exceed c r i t i c a l  
damage l i m i t s  

*Note: Refer t o  f a u l t  t r ee s ,  Section 5.2. 



TABLE G-6. PER MISSIOII PROBABILITY ESTIHATES FOB PBbSE 6 (Continued) 

Per Mission Event P robab i l i t i e s  

Fault Tree* Event Expected 90% Conf I deuce 
Event No. Description Value Upper Lower Basis f c r  Estimate 

638 Payload reent ry  2.3E-15 4.6E-13 2.3E-19 Product of I6441 x (6451 
and Impacts on 
s o i l  v i t h  k less 
than ~ lhi t  

639 Recovery f a l l s  1 .OE-2 2.OE-2 1.GE-3 E s t i m a t e ( s e e [ 4 2 1 ] )  
within c r i t i c a l  
t k  = Tcr 

640 Payload reentry 1.7E-19 3.42-16 1.7E-23 h o d u c t  of I6411 x [6461 
and Impacts 
ac t  ive volcano 

64 1 Payload reentry 8.68-9 1.7E-7 8.6E-11 Product of I6701 x [671] 

642 Impact speed l e s s  1 .OEO 1 .OEO 1 .OEO Estimate f o r  nominal 
than c r i t i c a l  speed r e e n t r i e s  (decaying type) 
f o r  w e t  s o i l  

64 3 Impact speed l e s s  1 .OEO 1 .OEO 1.3EO Estlmate f o r  d n a l  
than c r i t i c a l  speed r e e n t r i e s  (decaying type) 
f o r  water 

644 Payload reentry a t  8.6E-9 1.7E-7 3.6E-11 Product of 16411 x (6741 
l e s s  than c r i t i c a l  
speed f o r  s o i l  

645 Payload Impacts 2.7E-7 2.7E-6 2.7E-9 See [543] 
s o i l  with k l e s s  
than kl hi t 

646 Payload impacts 2 .OE-: 1 2.OE-9 2.3E-13 See [545] 
ac t ive  volcano 

64 7 C r i t i c a l  f a i l u r e  8.6E-7 8.SE-6 8.6E-8 0.999999 + E-6, put 86% 
on OTVISOIS system of i t  here, 4% in  Phase 7, 

10% i n  Phase 5 (per  Boeing 
recommendation) 

- - 

*Note: Refer t o  f a u l t  t r e e s ,  Section 5.2. 

B A T T E L L E  - C O L U M B U S  



TABLE 6-6. P3R MISSIOLI PROWILITY E S T M S  FOR -3 6 (Continued) 

Per Mission Event P robab i l i t i e s  

Fault Tree* Event Expected 90L Confidence 
Event No. Description VAue Upper Lower Basis f o r  Estiarate 

Fai lure time 5 .OE-1 
exceeds t h a t  needed 
t o  ge t  critical 
speed f o r  soil 

Estimate 

E l l i p t f c a l  trajec- 2.OE-2 
tory  within limits 
f o r  d i r e c t  reentry 

Critical f a i l u r e  8.6E-7 
on OTV/SOIS system 

See [64 i ]  

[648] = (101, est imate.  Fai lure time 5.3E-2 
exceeds t h a t  needed 
t o  ge t  c r i t i c a l  
speed f o r  water 

E l l i p t i c a l  t ra jec-  2.OE-2 
t ~ r y  within l i m i t s  
f o r  d i r e c t  reentry 

See [649] 

C r i t i c a l  f a i l u r e  on 8.6E-7 
OTV/SOIS system 

See [6471 

Estimate Fai lure t h e  9 .OE-1 
exceeds t h a t  neec!ed 
t o  ge t  c r i t i c a l  
speed on hard sur face  

E l l i p t i c a l  t r a j e r  2 .OE-2 
tory  within l i m i t s  
f o r  d i r e c t  reentry 

See I6491 

Payload reentry a t  8.6E-9 
l e s s  than c r i t i c a l  
speed f o r  hard sur face  

Product of [668] x [641] 

Payload Impacts on 3.2E-2 
hard sur face  

See 15421 

~ 

*Note: Refer t o  f a u l t  t r e e s ,  Section 5.2. 



TABLE 0 6 .  PEB llISSIOB PBQBdBILITP ESTDWTB POB PHASE 6 (Continued) 

Per Mission Event P robab i l i t i e s  

Fault l'rce* Event Expected 90% Conf ldence 
Event No. Description Value Upper Lower Basis f o r  E s t h a t e  

Xacufacturing 
defec t  undetected 

See [535] 

E s t h a t e  Shield damage from 
system f a i l u r e  
event exceeds cr i-  
t i c a l  l i m i t  

Payload. reent ry  
( l e s s  than c r i t i -  
c a l  speed) from 
meteoroid c o l l i -  
s ion 

Payload impacts 
on hard sur face  

See [542] 

See [5351 

Estimate see  [540] 

Hanuf ac tu r  ing 
defec t  undetected 

Shield damage f r o a  
c o l l i s i o n  with 
meteoroid exceeds 
c r i t i c a l  l i m i t  

Payload reentry 
( a t  l e s s  than 
c r i t i c a l  speed) 
from debris/pay- 
load c o l l i s i o n  

Payload impact 
03 hard surface 

See [542] 

See is351 Manufacturing 
defect  undetected 

*Note: Refer to f a u l t  t r e e s ,  Section 5.2. 



TABLE 0-6. PER HISS108 PROBABILITY ESTIMATES FOB PHASE 6 (Contirmed 

Per Hission Event P robab i l i t i e s  

Fault Tree* Event Expected 90% Confidence 
Event No. 0es:ription Value Upper Lower Basis f o r  Estlmate 

Shield damage from 1 .OEO 1. OEO 
debris/payload col- 
l i s i o n  exceeds 
c r i t i c a l  l i m i t  

Impact speed l e s s  1 .OEO 1 .OEO 
than c r i t i c a l  speed 
f o r  hard surf  ace 

Payload reent ry  due 4 .OE-13 4.OE-l l 
t o  meteoroidlpayload 
c o l l i s i o n  

Rescue f a i l u r e  8.68-7 8.68-6 

OTV/SOIS system 1.OE-2 2.OE-2 
f a i l u r e  

Detection successful  1 .OEO 1 .OEO 

Recovery attempts 1 .OE-5 1 .OE-3 
f a i l  

Impact speed l e s s  1 .OEO 1 .OEO 
than cr i t i :a l  speed 
for  s o i l  

Debris /col l is ion 7 .OE-8 7. CE-7 
(with conf igura- 
t i on )  

Meteoroid co l l i -  1.1E-I1 l.lE-9 
s ion  (with config- 
ura t  ion) 

*Note: Refer t o  f a u l t  t r e e s ,  Section 5.2. 

1.OE-2 See (5611 

1 .OEO Fapected f o r  n m i n a l  
reent ry  

8.6E-8 E s t i m a t e - b a s e d o n 6  
t r y s  a t  0.94 chanca of 
success; however, must 
not exceed [ 64 7 I . 

1.OE-3 Sum of [676] + [677] + 
[6781 

1.OE-6 Estimate s e e  [456] 

1. OEO Estimate - see  16421 

7 .OE-9 Integrated through debr i s  
b e l t  based upon conf-gura- 
t i on  a rea  of 117 m2 
( A l  Friedlander ,  SAI) 

1.1E-13 6.7E-9 per yr x [1902/ 
(365 x 24 x 3600)l x 
[117/4.24] 

O A T T a L L D  - C O L U M B U S  
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TABLE 6-6. PER MISSIOh PROBABILITY BSrQlATBS FOB PHASE 6 (Continued) 

Per Hission Event P robab i l i t i e s  

Fault  Tree* Event Expected 90% Confidence 
Event k. Description Value Upper Lower Basis f o r  Estimate 

678 OTV/SOIS f a i l u r e  1 . OE-2 2.OE-2 1.OE-3 Basedon0 .98de l ive ry  
r e l i a b i l i t y  taken during 
t h e  1902- period (Boeing 
r e l i a b i l i t y  number) 

A l l  six on-board 1 .OE-3 1.OE-2 1.OE-4 See f2061  
t ransmi t te rs  f a i l  
before detect ion 

Additional detec- 1 .OE-2 2.OE-2 1.OE-3 E s t h a t e ,  s ee  !415] 
t i on  a c t i v i t i e s  
f a i l  t o  l oca t e  
i n  ocean 

*Note: Refer to f a u l t  t r ee s ,  Section 5.2. 
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COMPUTER PLOTS OF PAYLOADIGRAUITE IMPACT RESPONSE 
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APPENUIX H 
COMPOTEB PLOTS OF P A W / G R A N I T E  IMPACT RESPONSE 

The p l o t s  (F igure  H-l through H-16) show t h e  DYNA2D-generated von 
Hises  stress (equiva len t  s t r e s s )  and the  hoop stress (stress perpendicular  t o  
t h e  plane of t h e  model) f o r  0.25, 0.50, 0.75, and 1.0 ms a f t e r  t h e  impact 
process  s t a r t s  (nuc l ea r  waste payload impacting g ran i t e ) .  Refer  t o  Sec t ion  
5.4.3.2 of t h e  r epo r t  f o r  t e chn ica l  d i scuss ion .  
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ORIGINAL PAGE IS 
OF POOR QUALIW 

S I G M A  EQ 

FIGURE H--1.  COWFOZTRS OF VON MISES STRESS AFI'ER 0.25 
OF IMPACT (442 m/s IKPACT VELOCITY) 



H- 3 ORlOlNAb PAGE IS 

OF POOR QUALITY 
.000500 

S I G M A  EQ 

FISURE R-2. CONTOURS OF VON MISES STRESS AFTER 0.50 ms 
OF IMPACT (442 m/s IMPACT VELOCITY) 
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S I G M A  EQ 
[I] 50000 GO x 400000 00 

0 100000.00 0 500000.00 

200000-00 + 600000*00 

+ 300000~00 x 700005-00  

FIGURE El-3. CONTOURS OF VON MISES STRESS AFTER 0.75 ms 
OF IMPACT (442 m/s IMPACT VELOCITY) 



S I G M A  EQ 
C3 50000 00 x 400000.00 

(TJ 100000~00 0 50000OmO0 

A 20000f'LOO LP 600000 00 

+ 300000000  x 7 0 0 0 0 0 ~ ~ 0  

FIGURE H-4. CONTOURS OF VON YISES STRESS AFTER 1.0 ms 
OF IMPACT (442 m/s IMPACT VELOCITY) 
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ORIGINAL PAC;€ IS 
H- 6 OF POCR QUAUTY 

S I G M A  T 
13 -800000.00 LP 0.00 

0 -700000.00 
x 300000.00 

A -600000. 00 y 4C3000m00 

+ -500000.00 y 500000.00 

X -43000Cr.00 
6000G0a00 

0 -300000.00 

F1GLV.E H-5. CONTOURS OF HOOP STRESS AFTER 0 -25  ms 
OF IMPACT (442 m/s IMPACT VELOCITY) 
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S I G M A  T 
-800000. GO + 0.00 

0 -700000.00 X 300000.00 
A g600000.00 y 400000.00 

+ -500000.CO t< 500000.00 

x -400300 00 600000.00 
-300000 00 

FIGURE ti-6. CONTOURS OF ROOP STRESS AFTER C.50 m 
OF XNPACT (442 m/s INPACT VELOCITY) 
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S I G M A  T 
R -800000800 

0 -700000-00 
A -600000 s 00 

+ -500000-r)O 

X -400000.00 

0 -300000-00 

0F;:SItGAL PAGE IS 
OF POOR QU- 

FIGURE R-7. COWPOURS OF HOOP STRESS AFTER 0.75 m s  
OF mACf (442 m/s DIPACT VELOCITY) 



S I G M A  T 
-800000-00 + 0.00 

13 
-700000-00 x 300000-00 0 
-600000 GO y 40000OmO0 

-5C000~ .00  y 500000.00 + 
-400000-00 X 600000 00 

X 

0 -300000-00 

FIGURE 8-8. CONTOURS OF HOOP STRESS AFTER 1.0 ms 
OF IMPACT (442 mls IMPACT VELOCITY) 
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SIGMA EQ 
Q 30000-00 x 300000 00 

0 50000-00 0 400000 Ob 

A 100000=00 4% 500000.00 

+ 2CC,CCC.OO x 62CCC2 OC 

FIGURE H-9. CONTOURS OF VON MISES STRESS AFTER 0.25 m s  
OF IMPACT ( 152 m/s IMPACT VELOCITY) 
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S I G M A  EQ 
13 38000 00 x 300000.00 

0 50000 00 0 40000OmO0 

A 100000~00 500000-00 

+ 2CC000 00 x 6 C O Z C C - C C  

FIGURE H-10. CONTOURS OF VON MISES STRESS AFI'ER 0.50 UIS 

OF IMPACT (152 m/s IMPACT VELOCITY) 



S I G M A  ELI 
30000 00 X 

300000 00 
PI  

50000 00 
400000-00 

0 
* 100000.00 4 

500000.00 

200000 00 X 
6 O C C C C .  CC + 

FIGURE H-11. CORJTOURS 0) VON MISES STRESS AFTER 0.75 ms 
OF IMPACT (152 m/s IHPACT VELOCITY) 
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S I G M A  EQ 

FIGURE H-12. CONTOURS OF VON MISES STRESS AFTER 1.0 ms 
OF IMPACT (152 m/s IMPACT VELOCITY) 



ORIGINAL PAGE IS 
OF POOR QUALITY 

SIGMA T 
13 -800000.00 

0 -700000.00 + 0.00 

A -600000.00 x 3~0000.00 

+ ~50C000.00 y 400000*00 

x -400000.00 x 500000.00 

0 -300000.00 m 600000.00 

FIGURE A-13. COHTOURS OF HOOP STRESS AFTER 0.25 ms 
OF W A C T  (153 m/s IMPACT VELOCITY) 

B A T T E L L E  - C O L U M B U S  

--- - 



OPIGINAL PAGk IS 
OF POOR QUALI? 

S I G M A  T 
a -800000 00 

0 -700000.00 + 0.00 

A -600000.00 x 30000OeO0 

+ -500000.00 y 400000.00 

x -400000.00 y 500000-UQ 

Q -300000-00 % 600000.00 

FIGURE H-14, COBTOURS OF HOOP STRESS AFTER 0.50 ms 
OF IMPACT (152 m / s  IMPACT VELOCITY) 



ORIGINAL PAGE IS 
OF POOR Q U A W  

S I G M A  T 
0 -800000 . 00 

0 -7OOOOC-00 + 0.00 

-600O0OD 00 X 3OOOoo-00 

+ -SCOOOO.OO y 400000-00 

x -400000 00 # 5OOOOO* 00 

6 -300000.00 rn 600000-00 

FIGDRE B-15. CONTOURS OF HOOP STRESS AFTER 0.75 ms 
OF IMPACT (152 m/s IMPACT VELOCITY) 
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ORIGINAL PAGE n 
~ 0 1  000 OF POOR QUALITY 

SIGMA T 

FIGURE H-16. CONTOURS OF HOOP STRESS AFTER 1.0 ms 
OF IMPACT (152 m/s IMPACT VELOCITY) 
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