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FOREWORD 

The  study summarized  in this  r e p o r t  is a p r e l i m i n a r y  e x a m i n a t i o n  of  

t h e  f e a s i b i l i t y  a n d  p r e f e r r e d  a p p r o a c h e s  f o r  d i sposa l  of  s e l e c t e d  h igh- level  

defense  nuclear  was t e s  in space. T h e  study is a c o n t i n u a t i o n  of p r e v i o u s  NASA 

a n d  NASA-sponsored  s t u d y  a c t i v i t i e s ,  but  d i f fe rs  f rom these  previous s tudies  in 

t h e  emphasis  on de fense  w a s t e s  ( a  s t u d y  g r o u n d  r u l e  s p e c i f i e d  j o i n t l y  b y  t h e  

D O E  a n d  NASA) .  T h e  s t u d y  is a n  i n t e g r a l  p a r t  of t h e  o n g o i n g  N A S A I D O E  

program for  s t u d y  of n u c l e a r  w a s t e  d i sposa l  in s p a c e ,  a n d  w a s  c o n d u c t e d  in 

p a r a l l e l  w i t h  e f f o r t s  a t  N A S A  M a r s h a l l  S p a c e  F l i g h t  C e n t e r ;  S c i e n c e  

A p p l i c a t i o n s ,  Inc.; a n d  t h e  J e t  P r o p u l s i o n  L a b o r a t o r y .  T h e  r e s e a r c h  e f f o r t  

r e p o r t e d  h e r e  w a s  p e r f o r m e d  by B a t t e l l e - C o l u m b u s  L a b o r a t o r i e s  under NASA 

C o n t r a c t  NAS8-3239 1 f r o m  F e b r u a r y  1978 t h r o u g h  J a n u a r y  1979.  T h e  m a j o r  

o b j e c t i v e  of t h e  s t u d y  w a s  t o  c o n d u c t  p r e l i m i n a r y  analyses of t h e  na tu re  and 

conta inment  of defense  nuclear  waste,  t h e  s a f e t y  of t h e  s p a c e  disposal a p p r o a c h ,  

t h e  e n v i r o n m e n t a l  i m p a c t  of  s e l e c t e d  c r e d i b l e  accidents ,  and various program 

planning aspects .  

T h e  s t u d y  m a d e  c o n s i d e r a b l e  use of exist ing documenta t ion  and d i r ec t  

v i s i t s  t o  d e f e n s e  w a s t e  r e p o s i t o r i e s .  D e s p i t e  t h e s e  e f f o r t s ,  c o n s i d e r a b l e  

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

processes for  de fense  waste. S i m i l a r  d a t a  n e e d s  e x i s t  r e g a r d i n g  S p a c e  S h u t t l e  

r e l i a b i l i t y  a n d  o t h e r  s y s t e m s  safe ty .  T h e  development  of such d a t a  will need  t o  

be  a pr imary  concern of a p r o p o s e d  NASAJDOE w o r k i n g  g roup .  D e s p i t e  t h e s e  

n e e d s ,  h o w e v e r ,  it is b e l i e v e d  t h a t  t h e  p r e l i m i n a r y  s y s t e m s  descr ip t ions  and 

s a f e t y  and environmental  impact  ana lyses  d e s c r i b e d  in t h i s  r e p o r t  h a v e  s c o p e d  

t h e  f u n d a m e n t a l s  a n d  l i ke ly  a p p r o a c h e s  f o r  s p a c e  d i sposa l  o f  nuclear  waste. 

Add i t iona l ,  m o r e  d e t a i l e d  s t u d i e s  a r e  e x p e c t e d  t o  bui ld  upon t h e  d a t a  bas.e 

repor ted  here. 

Inquiries regarding this  s tudy should be  addressed to: 

C. C. (Pe te )  P r i e s t ,  COR Donald S. Edgecombe, Study Leader  
NASAfMarshall Space  Flight  C e n t e r  Ba t t e l  le-Columbus Labora tor ies  
Attent ion:  PS04 505 King Avenue 
Huntsville,  Alabama 358 12 Columbus, Ohio 4320 1 
Telephone: (205) 453-2796 Telephone: ( 6  14) 424-5087 
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I .O INTRODUCTION 

T h i s  v o l u m e  s u m m a r i z e s  t h e  technical  d a t a  developed as a pa r t  o f  t h e  

1978 Ba t t e l l e  s tudy of space  d isposa l  of  d e f e n s e  n u c l e a r  w a s t e .  T h e  r e p o r t  is 

o r g a n i z e d  i n t o  f i v e  m a j o r  technical  sections. The  f i r s t  (Section 2, which follows 

th is  Introduction) summarizes  t h e  cu r ren t  b a s e l i n e  a n d  p r i m a r y  a l t e r n a t i v e s  f o r  

t h e  w a s t e  d i sposa l  c o n c e p t ,  a n d  is b a s e d  on  d a t a  c o n t a i n e d  in t h e  C o n c e p t  

Defini t ion Document  developed as a pa r t  of th is  study. The  sec t ion  d e s c r i b e s  t h e  

p r o p o s e d  mis s ion  p r o f i l e  f r o m  t i m e  of  rece ip t  of t h e  nuclear w a s t e  payload a t  

t h e  Kennedy Space  C e n t e r  l a u n c h  site t o  f i n a l  s o l a r  o r b i t  i n j e c t i o n ,  r e q u i r e d  

s y s t e m s  h a r d w a r e  e l e m e n t s ,  cu r r en t  acc ident  and malfunction contingency plans, 

projected t r a f f i c , a n d  h a r d w a r e  a v a i l a b i l i t y  r e q u i r e m e n t s ,  a n d  u n i q u e  s y s t e m s  

design responsibilities. 

S e c t i o n  3 s u m m a r i z e s  all m a t e r i a l  d e v e l o p e d  on t h e  defense  nuclear  * 
was te  and its containment.  The  s o u r c e s  a n d  c h a r a c t e r i s t i c s  of  t h e  w a s t e  a r e  

p r e s e n t e d ,  a n d  c h e m i c a l  p r o c e s s e s  t o  r e d u c e  t h e  m a s s  of  t h e  w a s t e  a r e  

postulated. The  physical fo rms  in which t h e  w a s t e  could be t r a n s p o r t e d  a r e  a l s o  

i d e n t i f i e d .  A p r e l i m i n a r y  c o n t a i n e r  des ign ,  i n c l u d i n g  s h i e l d i n g ,  c o o l i n g ,  a n d  

s t r u c t u r a l  c o n s i d e r a t i o n s ,  is d e v e l o p e d .  B e c a u s e  of  t h e  u n c e r t a i n t i e s  in t h e  

e v e n t u a l  d e g r e e  of  a c h i e v a b l e  w a s t e  c o n c e n t r a t i o n ,  c e r t a i n  a s p e c t s  of  t h e  

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

c o n c e n t r a t i o n  f a c t o r ,  a n d  a b a s e l i n e  p a y l o a d  c o n f i g u r a t i o n  w a s  s e l e c t e d  for  

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

c o n f i g u r a t i o n  u n d e r  v a r i o u s  a c c i d e n t  e n v i r o n m e n t s  is charac ter ized ,  and s o m e  

prel iminary recommendations a r e  made. 

S e c t i o n  4 p r e s e n t s  t h e  r e s u l t s  of two  special  analyses conducted a s  a 

pa r t  of th is  study. Both r e l a t e  t o  special  a spec t s  of t h e  s y s t e m  s a f e t y  p r o b i e m .  

T h e  f i r s t  a n a l y s i s  e x a m i n e s  t h e  s t a b i l i t y  a n d  l i k e l y  i m p a c t  c o n d i t i o n s  for  a  

nuclear  was t e  payload e j ec t ed  f r o m  t h e  S p a c e  S h u t t l e  O r b i t e r  c a r g o  b a y  b o t h  

n e a r  t h e  g r o u n d  a n d  d u r i n g  high speed  flight.  T h e  second analysis considers t h e  

problem of an incomple te  and/or  misdi rec ted  OTV E a r t h  e s c a p e  i n j e c t i o n  burn .  

T h e  r e s u l t a n t  E a r t h  o r b i t  is d e s c r i b e d  as a funct ion  of angular  e r ro r  and AV . 

*Some work on commercia l  was t e  mixes and forms was  performed a t  t h e  s t a r t  
of t h e  study. That  work is summarized  in Appendix C. 



imparted. The ability of a rescue OTV t o  either re turn  t h e  s t r a n d e d  pay load  t o  

t h e  S p a c e  S h u t t l e  o r b i t  or boost the  payload into a heliocentric or higher Ear th  

o rb i t  is examined .  Th is  m a t e r i a l  c o m p l e m e n t s  t h e  w o r k  d o n e  b y  S c i e n c e  

A p p l i c a t i o n s ,  inc. (NASA C o n t r a c t  NAS8-33022, "Long-Term Risk  Ana lys i s  

Associated w i t h  N u c l e a r  W a s t e  Disposal  in Space" ,  J a n u a r y  1979), who h a v e  

e x a m i n e d  t h e  OTV o r  SOlS failures that  result in t h e  payload being placed in a 

heliocentric orbit other than the  desired 0.86 a.u. circular orbit. 

S e c t i o n  5 summarizes the material  developed relat ive t o  accidents. The 

first part  of the  section describes t h e  physical environment resu l t ing  f r o m  t h r e e  

s p e c i f i c  acc iden t s :  a n  on- o r  near-pad Space Shut t le  explosion and fire, Ear th  

atmosphere reentry of the  protected (reentry protection) and unprotected n u c l e a r  

w a s t e  c o n t a i n e r ,  and  pay load  e n t r y  i n t o  d e e p  ocean .  T h e  f i r s t  t w o  accident 

environments form t h e  basis for t h e  p r e l i m i n a r y  pay load  surv ivab i l i ty  a n a l y s e s  

d e s c r i b e d  in S e c t i o n  3. T h e  e n v i r o n m e n t s  a r e  c h a r a c t e r i z e d  in t e rms  such as  

blast overpressures, f ragment  sizes and velocities, and ambient t e m p e r a t u r e s  a n d  

heating rates. 

T h e  second  por t ion  of S e c t i o n  5 presents the  results of a preliminary 

fault t r e e  analys is  f o r  t h e  s p a c e  disposal  mission.  T h e  miss ion is d e f i n e d  in 

t e r m s  of t w e l v e  d i s c r e t e  phases ,  a n d  a preliminary fault  t r e e  is presented for 

e a c h  phase.  F o r  e a c h  f a u l t  t r e e ,  t h e  l i k e l y  c r i t i c a l  p a t h s  a n d  p o t e n t i a l  

workarounds  o r  s y s t e m  modif icat ions  a r e  described. These a r e  then summarized 

as a set of possible modifications for t h e  hardware elements (Shuttle, OTV, e t c . )  

and for operational procedures. 

T h e  f inal  t e c h n i c a l  s e c t i o n  ( S e c t i o n  6 )  s u m m a r i z e s  t h e  results of a 

preliminary environmental impact  a s s e s s m e n t  f o r  a c c i d e n t s  r e l a t e d  t o  d e f e n s e  

n u c l e a r  w a s t e  disposal  in space .  Two accidents  were  examined: ( I )  release 3 f  

radionuclides i n t o  t h e  t r o p o s p h e r e  fol lowing a n  on- o r  near-pad c a t a s t r o p h i c  

f a i l u r e  of t h e  S p a c e  Shut t le  vehicle and (2) release of radioactive particles into 

t h e  upper atmosphere due t o  t h e  b r e a c h  and  burnup of a n  u n p r o t e c t e d  w a s t e  

c o n t a i n e r  dur ing  a n  i n a d v e r t e n t  r e e n t r y .  T h e  t w o  a c c i d e n t s  a r e  ana lyzed  in 

terms ot  t h e  health risks resulting from inhalation of radioactive particles. 

S e v e n  a p p e n d i c e s  a re .  a l so  c o n t a i n e d  in t h i s  volume.  Appendix A 

p rov ides  d e f i n i t i o n s  of acronyms and abbreviations used in the  text. Appendix B 

c o n t a i n s  a p p r o p r i a t e  m e t r i c  t o  English un i t  convers ion  f a c t o r s .  Appendix  C 

describes preliminary work done on commercial waste  mixes and forms. Appendix  



D summarizes  t h e  f i r e  t r a n s i e n t  a n a l y s i s  t h a t  w a s  d o n e  f o r  p a y l o a d  s y s t e m s  

r e s p o n s e  a n a l y s e s  ( s e e  S e c t i o n  3.4). T h e  d e t a i l s  of  t h e  f i r e b a l l  a n a l y s i s  as 

described in Sect ion 5.1.1.1 of t h e  t e x t  a r e  conta ined  in Appendix E. A p p e n d i x  F 

p r o v i d e s  a  d e s c r i p t i o n  o f  t h e  c a l c u l a t i o n  t e c h n i q u e  used  t o  e s t i m a t e  t h e  

p o p u l a t i o n  d o s e  f o r  a n  on- o r  n e a r - p a d  c a t a s t r o p h i c  S p a c e  S h u t t l e  f a i l u r e .  

F i n a l l y ,  A p p e n d i x  G describes the  models  used t o  develop world population doses 

fo r  an upper a tmospher ic  r een t ry  and burnup acc ident .  

R e f e r e n c e s  i n d i c a t e d  in t h e  t e x t  a r e  found a t  t he  end of e a c h  major  

sect ion.  



2.0 BASELINE CONCEPT DEFINITION AND OPTIONS SUMMARY 

* 
T h e  p u r p o s e  o f  t h i s  s e c t i o n  is t o  s u m m a r i z e  t h e  v a r i o u s  o p t i o n s ,  

d e f i n i t i o n s  a n d / o r  r e q u i r e m e n t s  c u r r e n t l y  e n v i s i o n e d  f o r  t h e  n u c l e a r  w a s t e  

d i sposa l  in s p a c e  miss ion .  ( 2 - 1 )  S e c t i o n  2.1 iden t i f i e s  all major mission options 

a v a i l a b l e  f o r  t h e  s p a c e  d i sposa l  of  n u c l e a r  w a s t e  ( f r o m  t h e  w a s t e  p a y l o a d  

f a b r i c a t i o n  f a c i l i t y  t o  t h e  f i n a l  s p a c e  d e s t i n a t i o n ) ,  n o t e s  t h e  b a s e l i n e  a n d  

primary a l te rna t ives ,  and identifies options t h a t  a r e  no  longer c o n s i d e r e d  v i a b l e .  

S e c t i o n  2.2 s u m m a r i z e s  t h e  b a s e l i n e  s p a c e  o p t i o n  c o n c e p t  f o r  nuclear  was t e  

management ,  i.e., outlining t h e  "single thread" cha rac t e r i s t i c s  f r o m  w a s t e  s o u r c e  

t o  s p a c e  d e s t i n a t i o n .  S e c t i o n  2.3 d e f i n e s  t h e  b a s e l i n e  mis s ion  profile, giving 

emphasis  t o  operat ional  or  procedural a s p e c t s .  D e f i n i t i o n s  a n d / o r  r e q u i r e m e n t s  

f o r  s p e c i f i c  b a s e l i n e  mission e l emen t s  (e.g., was t e  payload charac ter i s t ics ,  space  

sys tems and faci l i t ies)  a r e  provided in Sec t ion  2.4; emphas i s  is on  h a r d w a r e  c n d  

f a c i l i t i e s .  S e c t i o n  2.5 d e s c r i b e s  t h e  major  contingency plans, requirements ,  and  

developments t h a t  have been baselined t o  m i n i m i z e  e f f e c t s  c a u s e d  by  p o s s i b l e  

a c c i d e n t s  a n d / o r  ma1 f u n c t  i ons. General  space  sys t em hardware  requi rements  for  

t h e  ear ly  y e a r s  of t h e  w a s t e  d i sposa l  a c t i v i t y  a r e  i d e n t i f i e d  in  S e c t i o n  2 . 6 .  

Section 2.7 describes unique sys tem design requirements .  

*Note: This sec t ion  has been derived f rom t h e  la tes t  version of t h e  Concept  
Defini t ion Document,  Re fe rence  2- 1. 



2.1 Concept Options 

The baseline concept for  the i n i t i a l  space disposal of nuclear waste 

has been developed from a considerable number of options that  are avai lable a t  

each s tep a long the way f rom the m i l i t a r y  reactor  t o  the u l t ima te  space 
L- 

disposal destination. A summary of  the various options avai lable is shown i n  

F i g u r e  2-1. The baseline mission options are shown i n  the blocks; pr imary  

alternatives are indicated by an asterisk; and those options which are no longer 

considered viable have lines drawn through them. Discussions on many of these 

options are available in References 2-2 through 2-7. 

i 1 I T D  TRAPISPORT M LAUNCH SITE M Saoce Churflrl m ;* <St. F 'u ido : . irnoravd caQe Shuttle 

%mote irl& draw l i f t  lorn+ ~ e ~ i c i r s  I- 

DAYLOAD Art0 LAUNCH CO1.FIGURATIONS I j. TWO 5ooce ~ n v t t l e  ~ w n r b s .  .-frr <mi rodiotim rnnela r m o v m  ut ormt ! 

- 

+ Sinqle ~ D O C C  Shuttie LOUN*. r e n v r ~  m d  radiotim sh8cldr removed at or",? 

5inqle h e  Shuttle Llmch. reentrv aM rodmalim Inlelds carrlm !a dertlrotcon 

r T,va h e  chuttle Lauoches, r-trr m d  roomt8m shields cor r tn  ?o Oerrtnct,on . Others to mot& bmsun, u m r  stqe, nrd oarlad opflcnr 

WASTE MIXES 

h e t i c  D c f n v  

i f  g:;2zj 
O m n t i c  Ciril isn 

' 4idF.1-I WRC l fmm PURtX pr-ssl . Dw.olvCd seen? fuel r m  c r e p t  gas. nrd cloading . U l ~ o l v e d  -1 fuel rods exrrpt p a c ~  ciaao;ng n d  *O.5% u 
LEntl.km161. Am. r m  and I Ip . Technetium - TcOZ . !mi- - adlo I 

2 2 . rwnn - "0, or C&O, 

u CRPlT -RAtI5FER VE*iCLE I(!CYSTAGE RESCUE "EHICLE ~FcT'tlATlCr.5 

[*  Czrr?rr,c liouid jroaelimtr / i. Storo*lr lonll~rt 3rweilnnt prmutslm !. Crnnntc  OTV m d  I w a h l e  o r~ae l lmf  k~rkstogel - *~l i .~enW>~ ,r*ll' 

' Sola elecwnc p r o w l ~ ~ m  (StD) . %lie propllmt prowision O r  r t n a  storcnle a7wcilant >roo!,~ston Llmr *"ltace-"roter . Solid DIOMII~I n r l r ~ l l l i m  . h l ~ l  elecfrz~ promll-im + Solar rrstc* -rccoe 

WASTE SOCRCES 
I. J a c a i c  cef- 1 . b.me,tic clvil im . Farnar 

FIGURE 2-1. MAJOR OPTIONS FOR SPACE DISPOSAL 
OF NUCLEAR WASTE 

REACTORS 

/. P.mrctirn, p ~ ~ s i m i  
o ld  resarck I . L W  . L*FW 

0 HTGR . r A M X I  . Maqnox . PeMie M 

---r - iUEL CYCLES ;. Dtfmse - .~mn lun l  

- U  li Pu r-IC ILWRl 

IJ ClecwIe ILWHl 

C)PPI~~OUQI MIC IL'NHI - 

- 



2.2 B a s e l i n e  C o n c e ~ t  S u m m a r y  

T h i s  s e c t i o n  -is i n t e n d e d  t o  p r o v i d e  a b r i e f  overview of t h e  baseline 

concept  f rom t h e  was t e  source t o  t h e  final space  d e s t i n a t i o n .  E l e m e n t s  of  t h i s  

concept  a r e  shown in Figure  2-2 and a r e  described in subsequent sections. 

WASTE SOURCE: DOMESTIC MILITARY DEFENSE 
I 

- -  - -- 

NUCLIDE MIX: FISSION PRODUCTS + ACTINIDES 
FROM DEFENSE WASTE STORAGE SITES 

I 

t 
WASTE FORM: CALCINE 

1 

GROUND TRANSPORTATION: RAIL 

ORBIT TRANSFER: CYROGENIC PROPELLANT 

FIGURE 2-2. BASELINE CONCEPT SUMMARY FOR INITIAL PROGRAM 
TO DISPOSE OF NUCLEAR WASTE IN SPACE 



2.3 O v e r a l l  B a s e l i n e  Miss ion  P r o f i l e  

T h e  m a j o r  a s p e c t s  of t h e  b a s e l i n e  mission profi le  a r e  def ined  in th i s  

section. F igure  2-3 provides a pictorial  view of this  basel ine mission p r o f i l e .  T h e  

b a s e l i n e  mission profi le  has  been divided into s ix major  categories .  T h e  f irs t  t w o  

ac t iv i t ies  a r e  expec ted  t o  b e  t h e  r e s p o n s i b i l i t y  of t h e  D e p a r t m e n t  o f  E n e r g y  

(DOE) and t h e  last four a r e  expected  t o  be  NASA's. These are: 

( I ) Nuclear  Waste  Payload Fabr ica t ion  (DOE) 

( 2 )  Nuclear  Waste  Ground Transpor t  (DOE) 

( 3 )  Payload Prepara t ion  at Launch S i t e  (NASA) 

( 4 )  Pre launch Act iv i t ies  (NASA) 

( 5 )  Booster  Opera t ions  (NASA) 

( 6 ) Upper S t a g e  Opera t ions  (NASA). 

Considerat ion of rescue  and recovery  sys t ems  a r e  d i s c u s s e d  in S e c t i o n s  2.4 a n d  

2.5. D e f i n i t i o n s  and requi rements  for  individual sys t em e l emen t s  a r e  discussed in 

Sect ion 2.4. 

2.3.1 N u c l e a r  W a s t e  P a y l o a d  F a b r i c a t i o n  (DOE) 

Defense  n u c l e a r  w a s t e  c o n t a i n e d  at  v a r i o u s  s t o r a g e  s i t e s  ( H a n f o r d ,  

S a v a n n a h  R i v e r ,  a n d  Idaho)  wou ld  b e  p a c k a g e d  a n d  t r a n s p o r t e d  t o  a nuclear  

w a s t e  p a y l o a d  f a b r i c a t i o n  f a c i l i t y .  A t  t h i s  f a c i l i t y ,  t h e  h i g h - l e v e l  w a s t e ,  

p r e s e n t l y  in v a r i o u s  f o r m s ,  would be  appropr ia te ly  t r ea t ed .  T h e  c u r r e n t  basel ine 

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

f l i g h t - w e i g h t  conta iner  and  placed into t h e  space-mission, gamma-radiation-shield 

assembly. 

2.3.2 N u c l e a r  W a s t e  G r o u n d  T r a n s p o r t  (DOE) 

T h e  radiat ion shielded w a s t e  conta iner  wou ld  b e  l o a d e d  i n t o  a g r o u n d  

t r a n s p o r t a t i o n  shipping cask  (see ar t i s t ' s  concep t  in F igure  2-4). This cask,  which 

provides additional shielding, and t h e r m a l  a n d  i m p a c t  p r o t e c t i o n  f o r  t h e  w a s t e  

c o n t a i n e r  t o  c o m p l y  w i t h  t h e  N u c l e a r  R e g u l a t o r y  Comrn i s s ion /Depar tmen t  of 

Transpor ta t ion  regulations, would then  b e  l o a d e d  o n t o  a s p e c i a l l y  d e s i g n e d  r a i  l 

c a r  f o r  t r a n s p o r t i n g  t h e  was t e  conta iner  f rom t h e  was t e  payload fabr ica t ion  s i t e  
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ON/KICKSTAGE 

ORBITAL OPERATIONS 

ORBITAL DEPLOYMENT 

LAUNCH COMPLEX 39 
IANOING . 

DEFENSE WASTE TREATMENT 
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FABRICATION FACILITY STORAGE SITES 

GROUND OPERATIONS 

FIGURE 2-3. GROUND AND SPACE OPERATION PROFILES FOR 
BASELINE SPACE DISPOSAL MISSION 



to the Kennedy Space Center (KSC), Florida launch site. The ra i l  car  would be 

equipped w i t h  aux i l ia ry  cool ing systems t o  provide continuous cooling for the 

waste package during transport. Once the cask reaches the launch site, the  

radiat ion shielded waste container would be unloaded in  the Nuclear' Payload 

Preparation Faci l i ty (NPPF). 

FIGURE 2-4. ARTIST'S CONCEPT FOR NUCLEAR WASTE PAYLOAD 
SHIPPING CASK FOR TERRESTRIAL TRANSPORT 

2.3.3 Payload Preparation at Launch Site 

The Nuclear Payload Preparation Faci l i ty (NPPF) would l i ke ly  provide 

in te r im storage capability for up to three shielded waste containers, but storage 

of waste a t  the launch site should be l imited to that which wi l l  a f f o rd  e f f i c i en t  

preparat ion for  launching, plus capaci ty for delays. Upon receipt, the shielded 

waste container would be unloaded i n  the containment area o f  t h e  NPPF.  

Depending on the shield assembly design, additional radiation shielding would be 

employed to further reduce personnel exposure for operations conducted close t o  

the waste. Operations in  the containment area of the NPPF would include: 

payload cooling, storage, inspection and monitoring of the waste containers, and 

incorporat ion of the radiation shielded waste container into the reentry system. 

In other areas of the NPPF, the reentry, docking and other auxi l iary systems, 



which comprise  t h e  payload reentryldocking assembly (see F i g u r e  2-51, w o u l d  b e  

r e f u r b i s h e d  and checked out. Once  t h e  shielded nuclear  was t e  conta iner  has  been 

loaded in to  t h e  r een t ry  sys tem,  t h e  r een t ry  systern would be  m o v e d  t o  a s e c o n d  

c o n t a i n m e n t  a r e a .  T h e  r e e n t r y ,  d o c k i n g ,  c o o l i n g ,  p a l l e t ,  e j e c t i o n  a n d  o t h e r  

sys tems would b e  mated.  Propel lan t  loading of t h e  a t t i t u d e  control  s y s t e m  w o u l d  

t a k e  p l a c e  in a s p e c i a l  a r e a  of  t h e  N P P F .  O n c e  t h e  payload  reent ry ldocking  

assembly, mounting s t ruc tu re s  (e.g., p a l l e t )  a n d  s u p p o r t i n g  s y s t e m s  h a d  p a s s e d  

t h e  s a f e t y  i n s p e c t i o n  t h e y  wou ld  b e  p r e p a r e d  f o r  t r a n s f e r  t o  t h e  P a y l o a d  

Changeout  Room (PCR) at t h e  launch pad. 

DOCKING 
SYSTEM 

RADIATION 
SHIELD 

FIGURE 2-5. ARTIST'S CONCEPT OF A LOADED 
REENTRYIDOCKING ASSEMBLY 

2.3.4 Prelaunch Activities 

A f t e r  t h e  nuclear was t e  payload assembly had been prepared for  flight,  

it would be t ransfer red  f rom t h e  N P P F  to t h e  P a y l o a d  C h a n g e o u t  R o o m  ( P C R )  

a t  t h e  l a u n c h  p a d  by  a dedica ted  special-purpose transporter .  Once  in t h e  PCR,  

t h e  loaded payload reentryldocking assembly wou ld  b e  a t t a c h e d  t o  a n  a u x i l i a r y  

c o o l i n g  s y s t e m .  T h e  e n t i r e  payload package  would then  be placed in to  t h e  Space  

Shu t t l e  ca rgo  bay (see Figure 2-31, where  final sys tems checkout  begins. 

A f t e r  t h e  i n i t i a l  c h e c k o u t  of  t h e  n u c l e a r  w a s t e  payload assembly in 

Shut t le  number 2, Shu t t l e  number I, c a r r y i n g  t h e  O r b i t  T r a n s f e r  V e h i c l e / S o l a r  



Orbi t  Insertion S t a g e  (OTV/SOIS), wou ld  b e  l a u n c h e d .  A f t e r  a b o u t  2 hour s ,  a 

l a u n c h  d e c i s i o n  f o r  S h u t t l e  n u m b e r  2 w o u l d  b e  m a d e .  A l a u n c h  d e c i s i o n  is 

e x p e c t e d  to b e  b a s e d  upon t h r e e  m a j o r  f a c t o r s :  ( I )  t h e  OTV/SOIS i s  in t h e  

p r o p e r  o r b i t  a n d  f u n c t i o n i n g  p r o p e r l y ;  (2 )  S h u t t l e  O r b i t e r  n u m b e r  2 a n d  i t s  

p a y l o a d  h a v e  c l e a r e d  c h e c k o u t  p r o c e d u r e s ,  a n d  ( 3 )  p r o p e r  m e t e o r o l o g i c a l  

c o n d i t i o n s  (e.g., w ind  d i r e c t i o n )  a r e  p r e d i c t e d  for  launch of t h e  nuclear  w a s t e  

payload (a launch cons t ra in t  which would a v o i d  r a d i a t i o n  e x p o s u r e  t o  t h e  l o c a l  

p o p u l a t i o n ,  shou ld  a p a y l o a d  b r e a c h  o c c u r  as a resul t  of a ca t a s t roph ic  S p a c e  

Shu t t l e  launch accident).  

2.3.5 Booster Operations 

B o o s t e r  o p e r a t i o n s  a r e  t h o s e  t h a t  a r e  r e q u i r e d  of t he  S p a c e  S h u t t l e  

vehicle be tween t h e  t i m e  of Space  Shu t t l e  Main E n g i n e  i g n i t i o n  a n d  t h e  r e t u r n  

of  t h e  r e u s a b l e  S p a c e  S h u t t l e  vehicle hardware  t o  t h e  launch site.  As discussed 

in Sec t ion  2.3.4, t w o  Shu t t l e  vehicles  wou ld  b e  r e a d i e d  f o r  l a u n c h  f o r  a g i v e n  

d i sposa l  mi s s ion .  F o r  example,  Pad  A a t  KSC Launch Complex  39 could be  used 

fo r  launching t h e  Shu t t l e  c a r r y i n g  t h e  r e u s a b l e  OTV a n d  t h e  3-axis  s t a b i l i z e d  

SOIS. P a d  B would  t h e n  b e  u s e d  t o  launch t h e  Shu t t l e  vehicle t h a t  ca r r i e s  t h e  

nuclear  w a s t e  payload. 

T h e  OTV a n d  S O l S  wou ld  b e  l a u n c h e d  by S h u t t l e  number I at a 108 

degree  south az imuth  t o  a 333 km (180 n.mi.) c i rcu lar  o r b i t  i n c l i n e d  38 d e g r e e s  

t o  t h e  e q u a t o r .  A p p r o x i m a t e l y  4 8  hours later ,  t h e  nuclear  was t e  payload would 

b e  launched by t h e  second Shu t t l e  i n t o  t h e  s a m e  o r b i t  as t h e  f i r s t  S h u t t l e .  A 

s m a l l  d e g r e e  of  y a w  s t e e r i n g  wou ld  b e  required for  t h e  second Shu t t l e  launch, 

such t h a t  ea r ly  land overf l ight  of various populated land masses  (West  l n d i e s  a n d  

S o u t h  A f r i c a )  is avoided .  T h e  f i r s t  Shu t t l e  Orb i t e r  would remain  on o rb i t  in t h e  

vicinity of t h e  OTV t o  control: ( I )  t h e  docking of t h e  O T V ~ S O I S  t o  t h e  p a y l o a d  

r e e n t r y l d o c k i n g  a s s e m b l y ,  (2) t h e  r e m o t e  removal  of t h e  w a s t e  conta iner  f rom 

t h e  r een t ry  sys tem,  (3) t h e  a t t a c h m e n t  of  t h e  c o n t a i n e r  t o  t h e  OTV,  a n d  (4) 

OTVISOIS o r b i t a l  o p e r a t i o n s .  T h e  s e c o n d  Shu t t l e  Orb i t e r  would provide backup 

capabil i ty for  OTV/SOIS operat ions.  A f t e r  t h e  OTV d e l i v e r s  t h e  n u c l e a r  w a s t e  

p a y l o a d  a n d  SOlS to t h e  desired t r a j ec to ry  and r e tu rns  t o  a low E a r t h  orbi t ,  t h e  

f i r s t  Orb i t e r  would rendezvous with t h e  OTV and re turn  i t  t o  t h e  launch s i t e  f o r  

r e f u r b i s h m e n t  f o r  a l a t e r  f l i g h t .  A s  s o o n  as it is d e t e r m i n e d  t h a t  t h e  w a s t e  



c o n t a i n e r  is s a f e l y  on i t s  w a y  t o  t h e  p r o p e r  s p a c e  d e s t i n a t i o n ,  t ' h e  e m p t y  

pay1 o a d  r e e n t r y l d o c k i  ng a s s e m b l y  wou ld  b e  r e c o v e r e d ,  s tored  and re turned  t o  

KSC on board Orbi te r  number 2. 

2.3.6 U D D ~ ~  Staae O~erations 

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

OTVISOIS conf igu ra t ion  is r e l e a s e d  f r o m  O r b i t e r  n u m b e r  I a n d  t h e  t i m e  t h e  

O T V  is r e c o v e r e d  b y  t h e  O r b i t e r  a n d  t h e  SOlS  h a s  p r o v i d e d  t h e  v e l o c i t y  

increment  t o  t h e  nuclear was t e  payload a t  t h e  space  des t ina t ion  (0.86 a.u. s o l a r  

orbit).  

A f t e r  S h u t t l e  O r b i t e r  n u m b e r  1 is on  o r b i t  w i t h  t h e  OTVISOIS,  

prel iminary checkout  would occur wh i l e  t h e  c o n f i g u r a t i o n  is in t h e  ca t -go  bay .  

T h e  S h u t t l e ' s  manipula tor  a rms  would then be  used t o  deploy t h e  OTV/SOIS. T h e  

Orbi te r  would back away a shor t  d is tance  and begin fu r the r  checkout  p r o c e d u r e s .  

O n c e  t h e  OTV/SOIS s y s t e m  a n d  i t s  d o c k i n g  m e c h a n i s m s  h a d  passed checkout  

tes t s ,  t h e  launch decision for  Shu t t l e  number 2 would be  made. 

W h e n  O r b i t e r  n u m b e r  2 r e a c h e s  o r b i t ,  t h e  n u c l e a r  w a s t e  p a y l o a d  

reentryldocking assembly (see Figure 2-5) wou ld  b e  c h e c k e d  o u t ,  d i s c o n n e c t e d ,  

remove.d ,  and  released. Appropriate  payload t empera tu re s  would be  maintained by 

an  auxiliary cooling sys t em located on t h e  reentryldocking assembly .  T h e  s y s t e m  

would  b e  d e s i g n e d  t o  s u p p l y  roughly 10 hours of a c t i v e  cooling. Passive cooling 

will be  adequa te  a f t e r  t h e  container  is removed f rom t h e  r een t ry  system. 

T h e  O T V I S O I S  w o u l d  t h e n  r e n d e z v o u s  a n d  d o c k  w i t h  t h e  

reentryldocking assembly. The  mechanical  locking sys tem t h a t  r e l eases  t h e  w a s t e  

c o n t a i n e r  f r o m  t h e  r een t ry  sys t em would be  manipulated by a r emote ly  ope ra t ed  

a rm provided on t h e  p a y l o a d  d o c k i n g  s y s t e m ;  t h i s  a r m  wou ld  b e  used  to:  (1)  

r e m o v e  t h e  r e a r  r een t ry  shield wall, (2) remove t h e  spherical conta iner  f rom t h e  

r een t ry  sys tem and a t t a c h  i t  t o  t h e  SOlS p a y l o a d  a d a p t e r ,  a n d  (3) r e p l a c e  t h e  

r ea r  r een t ry  shield wall. 

O n c e  t h e  c o n t a i n e r  is a t t a c h e d  t o  t h e  OTVISOIS,  s e p a r a t i o n  of t h e  

reentryldocking assembly o c c u r s  a n d  t h e  OTVISOIS would  b a c k  a w a y  w i t h  t h e  

c o n t a i n e r  m o u n t e d  on the  payload adapter .  T h e  payload reentryldocking assembly 

would  m a i n t a i n  a f i x e d  a t t i t u d e  w h i l e  t h e  OTVISOIS b a c k s  a w a y .  T h e  O T V  

r e a c t i o n  c o n t r o l  s y s t e m  then would p lace  t h e  OT\//SOIS into t h e  proper a t t i t u d e  



for firing. The OTV propulsive burn for payload del ivery would place the SOlS 

and i ts  at tached waste payload on the proper Earth escape trajectory. The SOlS 

and payload would then be released. In approximately 163 days the payload and 

the storable l iqu id  propel lant SOlS would t rave l  t o  i ts perihelion a t  0.86 a.u. 

about the Sun. The 3-axis stabilized SOlS would place the payload i n  i t s  f ina l  

space disposal destination by reducing the aphelion from 1.0 to 0.86 a.u. To aid 

in obtaining the desired orb i ta l  l i fe t imes,  this orb i t  would be inc l ined to  the  

ecliptic plane by at least i degree. 

The  r e c o v e r y  burns o f  t he  OTV wou ld  use t h e  remaining OTV 

propellant to rendezvous w i t h  Shutt le number I for  i t s  subsequent recovery, 

r e f u rb i shmen t ,  and reuse on a later  mission. The payload reentry ldocking 

assembly would be recovered by Shutt le number 2 and returned t o  KSC f o r  

refurbishment and reuse. 



2.4 B a s e l i n e  E l e m e n t .  D e f i n i t i o n s  a n d / o r  R e q u i r e m e n t s  

T h e  d e f i n i t i o n s  a n d / o r  r e q u i r e m e n t s  for  baseline mission e l emen t s  a r e  

described below. S p e c i f i c  d e t a i l s  n o t  now a v a i l a b l e  will  b e  a d d e d  a t  a l a t e r  

date.  Twelve major  sys t em e l emen t s  have  been identified: 

( I ) Waste  Source  

( 2 )  Waste  Mix 

( 3 )  Waste  Form 

( 4 )  Waste Fabricat ion Faci l i t ies  

(5 )  Payload Conta iner ,  Shielding, and Reen t ry  Sys tems 

( 6 )  Ground Transpor t  Vehicles and Casks  

( 7 )  Launch S i t e  Fac i l i t ies  

( 8 )  Launch Vehicle 

( 9 )  Upper S tages  

( 10) Payload Eject ion Sys tem 

( I I ) Docking Sys tem 

( 12) Space  Destination. 

Defini t ions and requi rements  for  t h e  basel ine mission e l emen t s  follow. 

2.4.1 W a s t e  S o u r c e  

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

genera ted  by t h e  o p e r a t i o n  of p l u t o n i u m  p r o d u c t i o n ,  t e s t  a n d  n a v a l  r e a c t o r s .  

W a s t e  h a s  been and will continue t o  be  gene ra t ed  at t h r e e  locations: ( I )  Hanford 

Si te ,  Richland, Washington, (2) ldaho National  Engineering L a b  S i t e ,  l d a h o  F a l l s ,  

Idaho;  a n d  ( 3 )  S a v a n n a h  R i v e r  S i t e ,  A i k e n ,  S o u t h  Carolina. Tab le  2-1 presents  

t h e  volumetr ic  inventories  of h igh- level  w a s t e  (HLW) as t h e y  p r e s e n t l y  e x i s t .  

These  was t e s  have, on t h e  average,  been cooled for  periods exceeding t en  years. 

Additional q u a n t i t i e s  of w a s t e  will  also b e  p r o d u c e d  in t h e  f u t u r e .  

H a n f o r d  m a y  r e s u m e  w a s t e  production toward t h e  end of t h e  century.  Savannah 
3 River  will be  producing m o r e  than  4,000 m of w a s t e  annually. l d a h o  e x p e c t s  t o  

have approximately 8500 rn3 of ca lc ine  was t e  by t h e  year  2000. 
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TABLE 2- 1.  CURRENT VOLUMETRIC DEFENSE HLW INVENTORIES 

3 Waste Form (1000 m ) 
Site Salt Cake Sludge Liquor Calcine 

Hanf ord 9 5 
Savannah River 50 
l daho 0 

2.4.2 Waste Mix 

Each waste generation s i te has i t s  own peculiarities wi th respect to 

waste mix. Hanford waste is, in  general, the oldest and has decayed the longest. 

Savannah River  waste is similar to Hanford waste, but is newer on the average, 

and contains more total radioactivity. ldaho waste contains re la t ive ly  d i f fe ren t  

amol~nts  o f  radionucl ides than ei ther Savannah River or Hanford because ldaho 

waste is generated by reprocessing naval reactor  fuel  rather than weapons 

production fuel. The exact radionucl ide m ix  wi l l  vary substantially among the 

three sites. This is due to the different reprocessing techniques used t o  generate 

wcste over the years and the cooling times of each batch. 

To fac i l i t a te  ter res t r ia l  disposal of defense nuclear waste, ce r ta in  

radionucl ide concentrat ion processes have been proposed at each site to reduce 

the amount o f  the iner t  mater ia l  i n  the high-level waste. A t  Han fo rd  and  

Savannah River, the salt  cake and l iquor would be decontaminated cnd the 

extracted radionuclides combined w i t h  the insoluble port ions of the exist ing 

radioact ive sludge. A t  Idaho, the calc ine would be redissolved, to the extent 

possible, and the radionuclides combined w i t h  the insoluble port ions of the 

calcine. Table 2-2 presents the approximate masses of high-level waste (HLW) 

remaining at each site after these concentration processes have occurred. 

TABLE 2-2. PROJECTED MASS INVENTORIES OF DEFENSE 
HLW PROPOSED FOR TERRESTRIAL DISPOSAL 

Site 
7 

Hanford 
Savannah River 
ldaho 

Amount, MT 



A d d i t i o n a l  i n e r t  r e m o v a l ,  o r  r a d i o n u c l i d e  c o n c e n t r a t i o n ,  w i l l  b e  

r e q u i r e d  t o  m a k e  t h e  s p a c e  disposal opt ion more  feasible. It m a y  be  possible t o  

reduce  t h e  w a s t e .  m a s s  f r o m  b e t w e e n  I /  10 t o  I /  100 of t h e  o r i g i n a l  p l a n n e d  

m a s s .  T a b l e  2-3 p r o v i d e s  w h a t  is b e l i e v e d  t o  b e  high and low mass  inventory 

e s t ima tes  for  s p a c e  disposal. T h e  des i red  h igh  s c e n a r i o  h a s  b e e n  a s s u m e d  h e r e  

for  t h e  baseline. 

TABLE 2-3. DESIRED HIGH AND DESIRED LOW MASS INVENTORIES 
OF DEFENSE HLW PROPOSED FOR SPACE DISPOSAL 

S i t e  Gesired High Ljesired Low 
Metr ic  Tons, MT 

Hanf ord 6 05  244 
Savannah River  375 116 
1 daho - 6 0 - 20 

TOTALS 1040 380 

Table  2-4 shows the  Space  Shu t t l e  f l ight  requi rements  based on t h r e e  

levels: proposed for  te r res t r ia l ;  desired high; and desired low. The  baseline is 

assumed t o  be a t  the  desired high level, or  380 fl ights  will b e  required for  

space  disposal of defense  high-level waste.  

TABLE 2-4. SPACE SHUTTLE FLIGHTS REQUIRED 
FOR SPACE DISPOSAL 

Number of Shu t t l e  F l iqhts  Requi red  Based On - 
Proposed Masses f o r  

S i t e  Terres t r ia l  Disposal Desired High Desired Low 

Hanf ord 5960 220 9 0 
Savannah River  1360 138 42 
l daho 220 - 22 - 8 - 

TOTALS 7540 380 140 

NOTE: Assumes a 5.5 MT payload and 2 Space  Shuttles/payload. 

As mentioned previously, t h e  exac t  r ad ionuc l ide  c o m p o s i t i o n  wi l l v a r y  

c o n s i d e r a b l y  f r o m  t a n k  t o  tank,  o r  ba tch  t o  batch. Lists  of typical radionuclide 

mixes a r e  a v a i l a b l e  in  " A l t e r n a t i v e s  f o r  L o n g - T e r m  M a n a g e m e n t  of D e f e n s e  

High-Leve l  R a d i o a c t i v e  Was te"  f r o m  e a c h  of t h e  t h r e e  sites (References  2-8 

through 2- 10). 



2.4.3 Waste F o r m  

As discussed i n  Sections 2.4.1 and 2.4.2, the exist ing and fu tu re  

defense wastes would be concentrated. The resul t ing wastes wou ld  be t h e  

insoluble sludge components, from Hanford and Savannah River, and the insoluble 

calcine components from Idaho. Wastes remaining a f t e r  the Idaho concentrat ion 

process can be converted t o  calcine again; however, it is not  clear i f  high 

temperature treatment of Hanford and Savannah River wastes wi I I ac tua l ly  y ie ld  

oxides. For  the purpose o f  def in ing a baseline, it is assumed that calcines can 

be produced following the presently proposed radionuclide concentration processes 

and also a f t e r  any additional treatment occurs to remove portions of remaining 

inert materials. 

F i n a l  waste forms may be calcine, compartmented calcine, meta l  

matrix, supercalcine, or coated particles. Hanford is also developing a sintered 

c lay ceramic waste form which may have waste loadings comparable to metal 

matrix forms. High waste loading, thermal stabi l i ty ,  and low dispers ib i l i ty  w i l l  

be the p r imary  requirements for a suitable waste form. The baseline waste 

form, at this time, is calcine. 

2.4.4 Waste Fabr ica t ion Fac i l i t i es  

The defense waste mixes would undergo additional chemical treatment, 

as necessary, to produce the desired waste form at facilities located a t  each o f  

the three waste generat ion sites. The waste payload fabrication facilities would 

provide a series o f  interconnected, shielded cel ls  fo r  loading the waste i n t o  

containers, closing, sealing, inspecting, decontaminating the container, and 

ultimate insertion into the gamma f l i gh t  radiat ion shield assembly. Each ce l l  

would have provisions to  connect the waste container to an auxiliary cooling 

system as necessary. Each s i te  would provide in te r im storage fac i l i t ies  fo r  a 

number o f  shielded waste packages and facilities for cask handling and rail car 

loading in closed, restricted areas. 

2.4.5 Payload Container. Shieldina. and Reen t ry  Systems 

The pr imary  containment for  t h e  r a d i o a c t i v e  was te  wou ld  be a 

spherical ly shaped metal  container (see Figure 2-5). This container must provide 



high in tegr i ty  conta inment  f o r  t h e  w a s t e  during t h e  v a r i o u s  d e f i n e d  m e c h a n i c a l  

a n d  t h e r m a l  l o a d s  t o  wh ich  it is s u b j e c t e d  in an t ic ipa ted  normal and acc iden t  

conditions. These  loads would  b e  m i t i g a t e d  in v a r y i n g  d e g r e e s  b y  t h e  g a m m a  

r a d i a t i o n  s h i e l d  a s sembly ,  by t h e  shipping cask which provides additional g a m m a  

radiation shielding for  ground t ranspor ta t ion ,  a n d  b y  t h e  r e e n t r y  s y s t e m  d u r i n g  

t h e  p r e l a u n c h  a n d  b o o s t  phase .  T h e  c o n t a i n e r  wou ld  b e  housed in a radiat ion 

shield assembly fo r  t h e  period prior t o  leaving t h e  w a s t e  f a b r i c a t i o n  f a c i l i t y  f o r  

t h e  l a u n c h  s i t e .  T h i s  f l i g h t - w e i g h t  s h i e l d i n g  wou ld  b e  d e s i g n e d  t o  l i m i t  t h e  

radiat ion level t o  2  r e m / h r  a t  I m e t e r  f r o m  i t s  s u r f a c e ;  a d d i t i o n a l  s h i e l d i n g  

would  b e  p r o v i d e d  by t empora ry  shielding at t h e  N P P F  and PCR,  and possibly a 

s h a d o w  s h i e l d  in t h e  S h u t t l e  O r b i t e r  f o r  t h e  c r e w .  T h e  c o n t a i n e r  w o u l d  b e  

d e s i g n e d  t o  p r o v i d e  t h e  c o n d u c t i v i t y  a n d  su r f ace  emissivi ty for  dissipating t h e  

hea t  genera ted  within t h e  was t e  by p a s s i v e  c o o l i n g  t o  t h e  s p a c e  e n v i r o n m e n t .  

D u r i n g  launch and orbi tal  operat ions t h e  maximum tempera tu re  of t h e  was t e  will 

not exceed  t h e  n o r m a l  l i m i t i n g  t e m p e r a t u r e  of  700 C ( a s  d e f i n e d  in S e c t i o n  

3.4.2) .  P r i o r  t o  r e m o v a l  o f  t h e  c o n t a i n e r  f r o m  t h e  r e e n t r y  s y s t e m ,  t h e  

t e m p e r a t u r e  would b e  c o n t r o l l e d  w i t h  a s s i s t a n c e  of  v a r i o u s  a u x i l i a r y  c o o l i n g  

s y s t e m s  l o c a t e d  on  t h e  S p a c e  S h u t t l e  a n d  t h e  r e e n t r y  system. If an  acc iden t  

should occur ,  t h e  t empera tu re  of t h e  w a s t e  might  e x c e e d  t h e  n o r m a l  l i m i t ,  b u t  

m u s t  n o t  e x c e e d  t h a t  w h i c h  will c a u s e  loss of containment.  T h e  shielded was t e  

container  would b e  e n c l o s e d  in a p r o t e c t i v e  p a y l o a d  r e e n t r y  s y s t e m  p r i o r  t o  

l a u n c h  a n d  d u r i n g  t h e  b o o s t  p h a s e  ( s e e  F i g u r e  2-5). T h i s  s y s t e m  wou ld  b e  

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

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

suborbital,  or  orbi tal  phases of t h e  mission. S p e c i f i c  d e s i g n  r e q u i r e m e n t s  wou ld  

b e  d e v e l o p e d  as t h e  p o s s i b l e  h e a l t h  h a z a r d s  and o the r  consequences of various 

re lease  scenar ios  a r e  assessed. 

2.4.6 Ground Transport Vehicles and Casks 

For  t ranspor t  f rom t h e  w a s t e  f a b r i c a t i o n  f a c i l i t y  t o  t h e  l a u n c h  s i t e ,  

t h e  w a s t e  c o n t a i n e r s  and associated flight-weight shielding would be  housed in a 

s h i p p i n g  c a s k  w h i c h  wou ld  a f f o r d  a d d i t i o n a l  s h i e l d i n g ,  t h e r m a l  a n d  i m p a c t  

p r o t e c t i o n  t o  m e e t  t h e  N u c l e a r  R e g u l a t o r y  C o m m i s s i o n / D e p a r t m e n t  of 

Transportat ion regulations. T h e  cask ( s e e  F i g u r e  2-4) would  b e  l i c e n s e d  b y  t h e  

N u c l e a r  R e g u l a t o r y  Commission and would b e  t ranspor ted  on a special ly designed 



rail car which would adequately support and dist r ibute the weight o f  the cask 

and p r o v i d e  acceptable tiedowns. In addition, the r a i l  car 'would car ry  an 

auxiliary cooling system to reliably cool the waste package. 

2.4.7 Launch S i t e  Faci l i t ies  

The baseline launch s i te for  launching nuclear waste payloads during 

the early phase of the program (late-1980's to early-1990's) is Launch Complex 

39 a t  Kennedy  Space C e n t e r  (KSC), Flor ida.  The fo l lowing new f a c i l i t y  

construction and equipment, a t  least, is projected: 

( I ) A secure, sealed, environmental ly control led, Nuclear Payload 

Preparation Faci l i ty (NPPF) t o  store, cool, monitor,  assemble, 

and checkout  the waste payload systems f rom the t ime  the 

nuclear waste container and gamma radiat ion shield ar r ive  a t  

K S C  u n t i l  t he  t i m e  t h e  loaded pay load  r e e n t r y l d o c k i n g  

assemblies are moved to the launch pad. 

( 2 )  A dedicated, special-purpose transporter t o  move the nuclear 

was te  pay load  assembly  f r o m  t h e  NPPF  t o  t h e  P a y l o a d  

Changeou t  Room (PCR)  a t  t he  launch  pad. This includes 

construct ion o f  a roadway or t r acks  t o  accommoda te  t h e  

transporter. 

The cur rent ly  planned Shutt le launch fac i l i t i es  may or may not be 

adequate to support the additional Shuttle launches required by a nuclear waste 

disposal program. Fur ther  analysis of the nuclear waste disposal t raf f ic  model 

coupled with the baseline Shuttle t raf f ic  model and current turnaround t imel ines 

is  needed. Also,  i t  w i l l  t a k e  f u r t h e r  ana lys is  t o  determine where SOIS 

processing, OTV refurbishment and processing and upper stage m a t i n g  and  

checkout can be performed and what new supporting systems and facilities would 

be required. As the study of space disposal options progresses, these and other 

launch faci l i ty requirements wi l l  be identified and addressed. 

2.4.8 Launch Vehicle  

The launch vehic le chosen as the baseline is the Space Shuttle system 

(see Figure 2-3). The Space Shutt le consists o f  a p i lo ted reusable o r b i t i n g  



vehicle ( the  Orbiter)  mounted on an  e x p e n d a b l e  E x t e r n a l  Tank (ET)  c o n t a i n i n g  

hydrogenloxygen p r o p e l l a n t s  and  t w o  r e c o v e r a b l e  and  r e u s a b l e  Solid Rocket 

Boosters (SRBs). The Orbiter will have th ree  main hydrogenloxygen liquid r o c k e t  

eng ines  and  a c a r g o  bay 18.29 m long and 4.57 m in diameter. At  launch, both 

t h e  SRBs and the  Orbiter's th ree  liquid rocket engines will burn s imul taneous ly .  

When t h e  S p a c e  S h u t t l e  vehicle a t ta ins  an alt i tude of approximately 43 km, the  

SRBs will be separated and subsequently r e c o v e r e d  f r o m  t h e  ocean .  T h e  ET is 

j e t t i s o n e d  b e f o r e  t h e  O r b i t e r  g o e s  i n t o  orbit. The Orbital Maneuvering System 

(OMS) will then be used t o  propel t h e  Orbiter  into t h e  d e s i r e d  E a r t h  o rb i t .  T h e  

O r b i t e r  w i t h  i t s  c r e w  and payload will remain in orbit t o  carry  out its mission, 

normally from I t o  7 days, but, when requ i red ,  a s  long a s  30  days.  When t h e  

mission is c o m p l e t e d ,  t h e  O r b i t e r  is d e o r b i t e d  and piloted back t o  t h e  launch 

s i t e  f o r  an unpowered  l and ing  on  a r u n w a y .  T h e  O r b i t e r  a n d  S R B s  w i l l  

subsequen t ly  b e  re fu rb i shed  and  re f lown on o t h e r  s p a c e  missions. References 

2-1 1 ,  2- 12 and 2- 13 provide additional information a b o u t  t h e  S p a c e  S h u t t l e  a n d  

its capabilities. 

2.4.9 Upper Stages 

Two d i f f e r e n t  upper  s t a g e s  have been defined for use for the  nuclear 

waste disposal mission: ( I )  an Orbit Trans fe r  Vehic le  (OTV), a n d  (2 )  a s t o r a b l e  

p rope l lan t  So la r  O r b i t  Insert ion Stage (SOIS). The OTV is a completely reusable 

and recoverable stage, whereas t h e  SOlS is expendable. Orbital r e s c u e  c a p a b i l i t y  

would be performed by the  OTV and SOlS systems. 

The OTV is defined as  a reusable L 0 2 / L H 2  c h e m i c a l  propulsion s t a g e  

s i m i l a r  t o  t h e  c r y o g e n i c  OTV d e f i n e d  in t h e  l a s t  f e w  y e a r s  fo r  poss ible  

development and use with t h e  Space Shut t le .  Th i s  v e h i c l e  would h a v e  s e p a r a t e  

p r o p e l l a n t  t a n k s ,  a n  oxidizer t o  fuel mixture ra t io  of 6 and a delivered specific 

impulse of 470 seconds. It would also have an advanced, redundant,  a v i o n i c s  and  

a t t i tude control system. Other unique features  a r e  expected to  be defined later. 

The storable propellant pressure-fed SOlS is e x p e c t e d  t o  be  s i z e d  t o  

p rov ide  a s p e c i f i c  impulse of 289 sec. This s tage would have th ree  off-the-shelf 

(Space Shuttle-Reaction Control System) pressure-fed engines a t  a thrust  level  of 

3870 N (870 lb) e a c h ,  MMH/N204 prope l lan t s ,  a guidance and control system, 

and a payload docking adapter system compatible wi th  t h e  docking s y s t e m .  T h e  



stage would be designed to withstand adequately the adverse nuclear radiat ion, 

and space environments experienced while coasting 163 days before firing. 

The rescue vehicle would be a Shutt le launched OTVISOIS system. I t  

would include appropriate provisions for targeting and docking with the nuclear 

waste container attached to an OTV/SOIS, the nuclear waste container at tached 

to  a SOlS only, a payload reentryldocking assembly, or an unshielded, separated 

waste container. I t  would be reusable or expendable depending upon the rescue 

mission. This vehicle would be required t o  have a suitable on-orbit stay time. 

Depending upon the type of rescue mission, the rescue vehic le may be returned 

to Earth by the Shuttle for refurbishment. 

2.4.10 Payload Ejection System - 

A payload ejection system is planned to be incorporated into the pallet 

which supports the reentry/docking assembly. This system would employ four 

small sol id propel lant rocket motors which would be ignited to eject the loaded 

reentry system from the Orbiter cargo bay in the event o f  a c r i t i ca l  on-pad or 

ascent fai lure. The reen t ry  system would be designed to withstand the impact 

environment. 

2.4.1 I Docking System 

The payload docking system would be launched into orbit attached to 

the payload reent ry  system. This c o n f i g u r a t i o n  i s  known as t h e  pay load  

reent ry ldock ing assembly (see Figure 2-5). The docking system would be used to 

transfer the waste payload container f rom the reent ry  system to  the SOlS 

payload adapter. It would also be designed to jettison with the nuclear payload 

during the very low probabi l i ty  occurrence of a c r i t i ca l l y  i naccu ra te  OTV 

propulsive burn. This action could prevent reentry and allow subsequent recovery 

by a Shuttle or OTV rescue vehicle. 

2.4.12 Space Destination 

The baseline space destination for the nuclear waste disposal mission is 

defined as an orbital region between the orbi ts  o f  the Ear th  and Venus. The 

nominal circular orbit is defined as 0.86 a.u. The orb i ta l  inc l inat ion about the 

Sun i s  defined as I degree from the ecliptic plane. 



2.5 A c c i d e n t  a n d  M a l f u n c t i o n  C o n t i n g e n c y  P l a n s  

T h e r e  a r e  f o u r  g e n e r a l  m i s s i o n  p h a s e s  w h i c h  require development  of 

acc ident  and malfunction contingency plans: 

Ground transportat ion f rom t h e  payload fabricat ion sites t o  KSC 

P r e f l i g h t  o p e r a t i o n s  a t  K S C  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  

engines 

Launch operat ions f rom t h e  launch pad to achieving parking orb i t  

Orbital  operations. 

P r e l i m i n a r y  b a s e l i n e  c o n t i n g e n c y  plans for  e a c h  of t hese  operat ional  phases a r e  

addressed below. 

2.5.1 G r o u n d  T r a n s p o r t a t i o n  

G r o u n d  t r a n s p o r t  ( v i a  r a i l )  of t h e  shipping cask is expected  t o  be  t h e  

responsibility of t h e  Depa r tmen t  of Energy (DOE). DOE will supply t h e  n e c e s s a r y  

a c c i d e n t  r e c o v e r y  plans and sys tems for  ground transport .  A t  least  two  types  of 

incidents  must  b e  considered: loss of cooling t o  t h e  w a s t e  conta iner  a n d  p o s s i b l e  

breach  of t he  was t e  conta iner  wi th  a loss of rad ioac t ive  material .  

In t h e  case of loss  of  coo l ing ,  p r o v i s i o n s  m u s t  b e  m a d e  t o  h a v e  

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  available. Monitoring equipment for  both 

c o n t a i n e r  t e m p e r a t u r e  a n d  r a d i a t i o n  would  b e  r e q u i r e d  d u r i n g  a l l  g r o u n d  

t ranspor t  operations. 

A c o n t i n u o u s  c a p a b i l i t y  t o  c o p e  w i t h  a c o n t a i n e r  b r e a c h  wil l  b e  

necessary. A specially t ra ined  d e c o n t a m i n a t i o n  c r e w  wou ld  a l w a y s  n e e d  t o  b e  

ready t o  act, if necessary. 

2.5.2 P r e f l i g h t  O p e r a t i o n s  

C o n t i n g e n c y  p l a n s  m u s t  b e  p r o v i d e d  f o r  p o t e n t i a l  m a l f u n c t i o n s  and 

a c c i d e n t s  t h a t  c o u l d  o c c u r  w h i l e  t h e  w a s t e  p a y l o a d  is in t h e  I\JPPF, b e i n g  

t r a n s p o r t e d  t o  t h e  l a u n c h  pad ,  b e i n g  t r a n s f e r r e d  f r o m  t h e  p a d  P C R  to t h e  

Shu t t l e  ca rgo  bay, and await ing liftoff in t h e  Shuttle. Accidents  a n d  c o n t i n g e n c y  

plans would be  similar  t o  those  discussed above. 



2.5.3 Launch Operations 

Certain major failures could result in a catastrophic on- or near-pad 

Shuttle failure (e.g., SRB fai lure to ignite, and External Tank rupture). As a 

resul t ,  the payload could be subjected to severe blast wave, high velocity 

fragments, fire, and high velocity impact. Contingency plans, procedures and 

systems envisioned to  minimize the short-term risk caused by these failures are 

as follows: 

A system to eject the loaded reentry system (contains nuclear 

waste) f r o m  the  Orb i te r ' s  cargo bay and ensuing adverse 

environments 

A destruct system on the External Tank and SRBs to reduce the 

explosive yield of the hydrogen/oxygen propellants, thus reducing 

the e f f e c t  o f  the acci.dent environment on the containment 

systems 

Stringent containment systems designs (e.g., container, shielding 

and reentry systems) to maximize the probability of surviving 

possible hostile environments. The reentry system would contain 

flotation gear and locator beacons to assist in the recovery of the 

payload. 

The use of a waste form that is not easily dispersed or leached 

The application of appropriate launch constraints (e.g., wind 

direction) to reduce human radiological exposure resulting from a 

containment breach. 

Subsystem failures (e.g., one Shuttle main engine shuts down) that 

occur later in the boost phase may also endanger the payload. Systems and 

procedures in  addition to some of those mentioned above which would minimize 

the short-term risk caused by these subsystem failures are: 

The capabil i ty for intact aborts. These abort procedures can be 

implemented after about 120 seconds into the f l ight (the t ime 

when the SRBs are jettisoned). Three types of intact aborts are 

planned for the Space Shuttle. These are: the return to  launch 

site (RTLS), abort-to-once-around (ATOA) and abort-to-orbit (ATO). 

The capability for contingency aborts. Such an abort could lead t o  

either a return to land or to ditching at sea. 



a Designing t h e  boost t r a j e c t o r y  t o  a v o i d  l and  o v e r f l i g h t  (e.g., 38 

degree  inclination orbit). 

2.5.4 O r b i t a l  O ~ e r a t i o n s  

T h e  OTV propu l s ion  p h a s e  p r o v i d e s  for  t ranspor ta t ion  f rom low E a r t h  

orbit t o  e i the r  t h e  final or  i n t e rmed ia t e  dest inat ion.  In t h e  i n i t i a l  y e a r s  of t h e  

d i sposa l  mi s s ion  t h e  OTV c o u l d  b e  a relat ively high-thrust, chemica l  propulsion 

stage. L a t e r  on, l o w - t h r u s t  t e c h n o l o g y  (SEP ,  N E P ,  s o l a r  s a i l )  m i g h t  b e  used .  

W i t h  l o w - t h r u s t  s y s t e m s ,  both t h e  probability and magni tude  of a n  explosion a r e  

decreased.  In addition, t h e r e  is a much longer decision t i m e  a v a i l a b l e  in case o f  

a m a l f u n c t i o n  of t h e  l o w - t h r u s t  p ropu l s ion  s y s t e m s .  Fo r  t h e  basel ine concept  

( see  Sec t ion  2.3.6) t h e  OTV wou ld  b e  a l iquid  h y d r o g e d l i q u i d  o x y g e n  s y s t e m .  

C e r t a i n  low p r o b a b i l i t y  f a i l u r e s  (e.g., guidance sys tem,  propulsion sys tem,  etc.) 

could resul t  in abnormal t r a j e c t o r i e s  w h i c h  m i g h t  r e s u l t  in E a r t h  r e e n c o u n t e r  

a n d  s u b s e q u e n t  r e e n t r y  of t h e  unprotec ted  was t e  container .  Systems,  procedures 

and design requi rements  envisioned t o  m i n i m i z e  t h e  s h o r t - t e r m  r i sk  a r e  g i v e n  

below: 

a T h e  c a p a b i l i t y  t o  d e t e c t  a c r i t i c a l l y  i n a c c u r a t e  OTV propulsive 

burn and command  OTV e n g i n e  s h u t d o w n  o r  OTV d e s t r u c t i o n  t o  

t e rmina te  t h e  burn 

a T h e  c a p a b i l i t y  t o  s epa ra t e  t h e  SOlS and a t t a c h e d  payload f rom t h e  

OTV and use of t h e  SOlS t o  place t h e  payload in a s a f e  o r b i t  f o r  

eventual  recovery  by a rescue  vehicle o r  Shu t t l e  Orb i t e r  

a A j e t t i s o n  s y s t e m  t o  s e p a r a t e  t h e  p a y l o a d  f r o m  t h e  OTV/SOIS 

configurat ion when necessary  t o  preclude a possible r een t ry  

a The  use of a rescue  vehicle t o  r e t r i eve  a payload  s t r a n d e d  in a n y  

given orbi t  

a T h e  u s e  o f  r e d u n d a n t  s y s t e m s  w h e r e  f e a s i b l e  t o  e n s u r e  h igh  

rel iabi l i ty 

a P r i m e  a n d  b a c k u p  on -o rb i t  OTV launch c rews  (i.e., c r ews  onboard 

t w o  Orb i t e r s  t o  obtain ins tantaneous  v i s u a l  a n d  t e l e m e t r i c  s t a t u s  

of t he  OTV propulsive burn 

a T h e  p r o p e r  d e s i g n  o f  t r a j ec to r i e s  and  propulsive burns of t h e  OTV 

t o  reduce  t h e  chance  for  r een t ry  if a fai lure occurs. 
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The SOlS provides for transportation from an intermediate t o  the f ina l  

destination. For the baseline concept, the SOlS would be used to reduce the 

aphelion from 1.0 to 0.86 a.u. (see Section 2.3.6). I f  a system fa i lu re  should 

occur pr ior  to  or during the SOlS propulsive burn, the payload might have a 

finite probability of eventually reencountering the Earth, result ing i n  a reent ry  

and possible burnup of  the waste in  the atmosphere. Systems, procedures and 

design requirements envisioned to minimize the risk are given as: 

e The use of  a rescue vehicle to retrieve a payload stranded in any 

orbit in heliocentric space 

a The use o f  redundant  systems where feasible t o  ensure high 

reliability 

The proper design o f  t ra jector ies (e.g., orbi ts inc l ined t o  the 

ec l ip t ic  plane and also those which exhibi t  l ong- te rm o r b i t a l  

stability) 

The use of  systems onboard the SOlS to aid in tracking and rescue 

operations. 



2.6 P r o j e c t e d  T r a f f i c  Model a n d  H a r d w a r e  Ava i lab i l i ty  R e q u i r e m e n t s  

T h e  p r o j e c t e d  t r a f f i c  model and hardware availability requirements for 

all major mission elements have been  e s t i m a t e d  and  a r e  d o c u m e n t e d  h e r e  f o r  

r e f e r e n c e .  F o r  t h e  base l ine  mission def in i t ion  a t o t a l  of 380 S p a c e  S h u t t l e  

flights (see T a b l e  2-4) would be  requ i red  t o  dispose  of a l l  of t h e  high-level  

d e f e n s e  nuc lea r  w a s t e s  ( t w o  Shut t le  flights would be required for each disposal 

mission). Consideration of d e v e l o p m e n t  f l i g h t s  and  a b o r t e d  miss ions  would b e  

e x p e c t e d  t o  i n c r e a s e  th i s  number somewhat. Table 2-5 shows t h e  major mission 

e l e m e n t s ,  t h e  h a r d w a r e  u s e  f a c t o r  a s s u m e d ,  a n d  t h e  t o t a l  h a r d w a r e  

requ i rements .  No consideration has been given t o  a t r a f f i c  schedule a t  this time. 

Disposal miss ions  could  o c c u r  o v e r  a 10 t o  30-year period.  L i t t l e  i m p a c t  is 

e x p e c t e d  on t h e  S p a c e  S h u t t l e  t r a f f i c  model for the  decade of the  1980's (see 

Reference 2-14), as t h e  nuclear w a s t e  disposal  a c t i v i t y  is n o t  e x p e c t e d  t o  b e  

operational until the late 1980's to  early 1990's. 

TABLE 2-5. MAJOR HARDWARE REQUIREMENTS ESTIMATES FOR 
DEFENSE NUCLEAR WASTE DISPOSAL IN S P A C E  

Hardware Element Use I- actor  Number Required 

Space Shutt le Hardware 

- Orbiters 100 4 

- ETs I 380 

- SRBs (2 SRBs Per  Flight) 20 38  

Upper S tage  Hardware 

- OTVs 

- SOlSs 

Waste Payload Systems 

- Containers I 190 

- Gamma Radiation Shields 20 10 

- Payload ReentryIDocking Assemblies 20 10 

- Crew Shields 1 00 2 

- Cooling Systems 1 00 2 

- Rail ca r s  and casks 100 2 

NOTE: Table assumes 380 Space Shut t le  flights t o  dispose of defense 
nuclear waste, 2 Shuttle flights per mission. 



2.7 Uniaue System Desian Reauirements 

To serve as a guideline t o  a rea l is t ic  program development, various 

unique system design requirements have been ident i f ied wh i ch  w i l l i nsure  

v iab i l i t y  of  the space option for nuclear waste disposal. The requirements are 

listed below with the assigned agency responsibility: 

Waste treatmentlinerts removal (DOE) 

Waste form production (DOE) 

Waste form environmental response (DOE) 

Payload fabrication techniques (DOE) 

Materials compatibility (NASAIDOE) 

Containment system accident environment response (NASAIDOE) 

Radiation shielding (NASAIDOE) 

Docking system mechanisms (NASA) 

Deep space rescue techniques (NASA). 

Designlsafety experiments and t e s t i n g  t h a t  a re  expec ted  t o  be 

conduc ted  d u r i n g  the Concept De f in i t i on  Phase of  the R & D  Program (see 

Appendix 5, Volume Ill of this report) wil l play the vital  ro le  i n  the evaluation 

o f  concepts/systems that  are proposed for  the nuclear waste disposal in space 

mission. These experiments and tests have not been defined fully at  present. 

A c t u a l  technology demonstrations required for  the nuclear waste 

disposal in  space mission are geared t o  the in i t i a t ion  of t he  deve lopment  

schedule. Should serious unresolved technology issues exist at the end of the 

3-year Concept De f in i t i on  Phase (milestone for  development dec is ion )  t h e  

development program would likely be delayed until they have been resolved. 
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3-0 CHARACTERIZATION OF DEFENSE HIGH-LEVEL WASTE PAYLOADS 

Examination of high-level defense waste  as  a cand ida te  f o r  d isposal  in 

s p a c e  w a s  i n i t i a t e d  dur ing th i s  s t u d y  period.  This  n e c e s s i t a t e d  a s t u d y  t o  

' determine t h e  re la t ive  q u a n t i t i e s  of t h i s  w a s t e  which would b e  a v a i l a b l e  f o r  

d isposal ,  and  t o  i d e n t i f y  t h e  characterist ics of the  present waste  types and t h e  

possibilities of modifying the  wastes t o  b e  more a t t r ac t ive  for disposal in s p a c e .  

T h i s  s t u d y  i s  c o m p l i c a t e d  by t h e  f a c t  t h a t  much  d e s i r e d  i n f o r m a t i o n ,  if 

available, cannot  b e  disc losed open ly  b e c a u s e  of t h e  s e n s i t i v e  n a t u r e  of t h e  

military programs which produced the  wastes. 

In general, all defense high-level w a s t e s  o r i g i n a t e  as a c i d i c  s o l u t i o n s  

c o n t a i n i n g  f iss ion p roduc t s  and  a c t i n i d e  e l e m e n t s  f r o m  t h e  r e p r o c e s s i n g  of 

reactor fuel. At t h e  Hanford and Savannah River sites these solut ions  h a v e  been  

n e u t r a l i z e d  and s t o r e d  in l a r g e  subsurface storage tanks. At  the  Idaho s i t e  the  

solutions h a v e  been  p a r t i a l l y  s e p a r a t e d  and  t h e  bulk c o n v e r t e d  t o  d ry  ox ide  

powders which a re  stored in bins. . 

Sec t ion  3.1 d i scusses  t h e  p r e s e n t  and  poss ible  characterist ics of the  

d e f e n s e  w a s t e s .  S e c t i o n  3 . 2  d e a l s  w i t h  t h e  p o s s i b l e  m o d i f i c a t i o n s  f o r  

o p t i m i z a t i o n  f o r  s p a c e  disposal ,  and  presents waste compositions used in space 

disposal. Section 3.3 d i scusses  poss ible  w a s t e  forms.  S e c t i o n  3.4 p r e s e n t s  t h e  

r e s u l t s  of p r e l i m i n a r y  s t r u c t u r a l ,  t h e r m a l ,  n u c l e a r  shie lding,  and  a c c i d e n t  

response analyses. 

D a t a  g e n e r a t e d  dur ing t h e  e a r l y  p a r t  of th i s  s t u d y  which re la te  to 

commercial nuclear waste a re  given in Appendix C. 



3.1 Defense Nuclear Waste Sources and Character 

Defense high-level waste (HLW) has been accumula t ing s ince  t h e  

1940's. This waste results from the reprocessing of plutonium production reactor 

fuel at the Hanford and Savannah River  sites and f r om  the reprocessing o f  

submarine and research reactor  fuel  a t  the ldaho site. A t  the Hanford and 

Savannah R ive r  sites l iquid HLW has been neutra l ized and s tored i n  l a r g e  

in-groundznks.The - result is a waste consisting of sludge, salt cake, and residual 

liquor. A t  the ldaho site the liquid HLW is calcined t o  a powder and stored i n  
- 

in-ground bins as a solid. In general, defense HLW wil l  not generate as much 

heat or radiation as commercial HLW because o f  d i lu t ion w i t h  iner t  mater ia ls  

and relatively long decay periods. 

3. l . I  Hanford Waste 

The H a n f o r d  s i te ,  l o c a t e d  near  Richland, Washington, has been 

producing plutonium and other special nuclear materials since 1944. As a resul t  

o f  t h e  reprocess ing o f  i r rad ia ted reactor  fuels, HLW consisting of f ission 

products, actinides, cladding components and ine r t  chemical addit ives has been 

and w i l l  continue t o  be generated and accumulated (see Figure 3-11. Although 

Purex reprocessing is cur rent ly  i n  use? other reprocessing methods have been 

used i n  the past. They include the Bismuth Phosphate, Redox, and Tr ibuty l  

Phosphate processes. Sl ight ly  d i f fe ren t  wastes have been generated by each 

process. (3-1 

App rox ima te l y  5596 of the 905r and 7 0 8  o f  the 1 3 7 ~ r ,  both high 

heat-emitting nuclides, have been removed by a f rac t ion izat ion process. These 

nucl ides are subsequently converted to  sol id s t ront ium f luor ide and cesium 

chloride, and encapsulated i n  double wal led capsules. The remaining waste is 

stored i n  tanks as damp sa l t  cake, sludge, and residual liquor. Presently, the 

defense HLW inventory at the Hanford site consists of: 
6 25 x 10 gallons (bulk) of damp salt cake 
6 I I x 10 gallons (bulk) of damp sludge 
6 I I  x 10 gallons of residual liquor 

6 3 x 10 gollons of liquid waste in active processing 

2900 capsules of 9 0 ~ r  or 1 3 7 ~ s .  
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By 1990, an additional 1.3 x 10 gallons of salt cake, 2 x 10 gallons of sludge, . 

6 and I x 10 gallons of residual liquor wi l l  be generated as well as 1080 capsules 

of Cs or Sr. (3- 1) 

Because o f  the extremely large amounts of inert materials contained 

i n  the HLW, a radionucl ide removal process has been proposed w i t h  t h e  

object ive o f  removing a l l  long-lived nuclides f rom the salt cake and residual 

liquor. A considerably smaller quantity of HLW would result plus a large volume 

o f  low-level chemical waste which could be disposed of inexpensively. Figure 3-2 

shows the radionuclide removal process. The product consists of the washed and 

dr ied sludge, technetium concentrate, s t ront ium sludge, and cesium carbonate 

with a total mass of approximately 16,400 MT, having a to ta l  heat output  o f  
(3- 1 ) about 460 kW . 

3.1.2 Savannah River Waste 

The Savannah R i v e r  Plant, near Aiken, South Carolina, has been 

producing special nuclear materials for defense purposes since 1953. Products are  

main ly  p lutonium and t r i t i um.  HLW, consist ing o f  f ission products, actinides, 

cladding components and inert chemical additives has been and w i l l  continue t o  

be generated and accumulated by the reprocessing of spent reactor fuels. In 

contrast to the Hanford operations, which used several reprocessing methods, a l  I 

the Savannah River  waste is generated by Purex reprocessing. This waste is 

stored as an alkal ine l iquid w i t h  a prec ip i ta ted sludge i n  large underground 

tanks. A f t e r  the decay heating has been reduced by the decay of short half-l i fe 

nuclides, the supernate is converted to salt cake. 

By 1985, the Savannah River HLW inventory is expected to consist of: 
6 13.3 x 10 gallons of damp salt cake 

6 
3.4 x 10 gallons of sludge 

6 
5.6 x 10 gallons of residual liquor. 

Addi t ional  HLW is expected to be generated annually after that time at a rate 
6 of 1.0 x 10 gallonslyear. (3-2) 

As in  the case o f  Hanford HLW, the ex t remely  large quantities of 

iner t  mater ia ls i n  the Savannah R ive r  HLW have encouraged t h e  use o f  a 

proposed salt  decontamination process (see Figure 3-3). This. process i s  quite 

similar to the Hanford radionucl ide removal process. The product consists o f  
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washed and dried sludge, precip i tates of plutonium and strontium, and cesium 

zeolite. The total mass o f  this product would be 3750 MT, having a to ta l  heat 

output o f  1725 kW (3-2). Although this mass is smaller than that produced using 

the Hanford radionuciide removal process mass, it is nevertheless quite large.. 

3.1.3 ldaho Waste 

I n  con t ras t  t o  H a n f o r d  and Savannah River,  the ldaho Chemical 

Reprocessing Plant near ldaho Falls, Idaho, has been convert ing l iquid HLW t o  

calcine. Calcining is the high temperature treatment of liquid HLW to produce 

granular sol id waste oxides and other solid compounds. ldaho HLW contains 

fission products, actinides, cladding components, and inert chemical additives, 

and is produced by several processes. 

A t  the present t ime, approximately 1500 m 3  of  calcine have been 

produced. As reprocessing and calcine production continue, a to ta l  of 8500 m 
3 

or 11,900 MT o f  calcine, having a range of heat output (non-decayed) o f  

approximately 1700-4200 kW, is expected by the year 2000. (3-3) It is bel ieved 

t h i s  mass can be reduced  by  a proposed c a l c i n e  dissolution process t o  

approximately 600 MT. N i t r i c  acid would be used as the solvent t o  dissolve 

about 95 percent of the calcine. 

3.1.4 Summary o f  Defense Waste Character is t ics 
fo r  Ter res t r ia l  U i s ~ o s a l  

I n  s u m m a r y ,  d e f e n s e  H L W  f r o m  t h e  t h r e e  s i tes  have been 

characterized for terrestrial disposal in References 3-1, 3-2 and 3-3. The authors 

o f  these documents have performed analyses based upon d i f fe rent  baseline 

availability dates (e.g., 1990 for  Hanford, 1985 fo r  Savannah River, and 2000 

(assuming no decay) for  Idaho). These dif ferences must be considered when 

defining data for detailed container designs for space disposal; however, fo r  th is 

prel iminary analysis given here, these data are appropriate. Table 3- 1 provides 

the character is t ics o f  defense HLW for  ter res t r ia l  disposal of the  Hanford, 

Savannah River and ldaho wastes. Total mass, activity, heating rate, as well as 

density and specific activity data are given. 



TABLE 3- I .  CHARACTERISTICS OF DEFENSE HLW 
FOR TERRESTRIAL DISPOSAL 

Waste Source 
Hanf ord Savannah River Idaho (a) 

Waste Characteristics ( 1990) ( 1985) (2000) 

Total Mass, MT 16,400 3750 600 

Total Activity, C i  7 .8~ 10 7 3 .2~  10 8 8 1.3~10 -1.2~10 9 (b) 

Total Heat Generation 
Rate, k\N 460") 1725 1 700-4200(~) 

Density, gfcc 0.7-1 .6 0.7- 1.6 1 . 1 -  1.6 

Specific Activity, 
Ci/kg 4.8 85 2 1 6-2000 (b) 

Kef erences 3- 1 3-2 3-3 

NOTES: (a) Assuming 8501) m3 of calcine by the year 2000. 
(b) Assuming no decay f o r  a l l  ca lc ine .  Although no data are 

avai lable f o r  decayed calcine, i t  can be expec ted  t h a t  t h e  
a c t u a l  r ad i a t i on  cnd heat levels, by the year 2000, w i l l  be 
approximately 1/10 to 1/20 of those given above for ldaho waste. 

(c) Assuming t h a t  approximately 213 o f  the high heat -emi t t ing  
elements (Cs and Sr) have been removed from this waste. 



3.2 S p a c e  Disposal  Mixes  

T h e  p rev ious  s e c t i o n  i l l u s t r a t e d  t h a t  t h e  mass  of d e f e n s e  HLW for 

space d~sposal  a t  e a c h  of t h e  t h r e e  s i t e s  is q u i t e  l a rge .  F o r  s p a c e  disposal ,  

va r ious  add i t iona l  c h e m i c a l  p rocesses  could be applied to  reduce t h e  combined 

total mass of waste  a t  t h e  three  sites t o  a more manageable level. Th i s  s e c t i o n  

d e s c r i b e s  t h e  proposed add i t iona l  w a s t e  processing and the baseline waste  mix 

compositions. 

3.2.1 C h e m i c a l  P r o c e s s i n g  R e c o m m e n d e d  f o r  S p a c e  Disposal  

This sect ion d e s c r i b e s  t h e  p o s t u l a t e d  c h e m i c a l  p rocesses ,  g e n e r a l l y  

based on l a b o r a t o r y  exper iments ,  which can further reduce the  mass of defense 

HLW. 

3.2. I .  I H a n f o r d  W a s t e  

A s  desc r ibed  in Section 3.1.1, the  majority of the  Hanford waste, a f t e r  

radionuclide removal, is in the  f o r m  of sludge.  T h e  compos i t ion  of t h e  s l u d g e  

c o m p o n e n t  of t h e  Hanford waste varies, depending upon the  method of chemical 

processing from which it was derived. There  a r e  five major s ludges;  t h e s e  a re :  

( I ) bismuth  p h o s p h a t e  sludge, ( 2 )  Redox sludge, (3) nickel-ferrocyanide-strontium 

sludge, ( 4 )  Purex sludge, and (5) zirconium s ludge.  T h e  a v e r a g e  compos i t ion  of 

t h e  combined  s ludges  resulting from radionuclide removal processing is shown in 

Table 3-2. (3-4) 
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TABLE 3-2. AVERAGE COMPOSITION OF MAJOR HANFORD SLUDGES 

Component Mass% 

1.2 

NaN03 14.1 

~ a ~ 6 ~  0.6 

Na2C03 10.8 

NaOH 0.9 

Component Mass ?6 

Cr(OW3 1.2 

Fe(OW3 7.3 

Sr(OH12 .0.3 

BiP04 2.5 

CaC03 2.1 

Na2U04 7.9 

Na2S04 0.1 Mn02 1.2 

Na3P04 2.3 Ni 2Fe(CN)6 2.8 

NaF 0.7 P205* 24WO2- 44H20 0.1 

Cancrini te 16.6 ZrOZ- 2H20 2.5 

AI(OH)3 14.2 Sr3(P04)2 6.2 

Ce(OW3 2.1 NaTi2G5H (Resin) 0.5 

Based on laboratory tests, it may be possible to dissolve the f i r s t  four 

sludges i n  mol ten caustic fo l lowed by t reatment  w i th  nitr ic ac i~ ! . ( ~ -~ )  Such a 

dissolution would make additional waste concentration possible by removing ine r t  

materials from the radionuclide mix. 

The gross composition of the first four sludges follows. 

Total Mass of Inerts: 15,400 MT 

Total Mass of Fission Products: 56 MT 

Total Mass of Thorium: 15 MT 

Total Mass of Uranium: 908 MT 

I f  these four sludges can be put into solution, Hanford has estimated that 99% 

of the inert material could be removed. Also, since uranium and thor ium do not  

cause problems for te r res t r ia l  disposal, it may be possible, using conventional 

separation techniques, to remove 9598% of these elements. 

The z i rconium sludge, which weighs 318 MT, is insoluble in molten 

caustic and wil l  require the development of new t reatment  methods t o  achieve 

significant inert removal. (3-5) 



T h e  t o t a l  mass  of Hanford waste  t o  be carried t o  space, assuming the  

application of the  chemistry described above, is a s  follows: 

154 MT Inert material 

66 MT Fission product oxides of the  form M203 

a t  an average molecular mass of 130 

0.3-0.8 MT Thorium a t  95-98% removal 

2 1-52 MT Uranium a t  95-98% removal 

3-14 MT Isolated products from sal t  cake  and liquor 

?-318 MT P a r t  or all of zirconium sludge. 

244 MT (+ Zr fraction) - 605 MT 

6 0 5  MT is t h e  base l ine  fo r  Hanford  s p a c e  w a s t e  disposal .  As s u g g e s t e d  by 

Hanford  personne l ,  t h e  a b o v e  r e d u c t i o n s  d e p e n d  o n  t h e  d e v e l o p m e n t  of 

acid-based separation chemistry. (3-5) 

3.2.1.2 Savannah River W a s t e  

As shown in S e c t i o n  3.1.2, t h e  major  c o m p o n e n t  of Savannah River 

w a s t e ,  a f t e r  s a l t  d e c o n t a m i n a t i o n ,  is sludge. The sludge has been produced by 

t h e  P u r e x  process ;  however ,  t w o  major  t y p e s  e x i s t :  h i g h  i r o n  a n d  h i g h  

a l u m i n u m  s l u d g e .  T a b l e  3-3 shows t h e  compos i t ion  of t h e s e  t w o  t y p e s  of 

s l udge . (3-6)  



TABLE 3-3. SAVANNAH RIVER F- AND H-AREA HIGH- 
HEAT SLUDGE COMPOSITE COMPOSITIONS 

I- Area H Area Overall 
Composite Composite Composite 

Sludge Sampled, gal 317,000 1 ,049,000 1,366,000 

Total Sludge, percent 73.0 80.1 78.4 

Sludge Sampled, percent 23.2 76.8 100.0 

Principal Elements, mass % 
Fe  
A l 
Mn 
U 
Na 
Ca 
H g  
N i 
C 
S i 

Principal Anions, mass % 

Noj 1.14 1.08 1 .O? 

N02 0.079 0.09 0.087 

s02 14.31 1.72 4.64 
PO2 - 0.134 1.22 0.97 

Source: Reference 3-6. 

Personnel  con tac ted  a t  Savannah River  have indicated that  iner t  

removal f rom the sludge i s  possible.0'7) Th i s  c o u l d  be accomp l i shed  b y  

successive washing w i t h  caustic, t o  remove aluminum, and with oxalic acid, to 

remove iron. Estimates indicate that  a 90% reduction in sludge mass may be 

achievable. This process is not designed to dissolve the sludge as is the case for 

the Hanford process. This would result  i n  360 MT of sludge plus 15 MT f r om 

the concentration of cesium zeolite from salt decontamination, or a total of 375 

MT as a baseline for space disposal. 

S ince washing o f  the sludge w i t h  caustic and oxal ic  acid ac tua l ly  

constitues sludge dissolution, the wash would have to be decontaminated and the 

dissolved radionuclides returned to  the sludge rodionuclide inventory. I f  total 

sludge dissolution and cesium zeolite concentration are possible for the Savannah 

River waste, perhaps additional mass reduction could be achieved. 



3.2.1.3 ldaho Waste 

3 The ldaho waste volume will total 8500 m of calcine powder granules, 

with a mass of approximately 1 1,900 MT by the year 2000. Five major types of 

calcine exist based on the nature of reprocessing used for HLW generation; they 

are: (3-8) 

I .  Alumina 

2. Zirconia 

3. Zirconia-Sodium Blend 

4. tluorinel 

5. Electrolytic 

Total 

Volume (Year 2000) 

500 m3 

Typical calcine compositions are given in Table 3-4. (3-8) 

TABLE 3-4. CALCINE COMPOSITIONS FOR IDAHO WASTE 

Calcine Type, percent 
Zirconia-Na 

Component Alumina Zirconia Blend (3: 1 )  Fluorinel Electrolytic 

A12°3 89 20 20 17 6 5 

Fe203 
- - - - 10 

Na20 2 - 5 - I 

Zr03 - 2 1 17 15 - 
N03 1-3 1-3 7- 10 1-4 3-5 

CaF2 - 50-55 37 55 I 

B2°3 1-2 1-2 I 3 I 

S02 
- - - - - 

P04 
- - 2 - - 

S04 
- - 6 4 10 

CdO - - - - - 

Gd203 
- - - - 6 

Fission Products 
and Actinides 0.6 0.6 0.4 0.5 0.5 

Other 1-3 1-3 3 - 3 

Source: Reference 3-8. 



To concentrate these calcined wastes to the point where they could be 

disposed of in space, they must be dissolved. Dissolution chemistry i s  n o t  

d i f f i cu l t  and has been under development as par t  of the ldaho actinide and 

lanthanide partitioning scheme. (3-8) Approximately 95% of the calcine can be 

dissolved w i t h  8M - HPlO The residual mater ia l  can be almost completely 
13-91 dissolved in molten NaHSOh' 

The mass o f  remaining radionuclides would be approximately 60 MT 

plus a small amount of residual iner t  material.  I f  act inide and lan than ide  

part i t ioning is considered feasible and necessary, the quantity of radionuclides 

may be reduced to 20 MT or less. A t  this time, 60 MT i s  considered as the 

baseline for ldaho waste for space disposal; however, since this material is 

essentially 100% radionuclides, i t  w i l l  generate considerably more heat and 

radiat ion than the Hanford or Savannah River baseline waste compositions. The 

ldaho mix could be ta i lored to  about the same composition as Hanford and 

Savannah River waste by leaving a port ion of inert  mater ia l  in  the waste. 

Separate shielding and coo l i ng  packages mus t  be designed i f  t h e  100% 

radionuclide waste mix is chosen for Idaho. Work cannot proceed on this option, 

however, until detailed radionuclide compositions are available from Idaho. 

3-2.2 Baseline Composition for Space Disposal 

This section describes the radionuclide and chemical cornposit i on of the 

defense HLW, for each of the three sites, as baselined for space disposal (see 

Section 2.4.2). 

3.2.2.1 Hanford Waste 

A f t e r  the  chemica l  t r ea tmen t  postulated i n  Section 3.2.1.1, the 

Hanford HLW would consist of: insoluble compounds of Al, Fe, Cr, and Zr; U 

and Th compounds remaining after separation of the majority of these elements; 

fission products; and actinides. The radionuclide composition of Hanf ord HLW, 

based on a 5500-kg waste payload, and decayed to the year 1990, is shown in 

Table 3-5. 



TABLE 3-5. BASELINE RADIONUCLIDE COMPOSITION OF 
HANFORD WASTE PAYLOAD ( 1990 DEFINITION) 

Activity. Mass. Activity, Mass, , , 
Nuclide C i kg Nuclide C i kg 

1 4 7 ~ m  9.5 E+03 9.8 E-03 

I5 ' sm 1.3 E+04 5.1 E-01 

5 2 ~ u  1.4 E+OI 7.9 E-05 

5 4 ~ u  7.0 E+02 4.6 E-03 

I "EU 7.3 E+02 5.1 E-04 
233u 1.9 E-Ol 2.0 E-02 
23SU 6.0 E-03 2.8 E+OO 

238u 1.4 E-01 4.2 E+02 

2 3 7 ~ p  9.5 E-01 1.4 E+OO 

2 3 8 ~ u  3.8 E+OO 2.2 E-04 

2 3 9 ~ u  2.0 E+02 3.3 E+OO 

2 4 0 ~ u  4.9 E+Ol 2.1 E-01 

24 PU 5.4 E+02 4.9 E-03 

24 ~ r n  4.6 E+02 1.4 E-01 

Total 7.0 E+05 4.7 E+02 

NOTE: Based on a 5500-kg waste payload (the remaining mass is inert material). 

. 3.2.2.2 Savannah River Waste 

Assuming t h e  chem ica l  t r e a t m e n t  g i ven  in  Section 3.2.1.2, the 

Savannah River HLW would consist of: insoluble compounds o f  Al,  Fe, and Mn; 

uranium compounds; f ission products; and actinides. The baseline radionuclide 

composition o f  fresh Savannah River HLW, as based on a 5500-kg waste payload, 

i s  shown i n  Table 3-6. The radionuclide composition of the Savannah River HLW, 
6 based on an init ial quantity of 22.3 x 10 gal o f  salt  cake, sludge, and l iquor 

before chemical treatment, and on a 5500-kg waste payload is shown in Table 

3-6 for fresh waste. It should be noted that  several of the nuclides l is ted in  

Table 3-6 wil l have decayed to insignificant levels by the 1985-1990 time period. 

These include: 8 9 ~ r ,  9 1 ~ ,  9 5 ~ r ,  9 5 ~ b ,  0 3 ~ u ,  1 2 7 ~ e ,  1 2 9 ~ e ,  and I 4 ' c e .  A 

par t i a l  radionuclides l i s t  for Scvannah River HLW indicates that actual payload 



act iv i t ies a t  that t ime  may be approximately 1/15 of that for fresh waste as 

listed in Table 3-6. A more complete radionuclide composi t ion table showing 

act iv i tes decayed to  1985 w i l l  need to be incorporated into subsequent space 

waste disposal studies as that information becomes available. 

TABLE 3-6. BASELINE RADIONUCLIDE COMPOSITION OF SAVANNAH 
RIVER WASTE PAYLOAD (FRESH WASTE) 

Activity, Mass, Activity, Mass, 
Nuclide Ci kg Nuclide Ci k g  

7 9 ~ e  3.3 E-00 5.1 E-02 4 4 ~ e  3.2 E+05 1.0 E-01 

Total 7.9 E+07 6.6 E+02 

NOTE: Based on a 5500-kg waste payload (the remaining moss i s  inert material). 



3.2.2.3 ldaho Waste 

I f  the chemical processing given in  Section 3.2.1.3 is assumed, the 

ldaho HLW wil l  consist pr imar i ly  of f ission products and actinides w i t h  small 

quanti t ies o f  iner t  materials. The radionuclide composition of ldaho HLW is not 

well known at this time. Sampling and analysis is presently underway but results 

are not expected for some time. There is only fa i r  agreement between ldaho 

sources of information on radionuclide ~ o m ~ o s i t i o n . ( ~ ' ~ ' ~ ' ~ )  Table 3-7 presents 

limited radionuclide composition data for the ldaho waste. 

TABLE 3-7. ESTIMATED IDAHO CALCINE RADIONUCLIDE COMPOSITION 

Specific Activity, Maximum Quantity 
Radionuclide Ci lkg of Radionuclide, kg 

9 0 ~ r  3- 15 1250 

I 3 7 ~ s  3- 18 2450 

4 4 ~ e  1-38 140 

I o 6 ~ u  0.1-1 35 

0 t hers 4- 25 ? 

Total Transuranics 2 x lo-2 ? 

2 3 9 ~ u  4 10-4 ? 

Source: Reference 3-8. 



3.3 Waste Forms for Space Disposal 

Fina l  waste forms acceptable for space disposal must have high waste 

loadings to  make e f f i c ien t  use of  each f l ight .  This requirement p rac t i ca l l y  

el iminates the consideration o f  several f ina l  forms (e.g., glass), which have 

relatively low waste loadings. Final waste forms suitable for  space disposal o f  

defense HLW include calcine, compartmented calcine, and metal matrix forms. 

Other possible forms include coated particles, supercalcine, c a l c i n e d  c l a y  

ceramics,  and s in tered glass ceramics. The fo l lowing sections discuss the 

processes required t o  fabr icate  the f inal  forms men t i oned  above and t h e  

properties of each waste form. 

3.3.1 Chemical Processing 

The previous study, "Prel iminary Evaluation of the Space Disposal of 

Nuclear Waste", (3-10) describer the four main processes for  producing calcine, 

and the processes required t o  produce supercalcine, coated particles, and metal 

matrix. Detailed descriptions o f  these processes are not  given in  this report; 

however, a few comments are i n  order. Calcine production is well proven and 

reasonably simple. Supercalcine and metal mat r ix  production are more complex' 

than  c a l c i n e  p roduc t ion .  Coa ted  p a r t i c l e  production is very complex i n  

comparison to calcine production and should not  be considered unless a l l  other 

processes appecr untenable. 

Compartmented calcine is the term used to describe calcine enclosed 

in  small stacked metal containers or in metal "egg crate" spacers which would 

be sealed on each end. Although no experience exists in fabr icat ing such a 

waste form, it seems relatively straightforward using conventional meta l  working 

and automated container loading equipment. 

Calcined c lay ceramics are formed by mix ing the dried powdered  

product of  chemical separations postulated in Section 3.2.1 with clay and water 

and firing at high temperature. (3 -1 )  Waste loadings o f  50-70% appear possible 

based on laboratory experience. 

Sintered glass ceramics are produced by sintering a mixture of calcine 

and f lux or f r i t .  In  t h i s  process, c a l c i n e ,  f l u x  and w a t e r  a re  f e d  t o  a 

mixer-feeder. Water acts as a binder and lubricant and minimizes dusting. The 



m i x  is t h e n  p r e s s e d  in to  a thin-walled conta iner  at low pressure in t h e  shape  of 

a thin disk and s in tered  at 1 0 0 0 ~  C f o r  4 t o  6 hr. S i n t e r i n g  c a u s e s  a d d i t i o n a l  

densification. Af t e r  cooling, disks can  b e  s t acked  in a s to rage  container .  (3-3) 

3.3.2 Physical Properties and Characteristics 

High  w a s t e  l oad ing ,  low d i s p e r s i b i l i t y ,  a n d  t h e r m a l  s tab i l i ty  a r e  t h e  

primary requi rements  fo r  a su i tab le  w a s t e  f o r m .  E a c h  w a s t e  f o r m  l i s t e d  a b o v e  

has  advantages  and disadvantages peculiar t o  itself.  

Calc ine  has t h e  highest w a s t e  loading. S i n c e  h igh  w a s t e  l o a d i n g  is of  

p r i m e  i m p o r t a n c e  for  e f f ic ien t  space  disposal, ca l c ine  r a t e s  highest in this  a rea .  

C a l c i n e  p o w d e r  c a n  b e  p r e s s e d  i n t o  p e l l e t s  o r  o t h e r  s h a p e s  t o  d e c r e a s e  

d i s p e r s i b i l i t y ;  h o w e v e r ,  d i s p e r s i b i l i t y  wi l l  a l w a y s  b e  a p rob lem.  L e a c h  r a t e s  

(dissolution r a t e s )  of c a l c i n e  wi l l  b e  h i g h e r  t h a n  f o r  a n y  o t h e r  w a s t e  f o r m .  

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

engineered s a f e t y  f ea tu re s  such as impact  absorbers, t he rma l  s h i e l d i n g ,  f l o t a t i o n  

d e v i c e s ,  e t c .  G r o u n d  t r a n s p o r t a t i o n  c a n  b e  accompl i shed  safe ly  by t h e  use of 

heavy walled shipping casks. Although ca lc ine  is a des i rable  w a s t e  f o r m  b e c a u s e  

o f  i t s  h igh  w a s t e  l oad ing ,  i t  does have  problems (such as high dispersibility and 

poor thermal  s tabi l i ty)  which should not be  underest imated.  C a l c i n e  is t h e  w a s t e  

form baseline a t  this time. 

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

means  of providing additional s a f e t y  w h e n  us ing  a c a l c i n e .  C a l c i n e  e n c a s e d  in 

s m a l l  s t a c k e d  m e t a l  c o n t a i n e r s  o r  "egg c ra t e "  space r s  sealed on e a c h  end may  

possibly provide leach res is tance  and low dispersability suff icient  t o  m i t i g a t e  t h e  

e f f e c t s  of  m o s t  c r e d i b l e  a c c i d e n t s .  Whi l e  s u c h  a c o n c e p t  sounds useful, i t  is 

impor tant  t o  note  t h a t  fabr ica t ion  and t e s t ing  o f  c o m p a r t m e n t e d  c a l c i n e s  h a v e  

n e v e r  b e e n  a t t e m p t e d .  A m a j o r  c o n s i d e r a t i o n  is t h e  weight penal ty  assoc ia ted  

with t h e  use of me ta l  compar tments .  

M e t a l  m a t r i x  w a s t e  f o r m s  p o s s e s s  severa l  a t t r a c t i v e  charac ter i s t ics :  

w a s t e  loading is relat ively high (60-70%); leach r a t e  is low; the rma l  c o n d u c t i v i t y  

is e x c e l l e n t ;  a n d  t h e  dispersibility potential  is low. Although meta l  ma t r ix  was t e  

fo rms  a r e  not cur rent ly  in vogue in t h e  United S ta t e s ,  a g r e a t  d e a l  of w o r k  o n  

t h i s  t y p e  o f  w a s t e  f o r m  h a s  been done  in Belgium, Germany and France.  As  in 

t h e  c a s e  of compar tmen ted  ca l c ine ,  t h e  w e i g h t  p e n a l t y  a s s o c i a t e d  w i t h  m e t a l  

may  be a problem. 



Supercalcine has a l owe r  leach  r a t e  than  ca lc ine ,  b u t  is  s t i l l  

dispersible. Waste loading is re la t ive ly  high, approximately 70%. Supercalcine 

offers better thermal stability than calcine but the waste loading is lower than 

calcine. 

Calcined c lay  ceramics and sintered glass ceramics are fair ly similar. 

Both forms have relatively high waste loadings (50 to  70%) and produce a sol id 

w i t h  much lower leach ra te  and dispers ib i i i ty  than calcine. Both  processes 

require further development. Based on the scant data available, i t  appears tha t  

s i n t e r e d  glass ceramics may be somewhat less dispersible and more leach 

resistant than calcined clay ceramics. Neither one of these forms appears t o  be 

as good as metal matr ix forms. 



3.4 Container izat ion Systems 

The space disposal  o f  high-level nuclear waste requires that  the 

payload primary container maintain its integrity during both the expected normal 

and the defined accident environments. Unlike the transportation regulations for 

terrestrial shipment of nuclear materials, there are no def in i t ions o f  e i ther the 

no rm  a I ,  or accident conditions o f  space disposal. Consequently, before the 

containerization analysis began, i t  was necessary t o  have the various payload 

environments defined. (Section 5.1 ident i f ies and characterizes the various 

accident environments that might be expected during the space por t ion of the 

disposal mission.) In this preliminary study, the emphasis of the analytical effort 

was placed upon the payload response to the various accident environments, 

rllthough the e f fec ts  of normal environments were used to  init ially define the 

pay1 oad container package. 

N o  q u a n t i t a t i v e  assessment o f  accident risks and probabi l i t ies is 

feasible a t  this stage o f  development. However, several accident conditions 

covering a range of probabi l i t ies have been considered (see Section 5.1). Of 

these, the most severe chosen for analysis here were: 

Explosion and fire on launch pad 

Reentry of an unprotected payload container. 

The pr imary  container design i s  dominated by the character of its 

contents, the high-level waste. Table 3-8 l ists the baseline high-level waste 

payload character is t ics for  each of the three waste mixes. Most of the data 

shown in this table are based upon Tables 3-5, 3-6 and 3-7. The actual  density 

o f  t he  defense waste  fo rm is s t i l l  speculative. The value o f  2.8 g/cc, as 

indicated in Table 3-8, was computed based upon the theoretical densities o f  the 

component oxides f rom two compositions of synthetic sludges. (3-1 I )  Typically, a . 

value of two-thirds the theoretical density is attainable, resulting in  2.8 g/cc as 

a best estimate. Figure 3-4 provides the definition of waste concentration factor 

(WCF) for  each of the three defense waste sites. The number o f  5500-kg 

payloads required to  dispose of waste f rom each of the sites i s  given as a 

function of WCF. The baseline "desired high model" (see Table 2-3) is given by 

the circles; the more opt imis t ic  case, the "desired low model" is given by the 

squares. 



FIGURE 3-4. TOTAL NUMBER OF PAYLOADS AS A FUNCTION OF 
DEFENSE WASTE CONCENTRATION FACTOR (WCF) 



Most of the analyses performed in the  following sections a r e  based 

upon Hanford waste. Although both Savannah River and ldaho baseline waste 

compositions have higher internal heat  generation than does  H a n f o r d ,  t h e  

analyses in this section are based on Hanford waste because of its greater mass. 

TABLE 3-8. BASELINE HIGH-LEVEL DEFENSE WASTE 
PAYLOAD CHARACTERISTICS 

Parameter Hanford Savannah River Idaho 

Disposal Reference Date 1990 1985 2000 

Waste Density, g/cc 2.8 2.8 2.8 

Waste Radius, cm 

Waste Activity, Ci 

Radionuclide Mass, kg 470 660 - 
Inert Mass, kg 5030 4840 - 
Waste Concentratio 

Factor (WCF) 'la) 27 

Specific activity, 3 5 Ci/kg 1 . 5 ~  10 1.2~10 - 
Heat Generation, 

kW 4.34(b) 25") 

NOTES: (a) The waste  concentrat ion fac tor  is defined as the ratio of the 
masses given for each defense waste s i te ,  a s  recommended for 
te r res t r ia l  disposal, to the mass of the waste for space disposal 
after further chemical concentration (see Figure 3-4). 

(b) Based upon ORIGEN computer calculations using data in Table 
3-5. 

(c) Based on mass reduction (WCF = 10) and heat generation rate 
for Savannah River waste in Table 3-1. 

3.4.1 Shielding Analysis 

This section presents the  results  of t h e ,  shielding analysis performed 

for the baseline container. This analysis was performed by first  obtaining the  

radiation source s t rength  using the  ORIGEN (3-12)  computer code. This code 



predicts the generation o f  fission products and the transmutat ion of isotopes 

through neutron reactions and decay. The input nuclide quantities were taken 

from Table 3-5. The Savannah River and Idaho waste were not considered i n  th is 

prel iminary analysis because of the i r  smaller quanti ty. The resulting gamma 

source strength for Hanford is shown in Table 3-9. 

TABLE 3-9. PHOTON SOURCE STRENGTH SPECTRUM 
FOR HANFORD WASTE (WCF = 27) 

Mean Group Energy Source Strength, 
MeV photonslsec per MT of Waste 

Total 1.02 El6 

The neutron source strength for  defense waste as predicted by the 

ORIGEN code is several hundred t o  several thousand t imes smailer than the 

typical commercial reactor waste source. Since the neutron dose is a secondary 

contr ibutor  for  even commercia l  high-level waste designs, it was ignored for 

defense waste. 

The ANISN (3-  3 ,  shielding code was used to compute the gamma dose 

from the waste container (using theORlGEN outp.ut), and thereby determine the 
' 

shielding requirements. 

ANISN is a computer program wr i t ten  in FORTRAN IV. It solves the 

one-dimensional Boltzmann transport equation with general anisotropic scat ter ing 

for  slab, cy l indr ical ,  and spherical geometries using discrete ordinates and the 

diamond difference solution technique. ANISN is well suited for solving problems 

of  deep penetrat ion of both  gamma radiation and neutrons such as encountered 

in shield design. 

The shielding thicknesses required, assuming a uranium only shield, a 

steel only shield, and a uranium shield including 2.54 cm of steel (represents the 



baseline case), w e r e  d e t e r m i n e d  as a f u n c t i o n  of s o u r c e  s t r e n g t h .  F i g u r e  3-5 
s h o w s  t h e  r e l a t i o n s h i p  b e t w e e n  t h e  thickness of a par t icu lar  shield required t o  

maintain t h e  dose of 2 r e m s  per  hour a t  one  m e t e r  f rom t h e  s h i e l d  s u r f a c e  a n d  

t h e  c o n c e n t r a t i o n  f a c t o r  f o r  H a n f o r d  d e f e n s e  w a s t e .  F o r  t h e  b a s e l i n e  case 

(Hanford was te ,  WCF = 27),  t h e  u r a n i u m  s h i e l d i n g  t h i c k n e s s  is 2.85 c m .  T h e  

b a s e l i n e  s h i e l d e d  c o n t a i n e r  d e s i g n  is s h o w n  in  F i g u r e  3-6. T h e  steel wa l l  

thicknesses shown w e r e  chosen as t y p i c a l  va lues .  F o r  p u r p o s e s  of s t e a d y - s t a t e  

t h e r m a l  a n d  s h i e l d i n g  a n a l y s i s ,  t h e  a m o u n t  o f  s t e e l  p r e s e n t  is n o t  a m a j o r  

factor .  Deta i led  s t ruc tura l  ana lyses  a r e  n e c e s s a r y  t o  d e t e r m i n e  m o r e  r e a l i s t i c  

wall geometr'y. 

T h e  s i g n i f i c a n c e  o f  t h e  s h i e l d  t h i c k n e s s  ( o t h e r  t h a n  t o  m i n i m i z e  

exposure) is in i t s  e f f e c t  on t h e  payload l a u n c h  m a s s .  T h e  e x p e c t e d  m a s s e s  of  

t h e  w a s t e  p a y l o a d ,  less t h e  r e e n t r y  s y s t e m  a n d  o t h e r  supporting sys tems,  a r e  

given in Tab le  3-10 for  various w a s t e  concent ra t ion  factors .  

TABLE 3-10. CONTAINER AND SHIELDING MASSES FOR VARIOUS 
WCF VALUES, ASSUMING HANFORD WASTE*_ 

Waste  
Payload Concent ra t ion  
Component  F a c t o r  (WCF) Mass, kg 

Waste 

Conta iner  

Shielding 
Stee l  Cladding 

Uranium 

Total  (waste,  
conta iner ,  and 
shield) 

*NOTE: Excludes r een t ry  system. 



Waste Concentration Factor (bICF) 

FIGURE 3-5. SHIELD THICKNESS REQUIREMENTS AS A 
FUNCTION OF WASTE CONCENTRATION 
FACTOR FOR HANFORD WASTE 



For the baseline mission, Table 3-10 shows t h a t  t h e  mass o f  t h e  waste ,  

shielding, and container, is about 11,500 kg. Since the Space Shuttle capability 

for the baseline disposal mission is expected t o  be 29,500 kg (65,000 Ib), 
(3- 14) 

the to ta l  mass of the reent ry  system, pal let ,  ejection system, cooling system 

and other systems would be limited to 18,000 kg (39,700 Ib), assuming no landing 

l i m i t  constraint.  Wi th  a landing l i m i t  o f  14,500 kg (32,000 Ib), these systems 

would be limited to 9,200 kg (20,300 Ib). I f  the appropriate l i m i t  could not  be 

met, then the size of the waste payload, given WCF = 27, would have to be 

reduced. 

A1 1 
imens ions 

i n  cm 

i i a i t e  R a d i u s  78.00-+1.27+ w-2.85-5, 

Gap = 0.127 A -0.64 

FIGURE 3-6. BASELINE SHIELDED CONTAINER DESIGN 
FOR HANFORD WASTE (WCF = 27) 



3.4.2 Thermal Analysis 

I n  an e a r l i e r  s tudy  f o r  c o m m e r c i a l  nuc lear  waste  disposal i n  

space, (3-10)  the long-term deep space environment was i d e n t i f i e d  as t h e  

principal fac tor  in  determining the design characteristics of the primary payload 

container (see Figure 3-6). A l l  other normal conditions were of  short duration, 

re la t ive  t o  final disposal, so as to be handled by additional design features (e.g., 

auxiliary cooling and shielding, and reentry protection.) Therefore, the payload 

pe r f o rmance  must remain wi th in  design l im i t s  based upon the deep-space 

environment. Prior to launch, some o f  these l im i t s  can be exceeded fo r  other 

normal conditions of short duration. 

A one-dimensional thermal analysis of  the high-level waste container 

design was applied to the more cri t ical environmental conditions. The analysis 

was parametr ic  w i t h  the Hanford waste concentrat ion factor  as the major 

variable. A spherical geometry was chosen for the container, as it is the current  

baseline (see Figure 3-61, and since temperatures are not strongly dependent 

upon wall construction. 

Before analyses were completed, several candidate mater ia ls were 

considered for  the container, gamma shield, and reent ry  system design. The 

! ~ a s t e  form is discussed more f u l l y  i n  Section 3.3. The waste container must 

provide protection during high stress and corrosive environments. Consequently, 

typical  pressure vessel steels including stainless were considered along with 

mater ia ls .such as niobium and t i tanium. Stainless s tee l  was se lec ted  f o r  

preliminary designs. 

Shielding mater ia ls available are lead, steel, and depleted urranium. 

The most efficient, on a weight basis, is uranium. 

N o  m a t e r i a l s  deve lopment  is  expec ted  to  be necessary for  the 

selection of reentry system materials. Typical  designs include stainless steel 

shel l ,  Min-K insulation, and ATJ-graphite mater ia l  as the heat shield. The 

addition of a steel honeycomb as an impact absorbing device was also considered. 

The mater ia ls assumed for  waste, container and shielding systems and 

the reentry system are listed below: 

Calcined Waste - maximum density of  2.8 glcc for all processed 

defense wastes 

Stainless Steel Container 

Depleted Uranium Gamma Shield 



e R e e n t r y  S y s t e m  - including stainless  steel shells, s tee l  honeycomb, 

insulation, and abla t ive  mater ia l .  

T h e  m a x i m u m  a l l o w a b l e  t e m p e r a t u r e  of t h e  was t e  form is a c r i t ica l  

pa rame te r  in t h e  t h e r m a l  ana lys i s .  F o r  c a l c i n e d  w a s t e ,  t h e  s e l e c t e d  b a s e l i n e  

w a s t e  f o r m ,  t h e  a l l o w a b l e  t e m p e r a t u r e  shou ld  b e  l i m i t e d  t o  less t h a n  t h e  

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

t e m p e r a t u r e s  up t o  900 C. (3- lo) However,  for  conservat ism, a t e m p e r a t u r e  limit ' 

of 700 C was  assumed t o  m a i n t a i n  a s t a b l e  p r o d u c t .  S i m i l a r  l i m i t s  f o r  o t h e r  

was t e  forms a r e  listed below: 

Metal m a t r i x  (aluminum base) 300-600 C 

Supercalcine 900 C 

Coa ted  par t ic les  900- 1 100 C 

Glass 350-550 C 

T h e  T R U M P  ( 3 - 1 5 )  c o m p u t e r  p r o g r a m ,  a r e c o g n i z e d  c o d e  f o r  b o t h  

s teady-s ta te  and transient  thermal  analysis, was  used to d e t e r m i n e  s t e a d y  s t a t e  

t e m p e r a t u r e  d i s t r i b u t i o n s .  In e a r l i e r  s t ~ d i e s ( ~ - l ~ ) ,  t h e  e f f e c t s  of variat ion of 

t h e r m a l  i n p u t  p r o p e r t i e s  w e r e  e x a m i n e d .  F o r  t h e  f i n a l  w a s t e  f o r m  a n d  

c o n c e n t r a t i o n ,  m o s t  o f  t h e  t h e r m a l  d a t a  c a n  b e  c o n s i d e r e d  c o n s t a n t  f o r  

p r e l i m i n a r y  a n a l y s i s .  T a b l e  3-1 1 l i s t s  t h e  i n p u t  d a t a  u s e d  f o r  t h e  t h e r m a l  

a n a l y s e s .  

TABLE 3- 1 1. SPACE DISPOSAL HEAT TRANSFER INPUT PROPERTY DATA 

G a m m a  
Waste Conta iner  Shield Insulation Ablation Impact  

Material  Calcine- 304 SS Deple ted  Min-K AT J Stee l  
HLW Uranium Graphi te  Honey- 

com b 

Specif ic  hea t ,  0.20 0.13 0 .03  0.21 0.17 0 .13  
W-hr/kg- C 

Conductivi ty,  0.52* 16.2 24.2 0.052 70.6 16.2 
W/m- C 

Density, g l c c  

Surf ace - 0.7 - - 0.7 - 
Emissivity 

*NOTE: This  is an e s t ima ted  value for  compac ted  c a l c i n e  b a s e d  on  v a l u e s  f o r  
powder of 0.2 t o  0.3 Wlm-C (Refe rence  3-16). 



The init ial analysis examined the influence of the waste concentrat ion 

fac tor  upon payload temperature gradient ( AT). A T  is defined as the difference 

in temperature between the center and outer surface o f  the spherical waste 

payload. A graphical representat ion o f  waste A T versus waste concentration 

fac tor  is shown i n  F igure  3-7. The stra ight  l ine indicates the tempera tu re  

gradient for Hanford  waste. The curved line marked "Deep Spaceu intersecting 

the AT-line for the payload represents the l im i t i ng  condit ion fo r  the waste 

based on t h e  assumed m a x i m u m  a l l owab le  t e m p e r a t u r e  o f  700 C. The 

intersection of this curve with the AT-line indicates the l im i t i ng  condi t ion fo r  

Hanford waste with no auxiliary cooling or internal cooling fins. The intersection 

occurs at a waste concentrat ion fac tor  (WCF) of 35 fo r  Hanford waste. For  

WCF values greater than 35, this l i m i t  would be exceeded. Auxiliary passive 

cooling, a higher waste thermal conductivity (including consideration of a meta l  

ma t r i x  waste form), cool ing fins, or the consideration o f  a higher allowable 

maximum temperature are examples of design options that would be required for  

this case. 

Similar curves could be plot ted based on the launch pad environment. 

However, since the long-term environment o f  deep space was assumed t o  have 

the major inf luence on the waste container design, the launch pad conditions 

were examined only insofar as they make fur ther  demands on the container 

design. Obviously, wi thout  cux i l ia ry  cooling, a container design optimized to 

mainta in waste temperatures i n  deep space w i l l  n o t  do so i n  an E a r t h  

environment. However, as is shown in Table 3-12, any design suitable for deep 

space environment can be actively maintained on Earth. 

The actual  temperature distributions for the waste payload and reentry 

system for both "deep space" and "launch pad" environments are shown i n  Table 

3-12 for various Hanford WCF values. The aux i l ia ry  cooling requirements are 

included whenever the waste center temperature l i m i t  is exceeded. A nominal 

gap A T  is included to  represent the interface between the waste container and 

radiation shield. However, with the typ ica l  values listed, the auxi l iary cool ing 

required can adequately main ta in  the waste and container wall temperatures 

below their l imits while cooling the shield surface. A t  higher heat generat ion 

rates (WCF > 401, i t  may be necessary t o  cool the container wal l  directly 

because of the poor conductance of the gap. 
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TABLE 3- 12. PAYLOAD TEMPERATURE DISTRIBUTIONS FOR 
THE HANFORD DEFENSE WASTE AS A FUNCTION 
OF WASTE CONCENTRATION FACTOR 

Shieidina Payload System t lement ., 
Defense Waste Payload Auxiliary ' ~ e m ~ e i a t u r e ,  C 
Concentration Heat Gener- Cooling 'Waste Reentry 
FactorfWCF) ation, kW Required, kW Center Container Shield System 

- -- - - - pp 

Launch Environment a t  21 C 

I 0.16 0.0 59 44 43 2 3 

27 4.34 2.64 700'~) 277 248 48 
(Base1 ine) 

40(a) 6.51 6.51 700 64 2 1 2 1 

Deep Space Environment at -273 C 

I 0.16 - -176 -191 - - 
27 4.34 - 544 118 - - 
(Baseline) 

NOTES: (a) For  greater WCF values, aux i l ia ry  cool ing requirements equal 
heat generation, but waste requires direct cooling. 

(b) Assumed maximum normal operating l imi t  achieved by auxiliary 
cooling. 

(c) This condi t ion would be unacceptable; cooling fins, metal matrix 
waste form or a smaller payload would be required to  reduce 
this temperature to the acceptable level. 

The following paragraphs discuss the effects of temperature l im i t s  on the waste 

container design for the various mission phases. 

Assuming the waste fabr ica t ion process temperature is greater  than 

the container wal l  operating temperature limit, at the payload fabrication plant 

the . l imit ing thermal  condi t ion w i l l  be the container wall. For  the type 304 

stainless steel, a conservative allowable temperature would be 427 C, based on 

the creep l imi t  of the ASME (3-17) code. A material such as niobium would have 

a higher l i m i t  but would also require oxidat ion protect ion. The fabr ica t ion 

condition was not analyzed for  defense waste, but, fo r  commercial reactor  

waste, the results (3-10) indicated that the post-fabrication container would not 

require auxiliary cooling for several hours after fabrication. 



During ground t r a n s p o r t a t i o n ,  a u x i l i a r y  c o o l i n g  wil l  b e  r e q u i r e d  f o r  

s h i p m e n t s  l a s t i n g  m o r e  t h a n  s e v e r a l  hour s .  T h e  l i m i t i n g  p a r a m e t e r  f o r  t h i s  

condition would b e  t h e  was t e  tempera ture .  

D u r i n g  h a n d l i n g  a t  K S C  and  while inside t h e  Shutt le ,  auxil iary cooling 

wil l  b e  r e q u i r e d  f o r  h i g h l y  . c o n c e n t r a t e d  d e f e n s e  w a s t e  ( m i n i m u m  w a s t e  

c o n c e n t r a t i o n  f ac to r  of 18 for  Hanford). Fo r  commercia l  waste,  auxil iary cooling 

is r e q u i r e d ,  in c o n j u n c t i o n  w i t h  a h igh  c o n d u c t i v i t y  w a s t e  m a t e r i a l  a n d / o r  

internal  fins. 

In d e e p  s p a c e ,  t h e  unprotec ted ,  unshielded payload conta iner  should be  

designed t o  be  within all t e m p e r a t u r e  l i m i t s  a s s u m i n g  o n l y  p a s s i v e  c o o l i n g  b y  

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

payload design (see T a b l e  3-12) w a s  m a d e  a s s u m i n g  a b a r e  c o n t a i n e r  a n d  n o  

i r t t e rna l  c o o l i n g  f i n s ,  or  solar  radiation. For  w a s t e  concent ra t ion  f a c t o r s  g rea t e r  

than  35 (see  Figure  3-7), t h e  w a s t e  c e n t e r  e x c e e d s  t h e  a s s u m e d  t e m p e r a t u r e  

l i m i t .  

C o m p a r e d  t o  c o m m e r c i a l  r e a c t o r  was te ,  defense  high-level was t e  will 

not have as many t h e r m a l  r e s t r i c t i o n s .  D e p e n d i n g  on  t h e  o p t i m u m  d e g r e e  of 

c o n c e n t r a t i o n ,  i t  m a y  b e  p o s s i b l e  t o  d e s i g n  a c o n t a i n e r  without  internal  fins, 

t h a t  requi res  i n f r e q u e n t  a u x i l i a r y  c o o l i n g  d u r i n g  g r o u n d  o p e r a t i o n s ,  a n d  wi l l  

remain  within al lowable t empera tu re s  in t h e  d e e p  space  environment.  

3.4.3 Accident Res~onse Analysis 

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

various a c c i d e n t  e n v i r o n m e n t  c o n d i t i o n s  ( s e e  S e c t i o n  5.1 ). A s  a p r e l i m i n a r y  

e v a  l u a  t i o n ,  t w o  m a j o r  a c c i d e n t s  w e r e  c h o s e n  t o  r e p r e s e n t  t h e  w o r s t - c a s e  

e x t r e m e  abnormal environments. T h e  f i r s t  acc ident  is defined as a n  e x p l o s i o n  of  

t h e  S p a c e  S h u t t l e  vehicle on the  launch pad. This acc ident  en ta i l s  t h e  e f f e c t s  of 

a shock wave,  liquid propellant  f i r e b a l l ,  a so l id  p r o p e l l a n t  f i r e ,  a n d  f r a g m e n t  

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

r e e n t r y  of  t h e  u n p r o t e c t e d  c o n t a i n e r  u n d e r  v a r i o u s  r e e n t r y  c o n d i t i o n s .  T h i s  

a n a l y s i s  d o e s  n o t  include t h e  consequences of an  E a r t h  impact  of t h e  was t e  and 

conta iner  following reentry.  



3.4.3.1 Launch Pad Explosion 

The payload container is assumed to be in the Space Shuttle cargo bay 

in preparation for launch. As such, it wi l l  be housed w i th in  a gamma radiat ion 

shield and the reentry system. One of the important design trade-offs which has 

a bearing on the response of the container during th is accident scenario is the 

concept o f  a "front-end" reentry protection design versus a completely enclosed 

package (see Figure 2-5). The ramifications of this design opt ion were considerd 

in  this analysis. 

The r e e n t r y  sys tem is e n t i r e l y  w i t h i n  t h e  S h u t t l e  ca rgo  bay. 

Realistically, for a launch pad f ire involving the Ex te ina l  Tank (ET) and Sol id 

R o c k e t  Boos te rs  (SRB), t h e  Shu t t l e  i t se l f  would provide some degree o f  

pro tec t ion f r om  t h e  d i r e c t  f i r e / e x p l o s i o n  env i r onmen t .  As a means o f  

s impl i f i ca t ion and yet  remaining conservative, the m i t i ga t ing  effects of the 

Shuttle body wi l l  be neglected. 

The thermal property data for the various components of the payload 

waste container and reentry system are shown in Table 3- 1 1. 

Shock Wave. The shock wave parameters are described in Section 

5.1.1.3. The stress analysis of the container response to  the shock wave (3- 18) 

t o o k  i n t o  accoun t  t h e  i n e r t i a  o f  t he  load ina  and m a t e r i a l  s t ra in  r a te  
.a 

ef fects. (3-19)  In  addition, the compressive strength o f  the waste (3-20) and 

e f fec ts  o f  mu l t i p le  shells were included. Together, these modeling assumptions 

led to the conclusion that the conceptual pr imary container design is adequate 

t o  resist the shock wave conditions for a 20% explosive yield of the ET (e.g., a 
2 pressure of 4300 ~ / c m ~  and an impulse o f  5700 (N l cm  )*(msec)). It should be 

noted that,  w i t h  a l l  the assumptions made, the analysis is conservative in many 

areas. The significant point  is that  the conceptual container w i l l  sustain the 

accident overpressure wi thout  the shield, reentry system, or Shuttle structure 

available for protection. 

F r a g m e n t  Impac t .  The fragment environment is described in Section 

5.1.1.4. Table 3- 13 lists the input parameters which define this condition. 



TABLE 3- 13. LAUNCH PAD EXPLOSION/FRAGMENT IMPACT DATA 

20% Explosive Yield 

93% of F ragmen t s  @ V - < 4000 m l s e c  

Edge-On Impact  Or ienta t ion  

F r a g m e n t  D iame te r  = 1.2 - 1.7 c m  

Fragmen t  Mass = 5 - 20 g 

Us ing  d y n a m i c  m a t e r i a l  s t r e n g t h s ,  t h e  maximum ene rgy  absorption capac i ty  of 

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

w a s t e  compress ion ,  and shell bending. This  analysis showed t h a t  for  t h e  f r agmen t  

mass and impact  veloci ty assumed,  t h e  p r e s e n t  d e s i g n  is c a p a b l e  o f  a b s o r b i n g  

o n l y  a b o u t  506 of  t h e  i m p a c t  energy. In addition, t h e  impact  f o r c e  is e s t i m a t e d  

t o  be  g r e a t e r  than t h e  f o r c e s  r e q u i r e d  t o  d e f o r m  t h e  c o n t a i n e r  s y s t e m .  (3-2 1 ) 

C o n s e q u e n t l y ,  f o r  t h e  conta iner ,  shield, and r een t ry  sys t em models  assumed,  t h e  

high veloci ty f r agmen t s  a r e  capable  of penet ra t ing  t h e  was t e  conta iner  barr ier .  

F u r t h e r  a n a l y s e s  i n d i c a t e s  t h a t ,  f o r  t h e  a s s u m e d  i m p a c t  d a t a ,  t h e  

f r a g m e n t  v e l o c i t y  w h i c h  c o r r e s p o n d s  to a n  i m p a c t  e n e r g y  e q u i v a l e n t  t o  t h e  

e n e r g y  a b s o r p t i o n  c a p a b i l i t y  of  t h e  payload package  is about  870 m/s. F rom a 

s ta i i s t ica l  viewpoint,  for  a 20% yield, abou t  45% of all f r a g m e n t s  wi l l  b e  a t  a 

v e l o c i t y  less t h a n  8 7 0  m l s .  T h e  ful l  e f f e c t  of  t h e  f r agmen t  impact  upon t h e  

c o n t a i n e r  a n d  a s s o c i a t e d  s y s t e m ' s  d e s i g n s  m u s t  b e  b a s e d  o n  a s t a t i s t i c a l  

evaluat ion of t he  design f r agmen t  environment. 

Fire. - T h e r e  a r e  t w o  t y p e s  of  l a u n c h  p a d  f i r e s  of  s p e c i f i c  i n t e r e s t  

( s e e  S e c t i o n s  5.1.1.1 and 5.1.1.2): ( I )  a solid propellant  f ragment  f i re ,  and (2) a 

spl i t  solid propellant rocket  motor  fire. Essentially, t h e  f i rs t  f i r e  e n v i r o n m e n t  is 

c h a r a c t e r i z e d  by  t h e  E x t e r n a l  T a n k  (ET)  f i r e  (hydrogenloxygen) for  t h e  f i r s t  5 

seconds, followed by t h e  sol id p r o p e l l a n t  f i r e  e x t e n d i n g  f o r  a n  a d d i t i o n a l  4 5 0  

s e c o n d s .  R e s i d u a l  f i r e s  remaining a f t e r  this  t i m e  have  been neglected.  T h e  t i m e  

history o t  t h e  radiant  hea t  flux resulting f rom this  f i r e  is s h o w n  in F i g u r e  3-8. 

T h e  s e c o n d  f i r e ,  t h e  s p l i t  m o t o r  f i r e ,  is cha rac t e r i zed  by t h e  ET f i r e  plus t h e  

contr ibution f rom t h e  spl i t  motor. The  radiant  hea t  f lux is a l s o  s h o w n  in F i g u r e  



3-8. For the second f ire, the f lux  is assumed to remain at approximately 3000 
2 

kW/m for 15 minutes (not including the 5-second contr ibut ion of  the ET f i re)  

b e f o r e  comp le te  burnout (see Figure 5-10). No te  that  the to ta l  heat, QT, 

radiated from the split motor f i re is approximately eight times that of  the sol id 

propellant fragment fire. 

0 100 200 300 400 500 900 1000 

Time, seconds 

FIGURE 3-8. RADIANT HEAT FLUX VS TIME FOR LAUNCH PAD FIRES 

. Two configurations were examined for the response of a container fo r  

the Hanford waste t o  both fires. The f i r s t  i ~ c l u d e d  the waste container and 



radiat ion shield and neglected the reentry protection and Shuttle structure. This 

configuration being exposed to the two defined f i res represents a conservative, 

worst case scenario, re f lec t ing  the design option of not completely surrounding 

the shielded waste wi th in  the reent ry  system. The second con f igu ra t ion  i s  

ident ical  to  the f i r s t  except that  reen t ry  protection is assumed to  completely 

enclose the container and gamma radiation shield. This conf igurat ion represents 

the case where reentry protection is uniform around the container. 

Addit ional input parameters for the f i re response analyses are listed in 

Table 3-14. As a design basis, an accident l imiting waste temperature of 900 C 

was assumed. This is selected as a level a t  which some' decomposition or 

melting ot the complex waste form may occur (assumed equal t o  the format ion 

temperature). De f in i t i on  for  the assumed l im i t i ng  temperatures (Tl) for the 

various other payload materials are given in Table 3- 14. 

TABLE 3- 14. INPUT PARAMETERS FOR HIGH-LEVEL HANFORD 
WASTE PAYLOAD THERMAL RESPONSE ANALYSIS 
(FIRE ENVIRONMENT) 

Waste Source - - - - - - - - - - - - Hanford (Baseline concentration, WCF = 27) 

ContainerIShield Gap, cm - - - - - - 0.1 27 

Reaion Material 

Waste, Center 

Temperatures, C 
Initial . L imit ing 

Calcine Waste 700 900 ia) 

Waste, Average. Calcine Waste 533 900 ("' 

Container Stainless Steel 277 1450 (b) 

Radiation Shield Uranium 248 1 130 (b) 

l mpac t Absorber Steel Honeycomb 1 70 1050 (b) 

Reentry System Insulation, 
Average Min-K 

Reentry System Ablative Shield ATJ Graphite 48 3300 

NOTES: (a) Decomposition temperature. 
(b) Melt temperature. 
(c) M a x i m u m  steady s t a t e  se r v i ce  t empe ra tu re  (much higher 

temperatures are allowed for transient conditions). 

(dl Sublimation temperature. 



The transient mater ia l  response t o  both f ires was analyzed by the 

RETAC computer code (described i n  Appendix D). The principal simpli fying 

assumption was that the effect of the mel t ing or subl imation of  mater ia l  was 

neglected. Thus, the mater ia l  was assumed to continue to absorb heat as i f  it 

remained in place as a pseudo-solid. The effect of this assumption was twofold. 

F i r s t ,  when t h e  o u t e r  she l l  a c t u a l l y  reaches the mel t ing or subl imation 

temperature, the heat flux into the adjacent material region w i l l  be reduced by 

the latent  heat o f  fusion. The effect of this heat sink mechanism is to reduce 

the temperature, at any given time, of the inner regions. Second, the outer shell 

would actual ly  be removed once i t  has l e f t  the solid state, and the resultant 

heat flux acting on the inner regions may be increased due t o  the absence of 

t he  hea t  c a p a c i t y  e f f e c t  o f  the  outer shell. This w i l l  tend to  raise the 

' temperatures of  inner regions. Consequently, the e f fec ts  o f  t he  mode l i ng  

assumptions are somewhat of fset t ing,  imply ing the need for  more detai led 

analysis. 

I n  t h e  present computations, the nominal values of speci f ic  heat, 

conductivity, and density from Table 3-1 1 were utilized. Surface emissiv i ty  was 

,conservatively taken as 0.7 for all material types. Note that in Table 3-1 1, the 

density of the steel honeycomb material was taken to be lo%, of the sol id meta l  

value. However, the conduct iv i ty  and heat capaci ty were assumed to remain 

identical to that of a solid metal. In the actual computation, the var ia t ion o f  

these parameters with temperature was taken into account. 

In the context of the above discussion, the results of  the launch pad 

f i r e  analysis indicate that ,  fo r  the waste container and gatnma radiation shield 

assembly, with no reentry protection, the following occurs: 

For a sol id propel lant fragment f i re environment, the outer regions of 

the unprotected shield walls reach melting temperatures in  the f i r s t  I 5  seconds . 

of the f i r e  and the uranium shield is expected to start to melt within the first 

minute of  the f i re  (see Figure 3-9a). Bu t ,  due p r i m a r i l y  t o  the  reduced  

conduct iv i ty  o f  the gamma radiat ion shieldlwaste container interface gap, the 

container wall is not predicted to melt. In actual i ty ,  once the radiat ion shield 

fa i ls  (i.e., melts), the insulating effect of the container/shield gap i s  no longer 

present. Consequently, once the shield has exceeded me1 t temperatures, the 

temperatures w i th in  the waste and container are underestimated, and some 

waste exposure could occur. 
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FIGURE 3-9. THERMAL RESPONSE OF GAMMA RADIATION SHIELDED 
CONTAINER TO SOLID PROPELLANT FIRES 



In the case of a split motor fire, the temperatures o f  various layers 

o f  the waste container and shield are as shown in Figure 3-9b as a function of 

time. Note that temperatures of the outer and inner stainless steel cladding and 

the uranium shield a l l  exceeded their melting points for an extended period of 

time. Therefore, approximately 300 to 500 seconds a f t e r  s ta r t  o f  the f i re,  the 

waste could be exposed d i rec t ly  to the radiant heat flux. Even though the bulk 

temperature of the waste wi l l  probably not reach the decomposition temperature 

(see F i g u r e  3-9b), c e r t a i n l y  t h e  s u r f a c e  t e m p e r a t u r e  w i l l  exceed  the 

decomposition value and some waste wi l l  be dislodged from the primary mass. 

F o r  the conf igurat ion which included the reen t ry  shield, the sol id 

propellant fragment f i re analysis shows that  the temperatures remained below 

decomposition l imi ts  for all materials (see Figure 3-IOa). A small portion of the 

outer edge of the MIN-K insulation may exceed the l imit  temperature during the 

f i re.  However, these phenomena are not extensive enough to cause temperature 

l imits to  be exceeded in  in ter io r  regions o f  the payload. Consequently, the 

reent ry  system w i t h  f i r e  pro tec t ion on the rear side should withstand a solid 

propellant fragment fire. 

For the case of a spl i t  motor  f i re ,  much more heat impinges on the 

loaded reent ry  system. In th is case the A T J  m a t e r i a l  reaches a s u r f a c e  

temperature o f  approximately 2700 C within 3 minutes of the start of the f i re 

and remains a t  this temperature un t i l  the f i r e  stops (see F i g u r e  3 - l ob ) .  

Essentially, re-radiat ion o f  heat by the heat shield mater ia l  i tse l f  tends to 

balance the heat input f r om  the f i r e  a t  th is temperature value. The ou te r  

reqions o f  the MIN-K insulat ion w i l l  exceed the l imit  temperature as specified 

in Table 3-14. However, as noted in the table, the maximum l i m i t  fo r  MIN-K 

during transients is much higher. Additional detailed analyses are necessary to  

ascertain whether MIN-K i n s u l a t i o n  t e m p e r a t u r e s  exceed  a c t u a l  l i m i t s .  

Nevertheless, the MIN-K insulation prevents heat from entering the body so the 

temperatures of various material components again remain below l im i t s  for  a l l  

inner regions o f  the payload. These calculations are based upon a constant flux 

heat transfer model. This model is not appropriate at the higher payload surface 

temperatures. As a result ,  the calculated surface temperature exceeded the 

highest temperature physically possible (about 2430 C). For  those cases where 

t he  p r e d i c t e d  su r f ace  t e m p e r a t u r e  approaches o r  exceeeds th i s  l im i t ,  

reexamination is necessary using a variable heat flux model in future efforts. 
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In summary, for  the launch pad fires, it appears feasible to design the 

payload to survive by designing a reentry system that  completely encloses the 

payload container and radiat ion shield. Without this assumed insulation, the 

primary container is likely to be breached if exposed directly t o  the spl i t -motor 

f i re. Fo r  the sol id propellant fragment fire, a more detailed analysis may show 

that  the pr imary  container w i l l  not be breached. It must be kept i n  mind, 

however, that  meta l  fragments f rom the ET explosion may likely damage the 

outer insulating surface, such that the payload would respond d i f fe ren t l y  to  a 

f i r e  condit ion. More analysis is required t o  couple these effects. Also, an 

improved analytical model should include nonlinear effects such as mater ia l  loss 

due to  mel t ing and subsequent changes in thermal properties due to latent heat 

of vaporization dnd loss in heat capacity. 

The ef fects of internal heat generation are very minor when compared 

to the magnitude ot the radiant heat f lux f rom the fire. The major e f fec t  of  

t he  waste heat generation is in  determining the steady state pre-accident 

temperatures. However, variat ions i n  these values (due t o  changes i n  waste 

concentrat ion) result  i n  shi f ts  o f  the temperature - t ime curves of only a few 

seconds; they do not affect peak fire temperatures. Consequent1 y ,  the response 

of  Savannah River and Idaho defense waste mixes w i l l  be similar to that of 

Hanf ord compositions. 

Summary of Launch Pad Explosion. The conceptual design of the 

high-level waste payload design, including container, gamma shield, and reentry 

system, appears to  be a good approach toward one that is capable of surviving 

the assumed accident environment. To further improve the container design, the 

areas which need fur ther development include a s ta t is t ica l  definit ion of the 

fragment impact parameters, and performance of a more real is t ic  analysis o f  

the thermal behavior. 

The results indicate that  the shock wave presents no problem for the 

container design. Further definitive analysis and possible design modifications are 

needed to  assure lack of penetration due to high velocity fragments. The reentry 

system i s  expected to survive the postulated fires w i t h  temperatures remaining 

under the mel t ing l imi ts.  However, i f  no thermal protection exists at the rear 

ot the reentry system for  the spl i t  motor f i re, damage to  the shield and/or 

container is expected to  occur. The response to this environment requires more 

detailed analysis. 



3.4.3.2 Reentry 

The conditions postulated for an unplanned reent ry  o f  the baseline 

waste payload (5500-kg Hanford waste) are defined i n  Section 5.1.2. Reent ry  

analyses were performed for the thermal  response o f  the payload fo r  two 

cases: ( I )  the unprotected container on a steep entry, and (2) the unprotected 

container on a shallow entry. It is assumed that the reentry system would be 

designed to withstand the possible reentry environments. .The basic assumptions 

and input parameters are listed in Table 5-4. 

The stagnation point heating rates as a funct ion of - t ime experienced 

by the reentry of the base container are derived from Section 5.1.2. The heating 

rates for  the two reent ry  cases were ca lcu la ted  by  using t h e  CONTEMP 

computer code and were input t o  the RETAC computer program (see Appendix 

D). The analyti.cal model was similar to the one used for the launch pad f i re,  i n  

that  no mel t ing  or ablation was included. The assumption of a spherical rotating 

body during reentry s impl i f ied the analysis by making the external  heat ing 

c o e f f i c i e n t  a f u n c t i o n  o f  t i m e  o n l y  (i.e., one-dimensional analysis). The 

temperature-time history for a t.wo-dimensional stable body t ra jec tory  could be 

included at a later date, but this detail was not warranted at the present time. 

The results for the steep reent ry  indicate that  the container should 

survive atmosphere reent ry  in tac t  un t i l  ground impact (at  a velocity of 340 

m/s). The maximum temperature calculated for the container wall was about 500 

C, well below the melt temperature of 1450 C. 

For the shallow reentry, the analysis indicates that  the container w i l l  

not survive atmospheric reentry. The results indicate (see Figure 3-1 1) that the 

container wall is expected to begin to melt about 1830 seconds in to  the reent ry  

(or a t  an a l t i tude of about 45 km). The waste w i l l  begin to decompose at a 

lower temperature than the container wall, at about 1820 seconds a f t e r  reent ry  

begins. Figure 3- 1 1 i l lustrates the progressive "melt front" through the waste. 

Less than I cm of waste (about 3% of the mass) in the outer regions of payload 

(a t  container wal l  interface) is expected to decompose. A t  an altitude of about 

40 km the entire container wall is predicted t o  me l t  away, thus exposing the 

calcine powder waste form to the reentry environment. The waste would then be 

available for dispersion in the upper atmosphere pr ior  t o  Ear th  impact. Future  

analysis should include the e f fec ts  of material loss and aerodynamic influences 

on the waste. Waste forms with better mechanical properties w i l l  have a bet ter  
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chance of  not being dispersed in the upper atmosphere (see Section 3.3.2 for a 

discussion of various waste form characteristics). 

In summary, these results indicate that without reentry protection and 

assuming a shallow reentry, the waste container wal l  is expected t o  me l t  away 

and expose the waste to the reentry environment in the upper atmosphere. More 

detailed analyses are required to determine how much waste mater ia l  would be 

deposited i n  the atmosphere prior t o  Ear th  impact. The environmental impact 

consequences of  waste burnup as a result  of  an unplanned r e e n t r y  o f  an 

unprotected container are described in Section 6.2. 

3.4.4 Gamma Radiation Dose Calculations 

T o  pred ic t  the radiat ion exposure t o  workers, crew, and principal 

components of the disposal system, gamma radiation dose rate calculations were 

performed w i th  the ANlSN (3-1 3, computer code using the baseline concentration 

(WCF = 27) for the Hanford waste composition. Figure 3-12 provides the dose 

for given thicknesses of the steel container wall as a function of distance from 

the primory container. These relationships can be used w i th  acceptable dose 

c r i te r ia  t o  derive conceptual designs of  shielding protection for the crew and 

various hardware components. 

3.4.5 Concluding Remarks 

The purpose of  the analyses i n  Sections 3.4.1 through 3.4.4 i s  t o  

provide a preliminary assessment of the high-level waste container response t o  a 

var ie ty  of expected normal and possible extreme environments. Obviously, the 

container design is dependent on the waste form and character. These analyses 

have a t t emp ted  t o  bound the problem by using the best available data on 

defense waste. 

Given the variation in waste form, the baseline waste mix composition 

is the Hanford waste at a waste concentrat ion factor  of 27. The amount of 

gamma shielding required appears t o  be feasible within the constraints of dose 

and mass limits, but is only conceptual, given the uncerta inty of  the overal l  

design requirements. 
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A n o t h e r  k e y  f a c t o r  w h i c h  wil l  a f f e c t  t h e  c o n t a i n e r  d e s i g n  is t h e  

t h e r m a l  c o n s t r a i n t s  w h i c h  t h e  p a y l o a d  m u s t  m e e t .  Analyses indica te  t h a t ,  for  

t h e  H a n f o r d  w a s t e  b a s e l i n e  c o m p o s i t i o n  (WCF = 2 7 ) ,  t h e  n o r m a l  t h e r m a l  

e n v i r o n m e n t s  d o  n o t  s e v e r e l y  l i m i t  t h e  design. Consequently, t h e  conta iner  and 

was te  t empera tu re s  can  b e  passively control led in a n  e n v i r o n m e n t  s u c h  as d e e p  

s p a c e .  H o w e v e r ,  t h e  w a s t e  package  must  include provisions for  auxil iary cooling 

whenever t h e  conta iner  is placed in to  enclosures such as t h e  r e e n t r y  s y s t e m  a n d  

s h i p p i n g  c a s k .  Obv ious ly ,  f o r  w a s t e  c o n c e n t r a t i o n  f ac to r s  s ignif icantly g r e a t e r  

than t h e  baseline, t h e  w a s t e  package  mus t  i n c l u d e  p r o v i s i o n s  f o r  i n t e r n a l  h e a t  

removal  (e.g., fins or me ta l  ma t r ix  was t e  form). 

Of g rea t e r  consequence, however, will be  t h e  response of t h e  c o n t a i n e r  

d e s i g n  t o  a c c i d e n t  e n v i r o n m e n t s .  A s  is shown  in t h e  p r e v i o u s  a n a l y s e s ,  t h e  

baseline design concept  responds t o  t h e  acc iden t  s i tua t ions  in a v a r i e t y  of  ways .  

I t  is n o t  p o s s i b l e  a t  t h i s  t i m e  t o  d e t e r m i n e  t h e  a c c e p t a b i l i t y  of  a g i v e n  

conta iner  design during a postulated acc ident ,  s ince  s o  l i t t l e  d a t a  a r e  a v a i l a b l e  

a n d  m o r e  c o n c e p t  definition remains t o  be performed. Ra the r ,  t he  ut i l i ty  of this  

analysis lies in t h e  de terminat ion  of t h e  direct ion in which d e s i g n  i m p r o v e m e n t s  

s h o u l d  p r o c e e d .  A s  described in o the r  sect ions,  t h e  final s a f e t y  assessment  mus t  

include an evaluat ion of not only t h e  consequence of fai lure,  b u t  t h e  p r o b a b i l i t y  

as we l l ,  in o r d e r  t h a t  t h e  d e t e r m i n a t i o n  c a n  be  m a d e  of what  is o r  is not  an  

accep tab le  risk. Once  th is  is accomplished, t h e  con ta ine r  d e s i g n  c a n  b e  t a i l o r e d  

t o  match  t h e  s a f e t y  requi rements  for  t h e  acc ident  conditions. 

T h e  analysis he re  was based a lmos t  en t i re ly  on t h e  d a t a  d e s c r i b i n g  t h e  

b a s e l i n e  H a n f o r d  w a s t e  c o m p o s i t i o n .  T h e  S a v a n n a h  R i v e r  a n d  l d a h o  w a s t e  

components  a r e  s i m i l a r  t o  Hanfo rd ' s ,  w i t h  l d a h o  h a v i n g  t h e  h i g h e s t  t h e r m a l  

o u t p u t  of t h e  t h r e e ,  but  still  below t h e  thermal  output  expected  for  commercia l  

waste.  T h e  c o n t a i n e r  d e s i g n s  g i v e n  h e r e  a p p e a r  f e a s i b l e .  A s  t h e  w a s t e  g e t s  

h o t t e r  (e.g., WCF i n c r e a s e s  beyond the  baseline), improved cooling methods  will 

be required, up t o  those  evalua ted  for  commercia l  waste.  D i f f e r e n c e s  a m o n g  t h e  

t h r e e  t y p e s  of  d e f e n s e  was t e s  a r e  not expec ted  t o  s ignif icantly a l t e r  t h e  resu l t s  

of t h e  acc iden t  analyses performed.  

In s u m m a r y ,  t h e  d e f e n s e  h igh- level  w a s t e  conta iner  sys tem has been  

analyzed parametr ica l ly  for  various normal a n d  a c c i d e n t  e n v i r o n m e n t s .  F u r t h e r  

d e s i g n  i m p r o v e m e n t s  awa i t  the  development of more  de ta i led  design c r i t e r i a  and 

analyses. 
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4.0 MISSION ANALYSIS 
I 

A s  a p a r t  of  t h i s  s t u d y ,  t w o  s p e c i a l  a n a l y s e s  c o n s i d e r i n g  s p e c i f i c  

mission a spec t s  t h a t  s trongly influence sys t em s a f e t y  w e r e  c o n d u c t e d .  T h e  f i r s t  

a n a l y s i s  c o n s i d e r s  t h e  s t ab i l i t y  and range  of impact  conditions (a t t i tude ,  impact  

veloci ty)  of a n u c l e a r  w a s t e  p a y l o a d  ( c o n t a i n e r  p lus  r e e n t r y  s y s t e m )  e j e c t e d  

f r o m  t h e  O r b i t e r  c a r g o  b a y  u n d e r  e m e r g e n c y  cond i t ions .  T h e  p a y l o a d  is 

considered to  be  e j ec t ed  both under nea r -pad  a n d  h igh - speed  f l i g h t  c o n d i t i o n s .  

T h e  r e s u l t s  of t h e  a n a l y s i s  h a v e  implicat ions regarding design impact  loads for  

t h e  payload, part icularly for  impact  on t h e  a f t  end structure.  

T h e  s e c o n d  s p e c i a l  a n a l y s i s  c o n s i d e r s  t h e  r e s c u e  a n d  r e t u r n  of a 

payload following an incomple te  and/or  m i s d i r e c t e d  OTV E a r t h - e s c a p e  i n s e r t  ion 

burn .  T h e  c h a r a c t e r i s t i c s  of  t h e  r e s u l t i n g  t r a j e c t o r y  a n d  t h e  r e g i o n s  w h e r e  

re turn  t o  t h e  Shu t t l e  orbi t  by a second OTV is feasible a r e  ident i f ied .  F o r  t h o s e  

r e g i o n s  w h e r e  r e t u r n  is n o t  f e a s i b l e ,  b o o s t i n g  t o  Ea r th  e scape  o r  t o  a higher 

Ear th  orbi t  is considered. 



4.1 Low- and High-Speed Reentry System Stability 
and Impact Condition Analyses 

T h e  p u r p o s e  of t h i s  a s s e s s m e n t  w a s  t o  b r i e f l y  e v a l u a t e  t w o  of  t h e  

proposed nuclear  w a s t e  package  r een t ry  s y s t e m s  f o r  p o s i t i v e  s t a t i c  s t a b i l i t y  in 

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

des i rable  in  v i e w  of  p r o p o s e d  a b o r t  s c e n a r i o s  w h i c h  s p e c i f y  e j e c t i o n  of  t h e  

n u c l e a r  w a s t e  p a c k a g e  a n d  r e e n t r y  s y s t e m  f r o m  t h e  Space  Shu t t l e  ca rgo  bay. 

The  hypersonic s tabi l i ty analysis is v a l i d  f o r  a b o r t s  in t h e  f i n a l  p h a s e s  of  t h e  

S h u t t l e  f l i g h t  p r o f i l e  a n d  f o r  inadver tent  r een t ry  of t h e  payload o n c e  orbi t  has  

been achieved. Stabi l i ty is of par t icu lar  impor tance  a t  high speed  t o  e n s u r e  t h a t  

t h e  r e e n t r y  s h r o u d  t h e r m a l  p r o t e c t i o n  s y s t e m  is al igned wi th  t h e  f ree-s t ream 

flow direct ion.  T h e  s u b s o n i c  c a l c u l a t i o n s  w e r e  d e s i g n e d  t o  i d e n t i f y  p o t e n t i a l  

i m p a c t  a n g l e s  a n d  v e l o c i t i e s  f o r  l o w - s p e e d  e j e c t i o n .  T h e  i n t e n t  w a s  t o  

ca t egor i ze  t h e  c o n d i t i o n s  f o r  w h i c h  t h e  a f t  s t r u c t u r e  of t h e  r e e n t r y  s y s t e m  

shou ld  b e  d e s i g n e d  s i n c e  l a n d i n g  on t h e  f o r w a r d  h e m i s p h e r i c a l  e n d  rnay not  

occur  in ce r t a in  situations. Each of these  analyses is descr ibed  in g r e a t e r  d e t a i l  

in t h e  following sections. 

4.1.1 High-Speed Reentry System Stability Analysis 

T h e  procedures used t o  eva lua t e  t h e  h igh - speed  s t a t i c  s t a b i l i t y  f o r  a 

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

physical dimensions and location of t h e  c e n t e r  of g r a v i t y  (c.g.) f o r  t h i s  v e r s i o n  

is s h o w n  in Figure  4-1. All r een t ry  capsule  d a t a  w e r e  supplied by NASA/Marshall 

Space  Fl ight  Cen te r .  

C a l c u l a t i o n s  of  t h e  a e r o d y n a m i c  f o r c e s  and  momen t s  ac t ing  on t h e s e  

bodies w e r e  based on t h e  technique of R e f e r e n c e  4-1. T h e  e q u a t i o n s  c o n t a i n e d  

t h e r e i n  e m p l o y  N e w t o n i a n  i m p a c t  t h e o r y  a n d  a r e  t h u s  a p p l i c a b l e  o n l y  to  

high-supersonic and hypersonic M a c h  n u m b e r s .  A s m a l l  c o m p u t e r  p r o g r a m  w a s  

d e v e l o p e d  t o  p e r f o r m  t h e  r e q u i r e d  c o m p u t a t i o n s .  O u t p u t  f r o m  t h e  p r o g r a m  

consisted of normal fo rce ,  axial f o r c e ,  a n d  p i t c h i n g  m o m e n t  c o e f f i c i e n t s  as a 

function of angle  of a t t ack .  

O n e  m e a s u r e  of  t h e  s t a t i c  s tab i l i ty  of a body is t h e  d is tcnce  t h a t  t h e  

cen te r  of pressure lies b e h i n d  t h e  o v e r a l l  c e n t e r  of g r a v i t y .  T h e  g r e a t e r  t h e  

d i s t a n c e ,  t h e  m o r e  s t a t i c a l l y  s t ab l e  t h e  configuation.  T h e  c e n t e r  of pressure is, 

however,  known t o  sh i f t  forward  wi th  increasing ang le  of  a t t a c k .  C a r e  m u s t  b e  



e x e r c i s e d  t o  ensure t h a t  an  adequate  static s tab i l i ty  margin exis t s  for  t h e  e n t i r e  

range of angles of a t t a c k  likely - to  be encountered.  

ALL DIMENSIONS ARE I N  METERS 
(METERS x 3.28 = FEET) 

FIGURE 4- 1. REENTRY CAPSULE CONFIGURATION 

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

c a l c u l a t e d  w i t h  r e spec t  t o  t h e  c e n t e r  of gravi ty  of t h e  body. C e n t e r  of pressure 

is defined as t h e  point a t  which t h e  aerodynamic  m o m e n t  is z e r o  a n d  c a n  t h u s  

be found by t h e  following transformation:  

where: - 
XCP = dis tance  t o  c e n t e r  of pressure f rom forward end of capsule  

XCG = dis tance  t o  cen te r  of gravi ty  f rom forward end of capsule  

CM = moment  coef f ic ien t  

CN normal f o r c e  coef f ic ien t  

L~~~ = r e f e r e n c e  l e n g t h ,  t a k e n  t o  b e  t h e  d i a m e t e r  of a f t  e n d  of 

capsule. 



F i g u r e  4-2 s h o w s  t h e  a e r o d y n a m i c  coe f f i c i en t s  and c e n t e r  of pressure locat ions 

for  t h e  r e e n t r y  c a p s u l e .  T h e  a n g l e  o f  a t t a c k  h a s  b e e n  v a r i e d  f r o m  0 t o  9 0  

degrees  t o  inves t iga te  all likely f l ight  p a t h  angles. 

These  d a t a  indica te  t h a t  t h e  r e e n t r y  capsule  would be  s t a t i c a l l y  s t a b l e  

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

c o n s i s t e n t  w i t h  s i m i l a r  n u m b e r s  g e n e r a t e d  b y  N A S A I M a r s h a l l  S p a c e  F l i g h  t 

C e n t e r .  I n v e s t i g a t i o n  of  t h e  d y n a m i c  s t a b i l i t y  of t h e  capsule  was  beyond t h e  

scope  of t h i s  prel iminary analysis. 

4.1.2 Low-Speed Impact Analysis 

A c o m p a r a b l e  c o m p u t a t  i ana l  t e c h n i q u e  f o r  d e t e r m i n i n g  t h e  subsonic 

static s t a b i l i t y  m a r g i n  f o r  t h e  r e e n t r y  c a p s u l e s  is n o t  known t o  e x i s t .  T h e  

n o r m a l  p r o c e d u r e  i n v o l v e s  c o n s t r u c t i o n  of  i n s t r u m e n t e d  m o d e l s  w h i c h  a r e  

subsequently given extens ive  wind tunnel  o r  f r e e  f l i g h t  t e s t i n g .  S u c h  a c t i v i t i e s  

w e r e  beyond  t h e  s c o p e  of  t h i s  s t u d y  a n d  i t  w a s  necessary  t o  c o n c e n t r a t e  t h e  

e f f o r t s  toward  quantifying t h e  potential  i m p a c t  c o n d i t i o n s .  C a p s u l e  o r i e n t a t i o n  

and ve loc i ty  at t h e  instant  of impac t  w e r e  t h e  p r imary  i t ems  of in teres t .  

T h e  f i r s t  s t e p  in ca l cu la t ing  t h e  p r e v i o u s l y  m e n t i o n e d  v a l u e s  w a s  t o  

e s t i m a t e  l o w - s p e e d  d r a g  a n d  l i f t  c o e f f i c i e n t s  f o r  t h e  bod ie s .  T h e  d r a g  

c o e f f i c i e n t  w a s  a s s u m e d  t o  h a v e  a v a l u e  a p p r o x i m a t e l y  0 . 9 4  t i m e s  t h e  

h y p e r s o n i c  n u m b e r  as o b t a i n e d  f r o m  t h e  w o r k  descr ibed  in Sec t ion  4.1.1. This  

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

F i g u r e  5-23. E x a m i n a t i o n  of  a e r o d y n a m i c  d a t a  sugges ted  t h a t  t h e  s lope of t h e  

hypersonic lift  coef f ic ien t  versus angle  of a t t a c k  dec reases  in t h e  s u b s o n i c  f l i g h t  

e n v i r o n m e n t .  A correc t ion  t o  t h e  l i f t  d a t a  obta ined  f r o m  Section 4.1.1 was  m a d e  

in view of t h i s  observation. 

A s e c o n d  a s sumpt ion  d e a l t  wi th  t h e  period of t h e  body osci l lat ions and 

t h e  damping ,of t h e  motion. T o  bound t h e  s i t u a t i o n ,  t w o  c a s e s  w e r e  d e v e l o p e d  

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

ins tances  and was  e s t i m a t e d  at a value of 5 seconds.  A t i m e  t o  ha l f  a m p l i t u d e  

of  10 s e c o n d s  w a s  s e l e c t e d  f o r  w h a t  m a y  be  considered a  highly s t a b l e  design 

w i t h  a c o r r e s p o n d i n g  h a l f - a m p l i t u d e  t i m e  of  i n f i n i t y  ( n o  d a m p i n g )  f o r  t h e  

marginal ly s t ab le  body. 





A l l  of  the above i tems were incorporated in to  a computer program 

which integrated the equations of mot ion t o  determine t he  i m p a c t  angle, 

velocity, and downrange distance. The calculations were performed for ejection 

on the pad, at 16 seconds into the f l ight, and a t  39 seconds in to  the Shutt le 

f l i gh t  p ro f i l e  for both highly and marginal ly stable reentry systems. For the 

purpose of determining init ial flight velocities and angles of attack, the payload 

eject ion system was specified to impart a velocity of 45.7 m/sec perpendicular 

to the cargo bay centerline to the reentry package. 

The resu l t s  o f  th is phase are shown i n  Figures 4-3 and 4-4. The 

impact displayed in Figure 4-4 for the on-pad abort was generated by holding 

the capsule angle of  a t tack a t  a f ixed value of  90 degrees to  the velocity 

vector. This condition was imposed to determine the l ike ly  worst case landing 

condit ion since impact on the a f t  s t ructure is probable only during the very 

early seconds of Shuttle flight. 

The analysis described above is preliminary in nature and is intended 

solely as an init ial cut for early design purposes. Fur ther  work is required in  

this area if future abort planning retains the on-pad ejection concept. 

4.1.3 Conclusions 

Based on the above analyses, the reent ry  system would need to be 

capable of  withstanding impacts o f  up t o  a p p r o x i m a t e l y  100 m / s  on t h e  

hemispherical nose cap. Because of  the possibi l i ty of  early e ject ion at  low 

dynamic pressure, the reentry system may not necessarily impact in  a "nose-on" 

configuration. To cover this possibility, the reentry system also would need to 

be able to withstand an impact of 30-40 m/s on the side or rear structure. 
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FIGURE 4-3. IMPACT CONDITIONS FOR REENTRY CAPSULE 
EXHIBITING HIGH DEGREE OF SUBSONIC STABILITY 



FIGURE 4-4. IMPACT CONDITIONS FOR REENTRY CAPSULE 
EXHIBITING MARGINAL SUBSONIC STABILITY 



4.2 Recovery of Nuclear Waste Payloads in Earth Orbit 

A b r i e f  a n a l y s i s  w a s  c o n d u c t e d  t o  e x a m i n e  t h e  c o n s e q u e n c e s  o f  

p o s s i b l e  g r o s s  e r r o r s  in the  magni tude  and/or  direct ion of t h e  OTV Earth-escape 

injection impulse, with .emphasis on t h e  recovery of  p a y l o a d l k i c k s t a g e  p a c k a g e s  

which remain  in E a r t h  orbit.  T h e  recovery  vehicle would be a second OTV. 

T h e  assumed cha rac t e r i s t i c s  of  t h e  sys t em a r e  given in Tab le  4- 1 ,  w i t h  

deployment f rom a 333 km (180 n.mi.) circular  Shu t t l e  orbit.  

TABLE 4- 1 .  ASSUMED SYSTEM PARAMETERS 

OTV SOlS Kickstage Payload 

Gross S t a g e  Mass, kg 24 ,950 5420 4760* 

Inert Mass, kg 2890 1300 

Specif ic  Impulse, sec 470 289 

*NOTE: B e c a u s e  o f  t h e  p a r a l l e l  n a t u r e  of  m a n y  of t h e  s t u d y  ana lyses ,  this  
analysis was  conducted us ing  a n  e a r l i e r  v a l u e  f o r  p a y l o a d  m a s s .  T h e  
c u r r e n t  b a s e l i n e  p a y l o a d  m a s s  is 5500 kg. T h i s  c h a n g e  in b a s e l i n e  
payload would sh i f t  some  of t h e  c u r v e s  o f  F i g u r e  4-6, b u t  wou ld  n o t  
a l t e r  t h e  general  conclusions. 

In k e e p i n g  w i t h  t h e  p r e l i m i n a r y  n a t u r e  o f  t h i s  c a l c u l a t i o n ,  n o  

al lowance w a s  m a d e  f o r  v e l o c i t y  l o s s e s  o r  p h a s i n g  a n d  m a n e u v e r i n g  i m p u l s e  

requi rements  during t h e  recovery  operations. 

4.2.1 Details of Analysis 

T h e  m o s t  b e n i g n  c o n s e q u e n c e  of a n  OTV impulse e r ro r  would be t h e  

injection of t h e  SOlS k i c k s t a g e l p a y l o a d  p a c k a g e  i n t o  a n  e r r o n e o u s ,  b u t  s a f e ,  

E a r t h - e s c a p e  t r a j e c t o r y .  Contingency operat ions in this  event  a r e  not considered 

in th is  analysis. A t  t h e  o ther  e x t r e m e  of sever i ty ,  t h e  p a c k a g e  m a y  i m p a c t  ' t h e  

E a r t h  d i r e c t l y  or  be  placed in an E a r t h  orbi t  wi th  insufficient l i fe t ime t o  e f f e c t  

a r e c o v e r y .  T o  d e l i n e a t e  t h e s e  l a t t e r  c a s e s ,  a n  a r b i t r a r y ,  b u t  r e a s o n a b l e ,  

c r i t e r i o n  w a s  u s e d  w h i c h  r e q u i r e s  a m i n i m u m  perigee a l t i tude  of 185 km (100 

n.mi.) for  recovery  t o  be  considered. 



T h e  c o r r e c t  OTV v e l o c i t y  i n c r e m e n t  is al igned with t h e  ins tantaneous  

S h u t t l e  o r b i t  v e l o c i t y  v e c t o r .  T h e  d i r e c t i o n  of  t h e  e r r o n e o u s  OTV v e l o c i t y  

i n c r e m e n t  is r e p r e s e n t e d  by  t w o  a n g l e s ,  as s h o w n  in Figure  4-5. T h e  angular  

e r ro r  is d e n o t e d  b y  E , m e a s u r e d  in t h e  p l a n e  c o n t a i n i n g  t h e  i n t e n d e d  OTV 

v e l o c i t y  i n c r e m e n t  v e c t o r  a n d  t h e  ac tua l  OTV vector .  This plane is inclined a t  

t h e  angle 6  with respec t  t o  t h e  local horizontal planer  

Local 
Vertical 

Actual 
OTV Irnpul se  ,,/ Vector 

Intended OTV -- 
L\ (Coincides wi 

Impul s 
t h  Ini 

Vecto 
a1 Ci 

r 
rcul - - 

Orbit Velocity Vector) 

FIGURE 4-5. DEFINITION OF ANGLE ERROR PARAMETERS 

T h e  magni tude  of t h e  f i n a l  v e l o c i t y ,  g i v e n  by  t h e  m a g n i t u d e  of  t h e  

v e c t o r  s u m  of t h e  Shu t t l e  orbi t  veloci ty and t h e  OTV impulse, is independent  of 

6 .  C o n s e q u e n t l y ,  f r o m  t h e  v is -v iva  r e l a t i o n s h i p ,  t h e  f ina l  o r b i t  e n e r g y  a n d  

s e m i - m a j o r  a x i s  a r e  dependent  only upon E for  a given OTV impulse magnitude. 

The  angle  6 ,  on t h e  o t h e r  h a n d ,  d e t e r m i n e s  t h e  f l i g h t  p a t h  a n g l e  f r o m  t h e  

h o r i z o n t a l  a n d ,  c o n s e q u e n t 1  y, t h e  p e r i g e e  a n d  apogee  a l t i tudes  cons is ten t  wi th  

t h e  semi-major  axis. By v i r t u r e  of  s y m m e t r y ,  it is n o t  n e c e s s a r y  t o  c o n s i d e r  

values of d beyond - + 90 degrees.  



Figure 4-6 i s  a map o f  the E ,  AV domain and summarizes the results 

of this analysis. I f  the OTV pointing error were constrained to  the hor izontal  
0 

plane ( 6 = 0 ), the permissible angular error ( E )  could be i n  excess of 95 

degrees before an unacceptably low perigee would be produced. A t  the other 

ex t r eme ,  i f  t he  OTV impulse l ies i n  the ver t ica l  plane ( 6  = - + 90'1, the 

permissible pointing error is reduced considerably. Furthermore, i f  the value o f  

6 is random, ha l f  of all cases wil l have an absolute magnitude between 45 and 

90 degrees; and, from Figure 4-6, the perigee constraint boundary for  6 = - + 

4.5' is seen to be very near the vertical plane boundary ( 6 = - + 90'). 
0 

In the region below the 6 = - + 90 line, the nuclear waste payload 

always w i l l  e i ther enter a hel iocentr ic  orbit or remain in an Earth orbit from 

which it can be recovered, regardless o f  the magnitude o f  the erroneous OTV 

impulse. 

For those packages remaining in Earth orbit, the recovery operation is 

assumed to be a simple two-impulse maneuver in which a second OTV is placed 

in to  an ident ical  o rb i t  w i th  the errant  payload, attaches itself to the original 

vehicle assembly (w i th  neg l i g i b l e  expend i t u re  o f  p rope l lan ts ) ,  and t hen  

re-establishes a c i rcular  3 3 3  km (1 80 n.mi.) o rb i t  for  recovery by a Shuttle 

Orbiter. With this simple two-impulse model, the mass which can be recovered 

by the second OTV is uniquely determined by the magnitude of the erroneous 

impulse of the first vehicle. 

As indicated i n  Figure 4-6, i f  the original impulse magnitude i s  less 

than about I . ?  km/sec, and if the perigee altitude is sat isfactory as determined 

by E. and 6 ,  the second OTV can recover the entire package without venting 

propellants from the first OTV or the kickstage. For ini t ial  error  impulses f rom 

1.9 t o  2.9 km/sec, it would be necessary t o  vent the propellants f rom the 

original stages to  reduce the recovered mass. I f  the i n i t i a l  OTV s tage is  

discarded, the vented kickstage and payload package could be recovered up to  

init ial error impulses of 3.29 km/sec; whereas only the payload i t se l f  could be 

recovered for error impulses from 3.29 to about 3.5 1 km/sec ( i f  the value of 

were sufficiently large to cause the payload to remain in Earth orbit). 

I f  t h e  magn i tude  o f  t h e  f i r s t  OTV impulse exceeds 3.5 km/sec, 

recovery by a second OTV is not possible. For error angles ( E ) less than about 

26 degrees, the nuclear payload would escape i n t o  a hel iocentr ic  orbit. For 

greater E magnitudes, up to the hyperbolic path boundary o f  F igure 4-6, the 
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,FIGURE 4-6. EFFECT OF OTV IMPULSE ERRORS FROM INITIAL 
333-KM ( 180-N.MI) CIRCULAR ORBIT 



payload would e i t h e r  e s c a p e  or  be  p laced  in a hyperbolic orbit with a perigee 

below 185 km (100 n.mi.), depending on t h e  m a g n i t u d e  and  s ign of 6 . If 6 

w e r e  pos i t ive  (ascend ing  f l igh t  pa th  angle), the  payload would not pass perigee 

before escape ;  but  n e g a t i v e  va lues  of 6 i n t r o d u c e  t h e  poss ibi l i ty  of d i r e c t  

i m p a c t  or  a v e l o c i t y  loss a t  p e r i g e e  which could convert the hyperbolic orbit 

into an elliptical orbit with an unacceptably low perigee. 

As i n d i c a t e d  in F i g u r e  4-6, a region f o r  high-velocity impulse errors 

exists above the  hyperbolic path boundary, where t h e  payload would be i n j e c t e d  

in to  an  e l l i p t i c a l  E a r t h  orbit from which it could not be recovered by a second 

OTV. In t h e  unlikely event that  t h e  erroneous AV and E were suff ic ient ly  l a r g e  

t o  e n t e r  th i s  region,  it m a y  be  possible,  a s  an  a l t e r n a t i v e ,  t o  re-boost  the  

payload t o  escape velocity with the  second OTV. 

F i g u r e  4-7 shows the  relationships between E , 6, perigee alt i tude and 

t h e  a v a i l a b l e  impulse  f r o m  t h e  s e c o n d  OTV for  t h r e e  v a l u e s  o f  e r r o n e o u s  

impulse  in th i s  region.  F o r  a g iven A V ,  6 ,  and  E , the  perigee a l t i tude and 

velocity a r e  uniquely determined, f r o m  which t h e  p e r i g e e  impulse  r e q u i r e d  t o  

e s c a p e  c a n  be r e a d i l y  computed .  Furthermore,  t h e  propellant mass available in 

the  second OTV f o r  t h e  e s c a p e  impulse  is f ixed  by t h e  in i t i a l  e r r o r  impulse  

magni tude .  P e r f o r m i n g  t h e s e  p a r a m e t r i c  calculations, the  three  carpet  plots of 

Figure 4-7 were obtained, and the  upper re-boost boundaries shown in F i g u r e  4-6 

were generated. 

As i n d i c a t e d  in the carpet  plots of Figure 4-7, very large values of E 

combined with small values of 6 c a n  p roduce  e l l i p t i c  o r b i t s  w i t h  a c c e p t a b l e  

p e r i g e e s  b u t  w h i c h  r e q u i r e  p e r i g e e  impulses  f o r  e s c a p e  in e x c e s s  of t h e  

capability of the  second OTV. Even  in t h i s  region,  however ,  i t  is poss ible  t o  

c o n v e r t  t h e s e  e c c e n t r i c  o r b i t s  in to  c i r c u l a r  o rb i t s  with sufficient al t i tude for 

e x t e n d e d  l i f e t imes .  Th is  c a n  be accompl i shed  by using t h e  s e c o n d  OTV t o  

p r o v i d e  a Hohmann t r a n s f e r  t o  t h e  higher  c i r c u l a r  o rb i t .  A por t ion  of t h e  

avai lable  OTV p r o p e l l a n t  is expended  t o  provide a p e r i g e e  impulse  t o  r a i s e  

apogee ;  t h e n ,  t h e  remaining impulse is applied a t  the  new apogee t o  circularize 

t h e  final orbit. 

F i g u r e  4-8 d i sp lays  the  circular orbit al t i tude which is obtainable as  a 

function of E and 6 f o r  f ixed v a l u e  of v e l o c i t y  impulse  e r r o r .  At  w o r s t ,  a  

circular orbit a t  over 2000 km alt i tude above the  Ear th  appears t o  be achievable. 



AV Avai lab le  
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FIGURE 4-7. CONSTRAINT BOUNDARIES FOR INJECTING 
PAYLOAD INTO ESCAPE TRAJECTORIES 
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4.2.2 Conclusions 

Based on the data summarized in Figure 4-6, the following conclusions 

have been reached. Rescue of a failed payload in Earth o rb i t  can be conducted 

b y  a second OTV under a wide range o f  impulse errors provided that  the 

magnitude of the angular error  can be held to under 30 degrees f r om  the 

nominal. I f  the misdirected OTV burn can be detected and terminated early 

enough, the second OTV can recover the payload, the fa i led  OTV and the SOIS. 

I f  the burn proceeds fur ther,  it may be possible t o  recover the payload, the 

vented OTV and SOIS; the payload a ~ d  vented SOIS; or the payload alone,  

depending upon the velocity increment imparted by the first OTV. I f  the angular 

error cannot be held to IL 30 degrees or less, then a misdirected burn must be 

terminated almost immediately or else run the risk of possibly injecting into an 

Earth orbit trajectory w i t h  a perigee low enough to  result  i n  an ear ly  Ear th  

reentry. 
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5.0 SAFETY ASSESSMENT 

I n  any potent ia l  engineering pro jec t  involving the safety o f  human 

beings, it is customary (and, usually, required legal ly) t o  per form analyses t o  

show that  the pro jec t  w i l l  not  compromise human safety beyond an acceptable 

level. In the disposal o f  nuclear waste products i n  space, large amounts of 

h igh - leve l  was te  wou ld  be placed near very large amounts o f  potent ia l ly  

explosive propellants and oxidizers, be accelerated t o  very high velocit ies, and 

be subject to  the possibility of encountering very high temperatures in the case 

of reentry or propellant fire. Due to the extreme, i f  highly unl ikely, potent ia l  

consequences o f  accidents, exhaustive analyses of dangerous environments and 

methods ot safely coping with these events and conditions must be accomplished. 

This can only be done over a long period o f  t ime  as the system concept and 

design evolves. The work reported here represents the f i r s t  step in  such a 

sequence. 

Sect ion 5.1 describes those accident environments that are expected to 

produce the most severe conditions experienced by the nuclear waste payloads. 

The results of this sect ion were then used in  Section 3.4.3 to determine the 

effects of these severe accident environments on the design o f  the payload 

con ta i ne r  (see Sec t i on  3.4)  and in  Section 6.0 t o  est imate the resultant 

environmental impacts. 

Sec t ion  5.2 is  a f i r s t  step i n  def in ing systemat ical ly  a l l  possible 

accidents or combinations of events that  could lead t o  release of the nuclear 

waste, no matter how small the chance. Fault tree methodology was used in this 

section, but probabilities were not assigned to individual events because o f  the 

l ack  of credible data. Subjective est imates were made for  the most l i ke ly  

failure paths and possible "workarounds" that could lessen their likelihood. 

Section 5.3 deals w i t h  some suggested changes to the baseline mission 

and hardware that could produce a higher degree of safety. Section 5.4 contains 

a listing of the documents referred to in the previous three sections. 



5.1 Major Accident Environment Characterization 

T h e  proper design of con ta inmen t  s y s t e m s  f o r  n u c l e a r  w a s t e  d i s p o s a l  

h a s  t o  i n c l u d e  c o n s i d e r a t i o n s  f o r  t h e  o c c u r r e n c e  of all l ike ly  accidents .  T h e  

prel iminary conta iner  design e f fo r t ,  as d i s c u s s e d  in  S e c t i o n  3.4 of  t h i s  r e p o r t ,  

r e q u i r e d  t h e  d e f i n i t i o n  o f  t h e  m o r e  s i g n i f i c a n t  a c c i d e n t  envi ronments  for  t h e  

s p a c e  disposal missions. T h e  s e v e r i t y  of a n  a c c i d e n t  a n d  t h e  c o n s i d e r a t i o n  o f  

w h a t  c o u l d  happen as a resul t  of a par t icu lar  even t  a l so  has  a d i r ec t  bearing on 

t h e  work described in t h e  s a f e t y  and envi ronmenta l  i m p a c t  a n a l y s i s  s e c t i o n s  o f  

this  repor t  (Sections 5.0 and 6.0). 

T h e  f i r s t  s t e p  in  d e f i n i n g  a c c i d e n t  e n v i r o n m e n t s  was  t o  identify t h e  

m o r e  s e v e r e  accidents .  A p r e l i m i n a r y  s c r e e n i n g  of p o s s i b l e  e v e n t s  t h a t  c o u l d  

o c c u r  d u r i n g  ground hand1 ing, prelaunch, launch, and orbi tal  opera t ions  led% t o  t h e  

identif icat ion of acc idents  t h a t  a r e  shown in Tab le  5- 1 .  I t  shou ld  b e  n o t e d  t h a t  

t h i s  l i s t  is n o t  e x h a u s t i v e ,  as is indicated l a t e r  in Sec t ion  5.2. As  identif ied in 

Table  5-1, t h r e e  s e v e r e  a c c i d e n t  t y p e s  w e r e  c h o s e n  f o r  f u r t h e r  s t u d y .  I t  w a s  

be1 i e v e d  t h a t  t h e s e  a c c i d e n t s  wou ld  b e  t h e  m a j o r  conta inment  design drivers. 

T h e  t h r e e  major  acc iden t  environments t h a t  w e r e  chosen t o  be  e v a l u a t e d  were :  

( I )  S p a c e  S h u t t l e  v e h i c l e  e x p l o s i o n  a n d  f i r e ,  (2)  r e e n t r y  of t h e  payload, both 

p ro t ec t ed  and unprotec ted ,  and  (3) payload sinking t o  t h e  b o t t o m  of t h e  o c e a n .  

T h e  e n v i r o n m e n t s  t h a t  t h e  p a y l o a d  wou ld  b e  e x p e c t e d  t o  e x p e r i e n c e  due  t o  

these  t h r e e  even t s  a r e  discussed in t h e  following sect ions.  

A c c i d e n t  e n v i r o n m e n t s  w h i c h  h a v e  n o t  b e e n  t r e a t e d  here,  but  which 

a r e  believed t o  be  impor tant  in fu tu re  work a r e  t hose  a s s o c i a t e d  wi th :  ( I )  t h e  

OTV/SOIS e x p l o s i o n  in  a v a c u u m ,  (2)  o r b i t a l  c o l l i s i o n s  with o t h e r  objects ,  (3) 

abnormal r een t ry  a f t e r  an  acc iden t  or  malfunction during a s c e n t ,  a n d  ( 4 )  g r o u n d  

and wa te r  impac t  environments.  
," 

5.1.1 Space Shuttle Explosion and Fire 

V a r i o u s  t y p e s  o f  a c c i d e n t s  c a n  o c c u r  wi th  t h e  Space  Shu t t l e  vehicle, 

which lead t o  a ca t a s t roph ic  explosion and f i r e  ( s e e  S e c t i o n  5.2). F o r  e x a m p l e ,  

t h e  v e h i c l e  c o u l d ,  d u r i n g  t h e  e a r l y  p h a s e  of t he  launch ( l i f toff) ,  t i p  over ,  fall 

b a c k  o r  c o l l i d e  w i t h  t h e  l a u n c h  t o w e r ,  r e s u l t i n g  in  a m o d e r a t e  (10-2096) 

explosive yield. The  capabil i ty of employing a des t ruc t  s y s t e m  is p l a n n e d  w h e r e  



TABLE 5-1- IDENTIFIED ACCIDENTS USED TO SELECT MOST 
SEVERE ACCIDENTS FOR FURTHER CONSIDERATION 
IN ACCIDENT ENVIRONMENT CHARACTERIZATION 

Reentry System yropellant Fire 

I)rop L m d d  Confoinrr i n  NPF'F 

Ihop Lmded i l r rn t r y  Systern in PIF'kF 

Outside Intrusion (Flying Vehicles, I40htrnl) 

Transporter Arcidcnt 

I)rop Loodrcl fieentry System otl in IJCfl 

Arcidenlol Sl<M Ignition at Pnd 

Acr lc l r~~ta l  On-l'ad Veh~rle Fxplorionlt i re 
I)ur inqIAfter l'ropellant Loading 

Arcidentol Ignition of L jectinn Motor(s) 

Loss of Container (:wlinq 

V Z L E  ON-PAC) ANI) ASCCNT ACCIDFNTS 

Vehicle Fallbock1 l ipoverllower Collision Accidental lgnifion a1 Ejection Motor(s) 

High Velocify Vehicle Impact an LandIWater Collisians Refween Poylwd and Anotller Object 

Orbiter (:roshrs on L.ond/Woter - O I  V/Kickstoqe (KS) 
- Orbiler 

Payload Descends to Ocean Flow A f f r r  System Failure . - Spacrcraf l 
- Space Debris 

Vehicle or Orbifer ('allides with Anollmr Aircraft - Meteors 

Vehicle Explodes at Altitucle WIWO Commond I>estrttct 

Abnor~nol Iteentry of lieentry Systern 

ttcentry Systerr, Impacts on LondIWater 
Surloces After t jection Frorn Orbiter 

Cr~f i ro l ly  lnocrl~rote OIV f l~trn (I)irectionll>urolion) 
f t r s~~ l f i ny  in Reentry 

Cor~l~nunicotio~is Failure Resulting in Reentry 

Lunar Collision 

Acciclentol Ignition of tjection Motor(s) Loss of Container (:ooling 

Loss of Container Cooling ftrscue Failure 

1 Maior Accident i nv~ronments 
Selrrtrd for Fvoluc~tiwl 



hazardous pay loads are  f lown i n  the Shuttle. When i t  would be used, the 

explosive yield (Y) would be quite low ( 1 % ) .  A high ve loc i ty  surface impact  o f  

the vehicle could lead to a high explosive yield (20% Y 160%) i f  the destruct 

system ei ther would not be used or would fai l .  The s p e c i f i c  t h e r m a l  and 

mechan i ca l  env i r onmen ts  gene ra ted  by  these pos tu l a ted  events can be 

categorized into four areas: ( I )  a hydrogen-oxygen f irebal l ,  (2) a blast wave 

(shock wave) caused by the detonation o f  the hydrogen-oxygen propellants, (3) 

high ve loc i ty  fragments f rom the Ex te rna l  Tank sk i n  r e s u l t i n g  f r o m  t h e  

detonation, and (4) a ground-based solid propellant fire. The following subsections 

present preliminary data relating to these specific environments. 

5.1.1.1 Space Shut t le  HydrogenIOxygen F i reba l l  Environment 

I f  the  fu l l y  loaded ( l iquid hydrogen/l iquid oxygen)  Space S h u t t l e  

E x t e r n a l  Tank (ET) were . to  explode on the launch pad, the nuclear waste 

payload could be exposed to  a short - term severe thermal  environment. This 

section describes the model used and the results of calculations dealing witn this 

thermal environment. The basic fireball model is that  o f  Bader, e t  al. (5-1) The 

results presented provide estimates of fireball temperature and radiant heat f lux 

as a function ot time after the explosion. 

F i r e b a l l  M o d e l  and  Assumpt ions.  The Liquid-Propel lant Rocket  

Abort Fire Model, developed by ~ a d e r ' ~ " )  was used t o  calculate the thermal  

environment o f  the fireball resulting from on on-pad Space Shuttle ET explosion. 

The first analytical work on rocket  abort models was done by Van N ice  and 

Carpenter i n  1965. ('-*) Various experimental data concerninq rocket  launch 

aborts have also been reported. (5-' through 5-7) In 1066, ~ T t e  and Bader  

developed a f i reba l l  model (5-8) from the analytical results of Reference 5-2; in 

1971 Bader revised ('-I) this ear l ier  work. Analysis here has employed Bader's 

recent model and developed it further for the Space Shuttle case. 

The general assumptions of the model used here are as follows: . The r a t e  o f  l iqu id  hydrogenJliquid oxygen addit ion t o  the ET 

fireball is constant (this i s  justified by experimental data shown i n  

Reference 5- 1 ). 



e A i r  e n t r a i n m e n t  i n t o  t h e  f i r e b a l l  is ignored,  providing t h e  worst  

case condition. Inclusion o f  it wou ld  l e a d  t o  l o w e r  t e m p e r a t u r e s  

and radiant  hea t  fluxes. 

C o m p l e t e  b u r n u p  o f  t h e  S h u t t l e  LH2/L02 propellants  is assumed,  

thus  providing a wors t  c a s e  condition. 

T h e  f i r e b a l l  is an  isothermal,  homogeneous body which is spherical  

at all times. The  isothermal,  homogeneous  c h a r a c t e r i s t i c  is b a s e d  

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

f o r m a t i o n .  R e f e r e n c e  5-2 c o n c l u d e d  t h a t  t h i s  a s s u m p t i o n  is 

reasonable. 

The  fireball rad ia tes  as a blackbody wi th  an  emissivi ty of 1.0. 

T h e  t i m e  until t h e  fireball l ifts o f f  t h e  ground a n d  t h e  t i m e  w h e n  

all t h e  propellant  is consumed a r e  identical.  

Chemical  equilibrium exis t s  within t h e  fireball.  

F i g u r e  5-1 p r e s e n t s  a s c h e m a t i c  t h a t  d e f i n e s  t h e  a s s u m e d  f i r e b a l l  

f ea tu re s  and fireball development with t ime.  T i m e  t = 0 is w h e n  t h e  e x p l o s i o n '  

begins .  All propellant is assumed t o  be consumed by t = t l i f t o f f .  T h e  f ea tu re s  of 

t h e  modeled fireball s t e m  and .  possible residual f i re  a r e  also shown. 

START OF 
MUSHROOM 
CLOUD 

FIREBALL 

I I 

t i m e  - 
~ T E M  = t~~~~~~~ a 5  

LIFTOFF 

= t~~~~ 
LIFTOFF 

FIGURE 5- 1.  MODELED FIREBALL DEVELOPMENT 



Thermochernical Analysis. The procedure used t o  calculate the 

internal equilibrium conditions of the H 10 fireball are described below. Before 
2 2 

the equi l ibr ium composition of  a gas mixture can be determined the elemental 

compos i t i on  mus t  be def ined.  The  Space S h u t t l e  E x t e r n a l  Tank ho lds  

approximately 609,600 kg of  liquid oxygen and 102,500 kg of liquid hydrogen at  

l i f toff ,  providing an oxygen t o  hydrogen elemental mole ra t i o  of  0.3747. By 

assuming that  the propellants were a t  their normal boiling point temperatures, 

and assuming values of heat of formation as found in Reference 5-9, the i n i t i a l  

heat of reactants was calculated to be -213 kcal per kg of total propellant. 

For the reaction of oxygen and hydrogen there are six species that  are 

expected i n  the reacted mixture,  namely, H20, H2, 02, OH, H, and 0. I f  the 

reactions are assumed to occur at constant pressure ( f ree volume combustion), 

then ' there are six unknown species and an unknown equilibrium temperature to 

calculate. Therefore, seven equations are needed t o  so lve f o r  t h e  seven 

unknowns. Re la t i  onships involving mass, energy and state conditions provide the 

basis for the calculation. 

Since the elemental mole ra t i o  (A)  of  oxygen to hydrogen has been 

calculated to be 0.3747 for the Space Shuttle, and the to ta l  pressure, P, is 1 

atmosphere, two relationships re la t ing par t ia l  pressures of the species can be 

written as follows: 

and 

Four more relationships re la t ing temperature (equi l ibr ium constants) 

and par t ia l  pressures, given the equilibrium chemical reaction, can be written as 

follows: 

Hzo 'H20 Kp(T) = for H2 + 1 0 2  * H 2 0  
PH2 P ~ ~ ~ ' ~  

H2 Kp(T) = - for H + H * H2 
pH2 



for 0 + 0 * O2 

where: 
Kp(T) = t h e  t empera tu re  dependent  equilibrium 

cons tant  for  t h e  defined chemical  reactions. 

F i n a l l y ,  t h e  h e a t  of r e a c t a n t s  m u s t  e q u a l  t h e  h e a t  o f  p r o d u c t s  t o  

sa t i s fy  t h e  equilibrium requirement,  thus, w e  can  write: 

Since h = -213 kcal/kg, t h e  case -  where  hproducts = -2 13 k c a l l k g  n e e d s  r e a c t a n t s  
t o  b e  so lved .  T h i s  is a c c o m p l i s h e d  as fo l lows .  E q u a t i o n s  I through 6 c a n  be 

rear ranged t o  fo rm t h e  following relationship: 

For  a given value of T and Po, t h e  va lue  of P,, can  b e  ca lcula ted  by e m p l o y i n g  

d a t a  in T a b l e  5-2 w h i c h  d e t e r m i n e s  t h e  equilibrium constants .  O n c e  a value of 

P and Po have been established; t h e  part ial  pressures of t h e  four o t h e r  s p e c i e s  H 
c a n  b e  c a l c u l a t e d  by us ing  Equations 3 through 6. This calculat ion is per formed 

for  various values of Po until Equation 2 is sat isf ied.  Once  this  is a c c o m p l i s h e d ,  

t h e n  t h e  h e a t  o f  p r o d u c t s  c a n  b e  c a l c u l a t e d  f o r  t h e  g i v e n  v a l u e  of T. A . 
computer  program was  wr i t t en  t o  accomplish this  t e d i o u s  p r o c e d u r e .  F i g u r e  5-2 

p r o v i d e s  t h e  r e s u l t s  o f  t h e s e  c a l c u l a t i o n s .  E q u a t i o n  7 is s a t i s f i e d  f o r  t h e  

equilibrium condition where  T = 2989 '~ .  Table  5-3 provides t h e  h e a t  of  p r o d u c t s  

d a t a  a n d  s p e c i e s  c o m p o s i t i o n s  as a f u n c t i o n  of  t e m p e r a t u r e  f o r  t h e  H 2 / 0 2  

f i r e b a l  I .  



TABLE 5-2. EQUILIBRIUM CONSTANT DATA FOR 
HYDROGENIOXYGEN COMBUSTION 

Ti, OK loglo ~ ~ ~ 2 '  

Source: Reference 5- 10. 

TABLE 5-3. HEAT OF PRODUCTS AND COMPOSITION 
DATA AS A FUNCTION OF TEMPERATURE 
FOR SHUTTLE HYDROGENiOXYGEN FIREBALL 

*NOTE: The average molecular weight i s  14.006 g. 



FIGURE 5-2. HYDROGENIOXYGEN FIREBALL ENTHALPY 
AS A FUNCTION OF TEMPERATURE 



Calculations Employing Bader Model. As indicated in Reference 

5-1, the temperature relat ionship w i t h  t ime  needs t o  be determined for  two  

time, t, regions: 

( I )  O < l t f i r e b a l l  l i f toff ,  

(2) tfireball l i f to f f  < t ~ t e m  l i f tof f .  

Wh i l e  hea t  is s t i l l  being added t o  the f i reba l l  (0 < t 5 tf ireball 

l i f to f f  ), the change in internal enthalpy is equal to the rate change o f  chemical 

hea t  energy less r a d i a t i o n  losses (see Equation 9). A f t e r  a l l  the fuel is 

consumed, the change in internal enthalpy is due to  radiat ion losses only (see 

Equation 1 0). 

where: 

R = Constant Rate of Fuel Addition 
E: = Emissivity 
a = Stephen-Bol tzman Constant 
T = Temperature 
W = Weight of Fireball (W Total Weight 

P = of Shuttle ET Propel ants) 
t = Time 
h = EnthalpyIUnit Mass of Reactants 
hr = EnthalpyIUnit Mass .of Products 
P 

Appendix E provides a more in-depth discussion of the model used here. From 

Appendix E, the following equations for dTIdt were developed: 



where: 

A = Gas  Constant  
P = Pressure  

A c o m p u t e r  p r o g r a m  w a s  w r i t t e n  t o  i n t eg ra t e  t hese  equations by employing t h e  

4 t h  o r d e r  R u n g e - K u t t a - G i  l l  M e t h o d .  T h e  r e s u l t i n g  r e l a t i o n s h i p s  b e t w e e n  

t e m p e r a t u r e  a n d  t i m e  as well as h e a t  flux and t i m e  a r e  provided in Figures 5-3 

a n d  5-4, r e s p e c t i v e l y .  T h e s e  f i g u r e s  i n d i c a t e  t h a t  t h e  e x t r e m e  t h e r m a l  

e n v i r o n m e n t  is e x p e c t e d  t o  last less t h a n  10 seconds. During ac tua l  condit ions 

air  en t ra inment  would b e  expec ted  t o  lower t h e  t e m p e r a t u r e  a n d  f l u x  v a l u e s .  A 

r e s i d u a l  f i r e  is a s s u m e d  t o  o c c u r .  It is n o t  c lear ,  however, how long th is  f i r e  

will continue. The  postulated solid propellant  f i r e  (see S e c t i o n  5.1.1.2) m a y  l a s t  

f r o m  7 t o  I5 minutes and would provide higher t empera tu re s  and f luxes than  t h e  

"residual fire". 

T h e  p r e d i c t e d  f i r e b a l l  d i a m e t e r  is a f u n c t i o n  of t i m e ,  as shown in 

Figure  5-5. See  Appendix E fo r  fu r the r  details.  
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FIGURE 5-4. RADIANT HEAT FLUX AS A FUNCTION 
OF TIME FOR SPACE SHUTTLE HYDROGEN1 
OXYGEN FIREBALL ENVIRONMENT 
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FIGURE 5-5. FIREBALL DIAMETER AS A FUNCTION OF TIME FOR SPACE 
SHUTTLE HYDROGEN/OXYGEN FIREBALL ENVIRONMENT 
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5.1.1.2 Space Shuttle Solid Propellant Fire Environment 

Some on-pad or early flight failure mode sequences may result  i n  the 

payload separating from the Space Shuttle Orbiter and falling to the launch pad. 

I t  is possible that the payload wil l  then be subjected t o  a f i r e  involv ing sol id 

p rope l l an t  f r o m  t h e  So l i d  R o c k e t  Boosters (SRBs). Two cases have been 

examined: one i n  which the SRBs have  d i s i n t e g r a t e d  and f r agmen ts  o f  

unconfined burning propel lant are scattered on the launch pad, and a second 

case where the SRB has been spl i t  lengthwise by the destruct charge but  is 

otherwise intact. 

Solid Propellant Fragment Fire. This case is modeled as shown in 

Figure 5-6. The parameters associated with the burning propel lant fragment are 

t o  some degree uncertain. The parameters chosen here, an effective radiating 

temperature of 2700 K and an e f fec t i ve  radiat ing surface approximat ing a 

hemisphere w i th  a radius o f  2R, where R is the "radius" o f  the propel lant 

fragment, were taken from the tests and analyses made in  connection w i t h  the 

mu1 t i hund red  w a t t  r ad i o i so tope  t h e r m a l  generators  used in  the L inco ln  

Experimental Satellites 8 and 9. 

E F F E C T I V E  R A D I A T I N G  

T -  r S U R F A C E ,  2 7 0 0 ° K  

- B U R N I N G  P R O P E L L A N T  FRAGMENT 

FIGURE 5-6. FRAGMENT MODEL FOR SPACE SHUTTLE 
SOLID PROPELLANT FIRE 

Heat ing o f  the payload i s  considered t o  be dominated by radiation 

f rom the burning p rope l lan t .  Th is  is  j u s t i f i e d  by  t h e  h i gh  r a d i a n t  f l u x  

corresponding to the high effective temperature and the near unity emissivity of 

the flame. Convective heating fluxes would be relatively low because of the' low 



v e l o c i t i e s  and wou ld  occu r  on ly  when the separation of the payload and 

propellant fragment is small. 
* 

View factors between the radiat ing f lame and the nearest point on 

the payload surface (considered to be a sphere or cylinder oriented perpendicular 

t o  the l ine joining it with the propellant fragment) were determined graphically. 

To a good approximation, these view factors were a funct ion o n l y  o f  t h e  

normalized separation, (D - 2R - r)/(2R), where D is the separation distance of 

the propel lant fragment and payload centers, R is the  propel lant f ragment  

radius, and r is the radius o f  the payload. As this view factor applies to the 

point in the payload surface closest to  the burning propellent, i t  represents a 

wo rs t  case. However ,  no c o r r e c t i o n  has been app l ied for  re f lec t ion  or 

re-radiat ion f r om  the pad surface, and i n  this sense, the  vie*^ fac tors  a r e  

somewhat smaller than the t rue value. The correction should not be large, and 

should be compensated by the use of the view fac tor  fo r  the worst case point  

on the payload surface. Generally, the results o f  the fo l lowing analysis are 

believed to be conservative. 

Typical values of the view factor follow: 

* 
View Factor 

The  r e s u l t i n g  f l u x e s  are p lo t ted  in  Figure 5-7. Ro  in  the f igure 

rep resen ts  t h e  " rad ius"  o f  t h e  b u r n i n g  f r a g m e n t  a t  t i m e  z e r o ,  a n d  

a = (D - 2R0 - r)/(2Ro) is the value of the normalized separation at t ime zero. 

The figure applies generally for any value of time i f  the appropriate value of R 

is substi tuted for  Ro. However, the parameter a is normally restricted to the 

value of the init ial normalized separation. 

*NOTE: A view fac tor  is def ined as the f rac t ion o f  the radiation leaving a 
black surface A in all directions which i s  intercepted by surfcce B. 
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FIGURE 5-7. MAXIMUM HEAT FLUX AT TIME = 0 
(FRAGMENT FIRE MODEL) 

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

normalized separa t ion  increases .  T h e  v i e w  f a c t o r  a n d  h e a t  f l ux  t h u s  d e c r e a s e  

w i t h  t i m e .  F i g u r e  5-8 s h o w s  how t h e  h e a t  flux var ies  with dimensionless t i m e  

for  a range of a values. T h e  t i m e  is n o r m a l i z e d  by  t h e  b u r n i n g  t i m e  of  t h e  

f r a g m e n t ,  r = Ro/B .R . ,  w h e r e  B.R.  is t h e  p r o p e l l a n t  b u r n i n g  r a t e  a t  

a tmospher ic  pressure, 0.00 1 15 mls. 

Wi th  F i g u r e  5-8 and initial condit ions of K, r, and D, t h e  t i m e  history 

of t h e  rad iant  flux a t  t h e  payload su r f ace  may  be  determined.  

S i n c e  t h e  m a x i m u m  w e b  t h i c k n e s s  of t h e  S R B  p r o p e l l a n t  g r a i n  is 

1.04 m, R o  = 1.0412, and t h e  maximum durat ion of a so l id  p r o p e l l a n t  f r a g m e n t  

f i re  will b e  -r = (1.04/2)/(0.01 15) = 452 seconds or  about  7.5 minutes. 

Spli t  Motor F i re .  T h e  d e s t r u c t  s y s t e m  f o r  t h e  S R B s  is a 

l i n e a r - s h a p e d  cha rge  which spl i ts  the  motor  cas ing , lengthwise .  If t h e  c a s e  should 

fall  back t o  t h e  launch pad  a f t e r  t h e  d e s t r u c t  s y s t e m  w a s  a c t i v a t e d  w i t h o u t  

f u r t h e r  b r e a k u p ,  i t  wou ld  be  p o s s i b l e  f o r  t h e  p a y l o a d ,  assumed t o  have  been 
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FIGURE 5-8. MAXIMUM HEAT FLUX AS A FUNCTION 
OF TIME (FRAGMENT FIRE MODEL) 



f r e e d  f r o m  t h e  O r b i t e r  a n d  t o  h a v e  f a l l e n  b a c k  t o  t h e  l a u n c h  pad ,  t o  b e  

exposed t o  heat ing f rom burning solid propellant  in t h e  split  casing. 

F i g u r e  5-9 i l l u s t r a t e s  this  configuration. T h e  dimension of t h e  opening 

in t h e  c a s i n g  w a s  c h o s e n  e q u a l  t o  t w i c e  t h e  p a y l o a d  r a d i u s ,  a s s u m e d  t o  b e  

0.75 m ,  t o  s i m p l i f y  t h e  analysis. This should represent  a conserva t ive  choice,  as 

t h e  opening seems  unlikely t o  be  this  large. 

= 3.7 m 

r = 0.75 m 

Payload 

FIGURE 5-9. SPLIT MOTOR MODEL FOR SPACE 
SHUTTLE SOLID PROPELLANT FIRE 

T h e  p a y l o a d  w a s  a s s u m e d  t o  be  a cylinder lying parallel t o  t h e  motor  

casing: however, t h e  ca lcula ted  hea t  f luxes a r e  not s t r o n g l y  i n f l u e n c e d  b y  t h i s  

a s s u m p t i o n .  A s  in t h e  c a s e  of  t h e  p r o p e l l a n t  f r a g m e n t  f i r e ,  t h e  e f f e c t i v e  

radiat ing su r f ace  was  assumed t o  ex tend t o  a d is tance  equal t o  t h e  w i d t h  of  t h e  

opening in t h e  case. 

F o r  a n a l y s i s ,  t h e  r a d i a t i n g  s u r f a c e  and t h e  payload were  replaced  by 

parallel rec tangles ,  with t h e  length of t h e  payload small  compared  t o  t h e  l e n g t h  

of the  split  motor  casing. 

T h e  v i e w  f a c t o r  for radiat ion be tween t h e  e f f ec t ive  f l a m e  su r face  and 

t h e  payload can be  ca lcula ted  f rom relat ions given in s t a n d a r d  t e x t s .  (5- 12) T h e  



calculated view factors as a function of the smallest distance between the SRB 

and the payload center line are as follow. 

Distance, m View Factor 

The resul t ing heat f luxes t o  the payload are shown in  Figure 5-10. 

Because the geometry does not change w i t h  t ime,  t h e  hea t  f l u x  r ema ins  

constant un t i l  the propel lant w i th in  the casing i s  consumed. With a maximum 

web thickness of 1.04 m, this wi l l  be (1.04/0.00 1 15) = 904 seconds or about 15 

minutes. 

5.1.1.3 Overpressure and Impulse Resul tinq from 
Soace Shuttle External Tank Exolosion 

T h i s  s e c t i o n  discusses t he  overp ressure  and impu l se  pay load  

environments produced by an explosion of the hydrogen and oxygen contained i n  

t he  Space Shutt le Externa l  Tank (ET). The possible cont r ibut ion due to  an 

explosion o f  the soiid propel lant contained in  the Sol id Rocket  Boosters i s  

ignored, as i t  i s  small compared to  the ET contribution. The ET coclld explode 

as a result of various on-pad or ascent accidents or malfunct ions. Also, the ET 

can be destructed del iberately by the linear-shaped charge that is placed along 

the ET on the side opposite to the Orbiter, should f l i gh t  contro l lers determine 

t h a t  an o f f  -course vehic le would endanger the local populat ion or ground 

features. Depending upon the event, vary ing degrees o f  explosive y ie ld can 

result. The explosive y ie ld is def ined as percentage o f  TNT equivalent. For 

example, i f  a given ET explosion would produce a 100% yield, that  means tha t  

the to ta l  weight o f  propel lants would produce the same e f f ec t  as the same 

weight of TNT. Reference 5-13 suggests that the fo l lowing explosive yields be 

considered for the Space Shuttle ET blast hazard analysis: 



Maximum Duration = 15 minutes 

0 1 2 3 4 , 5  6 7 

Smallest Distance Between Payload Surface and SRM Case, meters 

FIGURE 5-10. MAXIMUM HEAT FLUX AS A FUNCTION OF 
DISTANCE (SPLIT MOTOR FIRE MODEL) 



Explosion Event 

Destruct 
On-pad, no destruct 
Fallback 30 m 
High velocity impacts: 

350 m/s 
550 m/s 

Percent Explosive Yield 

Explosions o f  the ET are expected to produce mechanical environmenis 

that pose a hazard to payloads. For the nuclear waste payload, i n  part icular ,  a 

shock blast wave could damage the containment vessel such that it might not 

survive a possible f i re environment (see Sections 5.1.1.1 and 5.1.1.2). Also, and 

probably more cr i t i ca l ly ,  the blast wave w i l l  create high-velocity fragments 

which could cause a breach of the nuclear waste containment (see Section 

5.1.1.4 for discussion of fragment environment). 

This section provides estimates o f  the blast environment a payload 

might  experience by calculat ing the incident (static) and reflected blast wave 

overpressures as a function of explosive yield. Also, the ref lected blast impu!ses 

are calculated and presented as required for the fragment environment analysis 

(see Section 5.1.1.4). 

It was assumed that all the ET propellant (609,600 kg of liquid oxygen, 

and 102,500 kg of liquid hydrogen) would be available for the explosion, giving a 
5 6 total of 7.12 x 10 kg (1.57 x 10 Ib) of available propellant. 

Previous studies o f  explosion hazards fo r  launch vehicles, car ry ing 

radioact ive material ,  have assgmed the center of explosion (COE) to be at the 

point (or points) of f irst potential liquid fue l / l iqu id  oxid izer  contact  w i t h  each 

other. F igure 5- 1 1 provides a scale drawing of the Space Shuttle Vehicle. (5- 14) 

The center of explosion (COE) for  the Space Shutt le case is taken t o  be the 

center o f  the intertank structure, between the liquid hydrogen and liquid oxygen 

tank o f  the ET. The posit ion o f  this assumed COE and the posit ion of the  

nuclear waste payload are shown. The position of the payload was obtained from 

Reference 5-15. The distance f rom the COE t o  t h e  pay load  s u r f a c e  was 

calculated to  be 21.6 m (70.8 f t ) .  This distance has been used for  all of the 

following calculations. 

Procedures outl ined in the CPIA-194 Hazards of Chemical Rockets cnd 

Propellants Handbook (Volume I) ('-I6) were used t o  calculate the overpressures 



FIGURE 5-1 1 .  SPACE SHUTTLE VEHICLE WITH ASSUMED CENTER OF 
EXPLOSION AND LOCATION OF NUCLEAR WASTE PAYLOAD 



t h a t  would resul t  f rom the incident shock wave. Ref lec ted pressures were 

calculated by using the relationship (5- 16). 

where: 

A ps = Static (or Incident) Blast Wave Pressure 

Po = Ambient Pressure (1 atm) 

The results are presented in  Figure 5-12 for the five different explosive yields 

assumed. 

The CPlA Handbook (5 -16)  was also used to calculate the ref lected 

impulse, IR, that is required for the analysis in Section 5.1.1.4. The relationship, 

where: 
P 

Is = Static Impulse 

Po = Ambient Pressure ( I  atm) 

A P~ = Static Blastwave Pressure 

was used to calculate the curve shown in Figure 5-1 3. 

5.1.1.4 Space Shuttle Fragment Environment 

An explosion of the External Tank (see Section 5.1.1.3) could resul t  i n  

the payload being impacted by fragments of the Externa l  Tank. The flux of 

fragments by velocity and size was calculated for explosive yields (based on the 

mass o f  hydrogen and oxygen in  the .  External  Tank) o f  1, 20 and 160 percent 

TNT equivalent. These yields correspond t o  hypothes ized poss ib le  f a i l u r e  

sequences, w i t h  the highest y ie ld occurring from a high-velocity impact of the 

Space Shuttle onto an unyielding surface. 

The method o f  analysis was basical ly that  used by Teledyne Energy 

Systems. ('-I7) This approach uses as inputs fragment size dist r ibut ions f r om  

Reference 5- 18 and fragment velocity distributions from Reference 5- 19. 
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T h e  m e a n  f r a g m e n t  size f o r  a g i v e n  yield, -6, is ca lcuia ted  f rom the  

equation 

where  Do is t h e  minimum f ragmen t  size, de termined h e r e  by  t h e  E x t e r n a l  T a n k  

s k i n  t h i c k n e s s ,  and l r  is t h e  r e f l ec t ed  impulse in ~ - s / c m ~  a t  t h e  d is tance  of t h e  

tank skin f rom t h e  cen te r  of  e x p l o s i o n  ( t a k e n  t o  b e  t h e  m i d w a y  b e t w e e n  t h e  

bulkheads on t h e  ET center l ine  - see Figure  5-1 I). T h e  s tandard  deviat ion is 2.3. 

F igure  5-14 shows t h e  resul t ing f r agmen t  size distr ibut ions f o r  a  s e r i e s  

of  e x p l o s i v e  yields, where  f ragment  size is expressed as the  ave rage  d i ame te r  of 

t h e  tank  skin f ragment .  T h e  m i n i m u m  f r a g m e n t  size is t a k e n  as e q u a l  t o  t h e  

E x t e r n a l  T a n k  s k i n  t h i c k n e s s .  F r a g m e n t s  larger  than  10 c m  have  been ignored, 

a s  t h e y  h a v e  a low p r o b a b i l i t y  of i m p a c t i n g  t h e  p a y l o a d  in a n  o r i e n t a t i o n  

favorable  for  penet ra t ion  and relat ively f e w  large  f r agmen t s  a r e  genera ted .  

The  mean veloci ty of t h e  mean size f r agmen t ,  v, is ca lcula ted  a s  

with a  s tandard deviat ion of 2.5. 

F i g u r e  5-15 s h o w s  the  resul t ing veloci ty distr ibut ion for  t h e  mean size 

f r agmen t  for  various explosive y i e lds .  T h e  u p p e r  v e l o c i t y  h a s  b e e n  l i m i t e d  t o  

4000  m / s e c ,  w h i c h  is in t h e  r ange  of t h e  expec ted  de tonat ion  ve loc i ty  of H2/OZ 

mixtures. 

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

were  c a l c u l a t e d  by  a p p l y i n g  a d r a g  c o r r e c t i o n ;  t h a t  is, t h e  f r a g m e n t s  w e r e  

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

ve loc i ty  a t t a i n e d  is p r o p o r t i o n a l  t o  t h e  d r a g  c o e f f i c i e n t .  A s  a c o n s e r v a t i v e  

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

orientat ion (maximum dimensions perpendicular  t o  b l a s t  w a v e  m o t i o n ) .  T h e  d r a g  

coeff ic ien ts  were  assumed t o  va ry  with f r agmen t  size as: 

T h e  s m a l l e s t  f r a g m e n t s ,  with a s i ze  of 0.56 c m ,  thus  have  a drag  coeff ic ien t  of 

0.2, equivalent  t o  a  sphere,  while t h e  la rges t  f r agmen t s  h a v e  a d r a g  c o e f f i c i e n t  
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FIGURE 5-15. DISTRIBUTION OF VELOCITIES OF MEAN SIZE FRAG- 
MENT FOR SPACE SHUTTLE FRAGMENT ENVIRONMENT 



o f  1.17, equ i va l en t  t o  a f l a t  p l a t e  a t  normal incidence. Expressed as a 

correction factor, i.e., 

F = ( I  - 1.379 e -0.9 l l D 1, 

this relation is p lo t ted i n  F igure  5-16. Mean veloci t ies for  various f ragment 

sizes are calculated by multiplying the mean velocity of the mean size fragment 

by the ratio of the convection factors: - 

- 
where VD is the mean veloci ty  of fragments of size D, V is the mean velocity 

of the mean size fragment, and FD and are the correct ion factors for  the 

fragment of size D and of the mean size fragment. 

The distance between the hypothesized locat ion of the explosion and 

the center of the payload is 23 meters, so that a solid angle of 

Q =- = 0.001 89 s t r  
2 (20) 

(23) 
is subtended per square meter o f  projected payload cross section. The area of 

External Tank skin intercepted by this solid angle is 

where 1 is the distance from the center of explosion t o  the tank skin and $ 

i s  the angle between the axis o f  the External  Tank and the line joining the 

center o f  explosion and the payload. By  measurement f r om  Space S h u t t l e  

drawings, l = 1 1 .OO m and $ = 22'. Hence, the area of External Tank skin 

intercepted per unit area of projected payload cross section is 

A 
S -- 

A 
- ( 1  I .0012 x 0.00 189 x csc 22' = 0.6 10. 

P 

I t  is assumed that all fragments for this intercepted tank skin area impact  on 

the payload. 

The number of such fragments is calculated by dividing the intercepted 

tank skin area by the mean area of rill fragments, which is given by 



~ r a ~ m e n t  Size, cm 

FIGURE 5-16. DRAG CORRECTION FACTORS FOR 
FRAGMENT ACCELERATIONS FOR SPACE 
SHUTTLE FRAGMENT ENVIRONMENT 



where  a is t h e  s tandard  deviat ion fo r  t h e  f r agmen t  size d i s t r i b u t i o n .  T h u s ,  t h e  

number of impact ing  par t ic les  per unit  a r e a  of pro jec ted  payload s u r f a c e  is 

N = 4 x 0.610 x l o 4  - -  1939 m-2 - 
2 ,32 

( 2 4 )  

-2  2 ( l n a )  T D  e 
where  t h e  mean  f ragmented  size is given in cm.  

I m p a c t e d  f r a g m e n t s  o f  t h e  s a m e  s i z e  c a n  h a v e  w i d e l y  d i f f e r i n g  

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

i m p a c t i n g  edge -on  h a v i n g  t h e  g r e a t e s t  p e n e t r a t i n g  p o t e n t i a l .  A s  a f i r s t  

a p p r o x i m a t i o n ,  o n l y  t h o s e  f r a g m e n t s  "edge-on"  a r e  considered,  wi th  "edge-on" 

being defined as impact ing  a t  such an  a n g l e  t h a t  t h e  c e n t e r  of m a s s  is w i t h i n  

0.28 c m  (one-hal f  of  t h e  f r a g m e n t  thickness)  of t h e  initial c o n t a c t  point when 

t h e  f r agmen t  is viewed edge-on, a condition given by 

T h e  geomet ry  is i l lustrated in t h e  following sketch: 

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

f rac t ion ,  f,  t h a t  is "edge-on" will b e  



The value of this parameter is shown in Figure 5-17. 

The e f fec t i ve  size of  the "edge-on" f r agmen ts  is  e s t i m a t e d  by  
2 

assuming a projected cross-sectional area of D Do and a total volume of $3 Do 

(the fragments are assumed to be approximated by a disk). Hence the e f fec t i ve  

diameter is 

(27 

and the effective length, 
-9 

Thus, the fragment is transformed in to  a rod-like pro jec t i le  w i t h  the same 

volume (or mass) and having a cross section equal to the projected cross section 

of the actual edge-on ( 8 = 0) fragment. Values for the e f fec t i ve  diameter and 

effective length are shown in Figure 5-18. 

Using the preceding figures and calculations, the fragment f-lux o f  

"edge-on" fragments at  the payload projected cross section can be determined. 

Figures 5-19, 5-20 and 5-21 show the results fo r  three explosive yields, 1 ,  20 

and 160 percent. The fragments have been grouped into size ranges to permit a 

single presentation of the results. 

5. I .  1.5 Concluding Remarks 

Sections 5.1.1.1 through 5.1.1.4 have characterized what is believed to 

be the worst-case accident environments that  are expected f o r  an on-pad 

explosion and f ire. The environments defined here for the Space Shuttle are 

much more severe than those that have previously been defined for the T i tan  Ill 

launch vehicle. (5-13)  The use of  a destruct system, when flying nuclear waste 

payloads, or other hazardous payloads, would greatly reduce the severi ty of the 

accident environments. The data developed in  this section have been used in 

Section 3.4.3.1 to evaluate the response of the reentry system t o  the on-pad 

Shuttle explosion and fire. 



Fragment S i z e ,  cm 

FIGURE 5-17. FRACTION OF FRAGMENTS IMPACTING EDGE-ON 
FOR SPACE SHUTTLE FRAGMENT ENVIRONMENT 
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5.1.2 Reentry of Container WithIWithout Reentry Protection 

Various types of low probability malfunctions could occur which might  

lead to the atmospheric reent ry  o f  the loaded reentry system or the baseline 

unprotected nuclear waste container.  The p r o t e c t e d  spher i ca l  con ta i ne r  

(pos i t i oned  i n  t h e  reent ry  system - see Figure 2-5) may reenter a f t e r  an 

emergency ejection from the Space Shutt le cargo bay just pr ior  t o  achieving 

orbi t ,  or the unprotected container (having been removed and attached to  the 

payload adapter of the OTV/SOIS configuration) may reenter a f t e r  a c r i t i ca l l y  

i n a c c u r a t e  OTV bu rn  coup led  w i t h  o t h e r  ma l f unc t i ons .  These r e e n t r y  

environments were characterized by using a Battelle developed reent ry  computer 

code cal led CONTEMP. The code assumes that there is no mass loss from the 

payload, there is no heat transfer to or from the reent ry  body (cold wall), and 

equi l ibr ium conditions exist in the fluid flow. Specific data used for the reentry 
> 

cases assumed here are given in Table 5-4. Data re la ted to  the reent ry  system 

were obtained f rom the in-house NASAIMSFC study effort. The loaded reentry 

system was assumed to reenter at a velocity of 78 18 m/s, having a zero f l i gh t  

path angle, a t  an a l t i tude of 9 1.4 km  (just before the ET is dropped). Two 

reentry conditions for the unprotected container were used; one steep and one 

shallow. The steep reent ry  represents the case where the OTV burns in the 

wrong direction (opposite) for an extended period of t ime. The shallow reent ry  

represents the case where the OTV has provided a small velocity change, but 

just enough to cause reentry in the first orbit. These two cases should provide 

the bounds for  the reent ry  environment. The assumed drag curves for the two 

configurations are shown in Figures 5-22 and 5-23. 
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TABLE 5-4. INPUT AND ASSUMPTIONS FOR THE 
REENTRY ENVIRONMENT ANALYSIS 

P a r a m e t e r  
Payload Clonf iguration 

Unpro tec t ed  Conta iner  Heen t ry  Sys tem 
S t e e p  R e e n t r y  Shallow Reen t ry  

Mass, kg 2 6270 6270 
Cross- Sect ional  Area,  m 1.97 1.97 
Nose Diame te r ,  m 1.59 1.59 
Initial Velocity, m / s  3660 7600 
Initial Alt i tude,  km 333 333 
Initial Fl ight  P a t h  Angle, 

degrees  2 0 0 
MassIArea Rat io ,  kg/m 3183 3 183 
Drag  Curve  see Figure  5-22 

0 
1 243 

see Figure  5-23 

NOTE: S e e  Figures 2-5 and 3-6 for  description. of payload configurations. 
Reen t ry  sys t em d a t a  were  obtained f rom NASAIMSFC in-house studies. 

T h e  r e s u l t s  of t he  r een t ry  calculat ions for  t he  th ree  cases indicated in 

T a b l e  5-4  a r e  p r e s e n t e d  in F igures  5-24 through 5-38, where  various pa rame te r s  

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

s t a g n a t i o n  h e a t i n g  r a t e ,  s t a g n a t i o n  pressure  and s tagnat ion  tempera ture .  These  

environments w e r e  used in t h e  thermal  response analysis as d i s c u s s e d  in S e c t i o n  

3.4.3.2. 
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Time from 91.4 km A1 t i  tude, sec 

FIGURE 5-24. TIME AS A FUNCTION OF ALTITUDE FOR STEEP 
REENTRY OF UNPROTECTED CONTAINER 
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FIGURE 5-25. VELOCITY AS A FUNCTION OF ALTITUDE FOR STEEP 
REENTRY OF UNPROTECTED CONTAINER 



FIGURE 5-26. STAGNATION POINT HEATING RATE AS 
A FUNCTION OF ALTITUDE FOR STEEP 
REENTRY OF UNPROTECTED CONTAIPJER 
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FIGURE 5-27. STAGNATION PRESSURE AS A FUNCTION OF ALTITUDE 
FOR STEEP REENTRY OF UNPROTECTED CONTAINER 
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FIGURE 5-28. STAGNATION TEMPERATURE AS A FUNCTION OF ALTITUDE 
FOR STEEP REENTRY OF UNPROTECTED CONTAINER 
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FIGURE 5-29. TIME AS A FUNCTION OF ALTITUDE FOR SHALLOW 
REENTRY OF UNPROTECTED CONTAINER 
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FIGURE 5-30. VELOCITY AS A FUNCTION OF ALTITUDE FOR SHALLOW 
REENTRY OF UNPROTECTED CONTAINER 
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FIGURE 5-31. STAGNATION POINT HEATING RATE AS A 
FUNCTION OF ALTITUDE FOR SHALLOW 
REENTRY OF UNPROTECTED CONTAINER 



Configurat ion:  
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Stagna t ion  P re s su re ,  atm 

FIGURE 5-32. STAGNATION PRESSURE AS A FUNCTION OF ALTITUDE 
FOR SHALLOW REENTRY OF UNPROTECTED CONTAINER 
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FIGURE 5-33, STAGNATION TEMPERATURE AS A FUNCTION OF ALTITUDE 
FOR SHALLOW REENTRY OF UNPROTECTED CONTAINER 
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FIGURE 5-34. TIME AS A OF ALTITUDE 
FOR REENTRY O F  REENTRY SYSTEM 
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FIGURE 5-35. VELOCITY AS A FUNCTION OF ALTITUDE 
FOR REENTRY OF REENTRY SYSTEM 



FIGURE 5-36. STAGNATION POINT HEATING RATE AS A FUNCTION 
OF ALTITUDE FOR REENTRY OF REENTRY SYSTEM 
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FIGURE 5-37. STAGNATION PRESSURE AS A FUNCTION OF 
ALTITUDE FOR REENTRY OF REENTRY SYSTEM 
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FIGURE 5-38. STAGNATION TEMPERATURE AS A FUNCTION OF 
ALTITUDE FOR REENTRY OF REENTRY SYSTEM 



5.1.3 Payload Entry into Deep Ocean 

The  r een t ry  of  a p ro tec t ed  c o n t a i n e r  wou ld  l i ke ly  r e s u l t  in a n  o c e a n  

landing .  Shou ld  t h e  f l o t a t i o n  s y s t e m  f a i l ,  t h e  r e e n t r y  sys tem wi th  t h e  loaded 

container  would sink t o  t h e  ocean  floor. T h e  most  s e v e r e  immedia te  e n v i r o n m e n t  

t h a t  t h e  p a y l o a d  would  see would be  t h e  ve ry  high externa l  pressure exe r t ed  on 

t h e  payload. P rob lems  r e l a t e d  t o  t h e  e v e n t u a l  s a l t w a t e r  c o r r o s i o n  a n d  w a s t e  

o v e r h e a t i n g  as a r e s u l t  of  poor  h e a t  t r a n s f e r  c h a r a c t e r i s t i c s ,  a s s u m i n g  t h e  

payload is buried in o c e a n  s e d i m e n t ,  a r e  b e l i e v e d  to b e  m o r e  of  a l o n g - t i m e  

p r o b l e m .  G e n e r a l  c h a r a c t e r i s t i c s  of  s eawa te r  and t h e  ocean  floor a r e  reviewed 

in R e f e r e n c e  5-22 and a r e  not repor ted  here. 

T h e  r e l a t i o n s h i p  b e t w e e n  t h e  f r a c t i o n  of ocean depth  g r e a t e r  t han  a 

ce r t a in  value a s  a function of ocean  depth  pressure for  ground t r ack  r e s u l t i n g  in 

a  3 8  d e g r e e  i n c l i n a t i o n  o r b i t  ( f i r s t  p a s s  a s s u m e d  - KSC l a u n c h )  h a s  b e e n  

approximated.  The  ground t r a c k  t r a j e c t o r y  w a s  s u p e r i m p o s e d  on  a w o r l d  m a p  

c o n t a i n i n g  o c e a n  d e p t h  d a t a  t o  obtain t h e  relationship. Figure 5-39 presents  t h e  

results. T h e  average  ocean  depth  (considering all t h r e e  m a j o r  o c e a n s )  is r o u g h l y  

4 km. F o r  t h e  o r b i t a l  p a s s  assumed he re  fo r  ocean  impact  and random reent ry ,  

t h e  payload would fall  i n to  t h e  ocean  at depths  g r e a t e r  than  4 km a b o u t  73?& of 

t h e  t ime,  or  depth  g r e a t e r  than  6 km only 7% of t h e  t ime.  



Fraction of Ocean Depth Greater 
than Indicated Value 

FIGURE 5-39. DISTRIBUTION OF OCEAN DEPTH (PRESSURE) 
FOR A 38' INCLINATION SPACE DISPOSAL 
ORBIT (1st ORBITAL PASS) 

The ocean pressures resulting from these various assumed depths are indicaied in 

Figure 5-39. The maximum ocean depth and pressure possible are 10.9 km and 
2 1 1,000 Nlcm ( I  6,000 psi), respectively. These types of data should be useful i n  

fu ture  container design and in  r isk analysis, once the consequences of certain 

accidents are determined. 
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5.2 Pre l iminary  Hazard Analysis 

A pre l iminary  hazard analysis was conducted to identify those events 

and sequences of events most likely to lead t o  a release of radioact ive waste. 

This pre l iminary  analysis was considered t o  be the f i r s t  i n  a series of steps 

that, over a period of several years, would result  i n  a f ina l  est imate o f  r isk 

associated w i t h  space disposal o f  nuclear waste. As a f i r s t  step, the results 

achieved in  the current  e f f o r t  are qua l i ta t ive  rather than quanti tat ive. The 

resu l t s  are,  nonetheless,  valuable as indications o f  those port ions o f  the 

conceptualized system that  should be studied more thoroughly t o  del ineate 

significant risks involved in the disposal of nuclear waste in space. 

This section is divided into three subsections t o  f ac i l i t a t e  discussion. 

The f i r s t  subsection breaks the mission down into phases that differ from one 

another in  the hazards and acc i den t  env i ronments  t h a t  wou ld  l i k e l y  be 

encountered. Then, the status o f  fa i lure and probabi l i ty  data is discussed. 

Final ly, elementary fau l t  trees for  each mission phase a re  p resen ted  and 

discussed. The more significant failure paths are outlined, and a sensitivity as to 

the likelihood of occurrence ot the more hazardous events is developed. 

5.2.1 Mission Phase De f i n i t i on  

To fac i l i t a te  the presentation of fau l t  t ree  informat ion i n  Section 

5.2.3, the baseline mission has been par t i t ioned i n t o  a number o f  phases, as 

shown in  Table 5.5. These phases are not ident ical  to  those discussed in the 

baseline mission profile in Section 2.3, but  have been chosen t o  separate the 

baseline mission in to  port ions i n  which the hazards can be clearly defined. A 

short description ot the significant events occurring i n  each phase is contained 

in the following subsections of this report. 



T A B L E  5-5. D E F l N l T l O N  O F  MISSION P H A S E S  

Phase  
Number Descript ion of Phase  

Payload Processing and Storage  at Launch S i t e  
On-Pad, Pre launch Opera t ions  
lgnition t o  Clear ing  of Tower  
Clear ing  of Tower  t o  SRB Burnout 
SRB Burnout  t o  ET Drop  
ET Drop  t o  Achieving Orb i t  
Achieving Orb i t  t o  Rendezvous  
Rendezvous and Docking wi th  OTV/SOIS 
OTV lgnition t o  Burnout  
OTV Je t t i son  t o  SOIS lgnition 
SOlS Burn 
Stoy  in Planned Orb i t  

5.2.1.1 P h a s e  I : P a y l o a d  P r o c e s s i n g  
a n d  S t o r a g e  at L a u n c h  S i t e  

B e f o r e  i t s  a r r i v a l  cit t h e  launch s i te ,  t h e  nuclear  was t e  payload would 

be  t h e  respons ib i l i ty  of  t h e  D e p a r t m e n t  o f  E n e r g y .  T h i s  r e s p o n s i b i l i t y  v ~ o u l d  

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

O n c e  it has arr ived at t h e  launch site, r e spons ib i l i t y  f o r  s a t e t y  of t h e  p c y l o a d  

p a c k a g e  a n d  its c o n t e n t s  wou ld  b e  t r a n s f e r r e d  t o  NASA. In P h a s e  I ,  t h e s e  

opera t ions  would include unloading and s t o r a g e  of t h e  s h i e l d e d  w a s t e  c o n t a i n e r  

in t h e  N u c l e a r  P a y l o a d  P r e p a r a t i o n  F a c i l i t y  ( N P P F ) ;  c o o l i n g ,  i n spec t ion  and 

monitoring of t h e  w a s t e  con ta ine r s ;  a n d  i n s e r t i o n  of  t h e  w a s t e  c o n t a i n e r  i n t o  

t h e  r e e n t r y  s y s t e m .  T h e  l o a d e d  r e e n t r y  s y s t e m  w o u l d  t h e n  be  m a t e d  w i t h  

cooling, e jec t ion  a n d  d o c k i n g  s y s t e m s ,  m o u n t e d  on a p a l l e t  a n d  p r e p a r e d  f o r  

t r a n s f e r  to t h e  P a y l o a d  C h a n g e o u t  R o o m  (PCR).  A special-purpose t r anspor t e r  

v~ou ld  be  used t o  move t h e  assembled p a y l o a d / r e e n t r y / d o c k i n g  a s s e m b l y  t o  t h e  

launch pad area .  

5.2.1.2 P h a s e  2: On-Pad,  P r e l a u n c h  O p e r a t i o n s  

In this  phase, t h e  loaded r e e n t r y  s y s t e m  wou ld  b e  r e m o v e d  f r o m  i t s  

t r a n s p o r t e r ,  e l e v a t e d  a n d  p l a c e d  in t h e  PCR;  in t h e  P C R ,  an  auxil iary cooling 

sys t em would be  a t t a c h e d  and t h e  to ta l  package  then  inser ted  i n t o  t h e  O r b i t e r ' s  

p a y l o a d  bay .  Whi l e  in t h e  payload bay t h e  was t e  payload would remain  a t t a c h e d  



t o  the auxi l iary cool ing equipment that  would be required through the next 

several phases of the mission (until short ly before the payload/reentry/docking 

assembly was removed from the Orbiter's payload bay in low Earth orbit). Since 

detai led mission t imel ines have not been deve loped ye t ,  i t  has n o t  been 

de te rm ined  whether Shutt le ET fuel ing would take place before the waste 

payload was inserted or after. In any event, there would be some period o f  t ime  

during which the payload would be mounted near both the loaded ET and the 

two SRBs. Before launch, a f i na l  sys tems checkou t  p rocedu re  wou ld  be 

accomplished. 

5.2.1.3 Phase 3: Ignition to Clearing of Tower 

This phase of the mission contains those events that occur f rom Space 

Shutt le igni t ion un t i l  the SKB nozzles have cleared the launch tower. This is a 

very short phase of the mission, but one which contains several unique hazards. 

Nominal ly, the Shuttle engines and SKBs would ignite, and the Shuttle would rise 

vertically and build up speed during this init ial phase of the flight. 

5.2.1.4 Phase 4: Clearing of Tower to SRB Burnout 

After the Shuttle clears the launch tower, it would turn  downrange 

and proceed until the SKBs burn out at about 120 seconds into the flight. 

5.2.1.5 Phase 5: SRB Burnout to ET Drop 

During Phase 5 o f  the mission, the SKBs would be jettisoned a few 

seconds after their burnout, and the Shutt le would continue under the thrust  

provided by the SSMEs. About 480 seconds into the flight, the ET would run out 

of propellant and oxidizer. Several seconds later, ET staging would occur. 

5-2-1.6 Phase 6: ET . D r o ~  t o  Achievina Orbit and 
-- - 

Phase 7: Achieving Orbit to Rendezvous 

A f t e r  the ET is dropped, the Shutt le Orbiter would continue into its 

planned orbit by using on-board propellants. Prior to launch of the Shutt le k i t h  

the nuclear waste payload on-board, the OTV/SOIS combination would have been 



launched on a separate Shuttle, checked out and released into the rendezvous 

orbit. The Shuttle with the nuclear payload would conduct required phasing and 

orb i t  adjustment maneuvers using the Orb i ta l  Maneuvering System (OMS) to  

rendezvous wi th the OTVISOIS. 

5.2.1.7 Phase 8: Rendezvous and Docking with OTVISOIS 

When the Orbiter containing the nuclear waste payload has approached 

the OTVISOIS, the paylocd/reentry/docking assembly would be checked out, 

removed from the Orbiter payload bay with the remote manipulator system and 

released. Aux i l i a ry  cool ing might sti l l  be required from this point in t ime unti l 

the payload container is removed from the reentry system. The OTVISOIS would 

maneuver  t o  p e r f o r m  t h e  actual  closing and docking operations w i t h  the 

payloadlreentryldocking assembly. The payload docking system would contain a 

remotely operated arm that would: 

Remove the rear reentry shield wall 

Remove the payload container from the reentry system and attach 

it to the SOlS payfoad adapter 

Replace the rear reentry shield wall. 

Following this sequence o f  events, the OTV/SOIS would back away f r om  tbe 

reent ry ldock ing assembly, carrying the waste container attached to the payload 

adapter. The docking process is a complicated one, w i t h  a number of points a t  

which potential mishaps could occur. These are discussed in Section 5.2.3.8. 

5.2.1.8 Phase 9: OTV lani tion and Burn 

Once the docking maneuver had been performed, the OTV att i tude 

control system would position the OTVISOISlpayload for  OTV f ir ing. The OTV 

wou ld  then be igni ted and per form a propulsive burn that  would place the 

SOISlpayload onto an Earth-escape trajectory. 

5.2.1.9 Phase 10: OTV Jettison t o  SOlS Ignition 

When the OTV propulsive burn had been terminated, the ~ 0 1 ~ / ~ a ~ ' l o o d  

assembly would be released to  t rave l  t o  the proper perihelion, and the OTV 



w o u l d  r e t u r n  t o  t h e  S h u t t l e  o r b i t  f o r  c a p t u r e  a n d  r e t u r n  t o  t h e  E a r t h  f o r  

r e f u r b i s h m e n t .  T h e  S O I S / p a y l o a d  wou ld  c o a s t  f o r  163  d a y s  t o  a r r i v e  a t  a 

perihelion of 0.86 a.u. 

5.2.1.10 Phase 1 1 :  SOlS Burn 

When t h e  S O l S / p a y l o a d  r e a c h e d  perihelion, t h e  3-axis a t t i t u d e  cont ro l  

sys tem ca r r i ed  by t h e  SOlS would align and s tab i l ize  t h e  S O I S / p a y l o a d  a s s e m b l y  

p r i o r  t o  f i r i ng .  T h e  SOlS burn would reduce  t h e  aphelion of t h e  SOIS/payload t o  

0.86 a.u. to place t h e  payload in its nominal, c i rcu lar  disposal o r b i t  of 0.86 a.u. 

This orbi t  is planned t o  b e  inclined at least I d eg ree  t o  t h e  ec l ip t ic  plane. 

5.2.1.1 1 Phase 12: Stay in Planned Orbit 

T h e  f i n a l  m i s s i o n  p h a s e  wou ld  consist of t h e  payload circl ing t h e  Sun 

at 0.86 a.u., and being exposed  f o r  a n  i n d e f i n i t e  p e r i o d  of t i m e  t o  t h e  s p a c e  

environment.  

5.2.2 Failure Probability Data 

N o n e  of t h e  l a u n c h  s y s t e m s  (e.g., Shut t le ,  OTV, and SOIS) for  initial 

and follow-on nuclear  w a s t e  disposal missions h a v e  b e e n  f lown.  T h u s ,  t h e r e  a r e  

n o  d e m o n s t r a t e d  rel iabi l i ty d a t a  available. However, historical d a t a  on unmanned 

and manned expendable launch vehicles, prel iminary project ions on  S p a c e  S h u t t l e  

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

kickstage d o  exist.  

H i s t o r i c a l l y ,  u n m a n n e d  e x p e n d a b l e  b o o s t e r s  ( S c o u t ,  D e l t a ,  

Atlas-Centaur,  Ti tan,  etc.) have exhibi ted about  a 90 p e r c e n t  s u c c e s s  r a t e .  T h i s  

s u c c e s s  r a t e  is a c c e p t a b l e  f o r  t h e  t y p e s  of p a y l o a d s  being launched by these  

vehicles, but it wou ld  n o t  b e  a c c e p t a b l e  f o r  n u c l e a r  w a s t e  pay loads .  O n  t h e  

o t h e r  hand ,  t h e  e x p e n d a b l e  l a u n c h  v e h i c l e s  for  manned missions were  designed 

for  much higher reliability. T h e  flight of Apollo 13 d e m o n s t r a t e d  t h e  a b i l i t y  of  

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

ca t c s t roph ic  damage. A f t e r  four or  five y e a r s  of o p e r a t i o n  of  t h e  S h u t t l e ,  t h e  

necessary  d a t a  base should exist  t o  assess i ts  reliability. 



I t  is known that  c r i t i ca l  i tems l ists and fa i lu re  mode and ef fec ts  

analyses have been developed for some of the Space Shutt le systems. However, 

t o  da te  t he  requ i red  overal l  Space Shutt le r e l i ab i l i t y  data have not been 

calculated by either NASA or the Space Shuttle contractors. 

The p ro jec ted  OTV and SOlS are both stages that  re ly  on proven 

technology. The OTV is a hydrogen-oxygen upper stage that  has the benef i t  o f  

over  a decade o f  Centaur and Saturn experience t o  draw upon. The SOlS 

employs technology similar to the Titan Transtage and the Space Shutt le Orb i ta l  

Maneuvering and React ion Control  Systems components (e.g., tanks, engines, 

etc.). This technology is quite reliable and available now. There should be l i t t l e  

d i f f i cu l t y  i n  designing, developing, and demonstrating safe, reliable upper stages 

for the space disposal mission. 

Design of  the waste container, reentry and docking systems is at such 

a preliminary conceptual level tha t  est imat ion of  system re l iab i l i t ies  are not  

appropriate a t  this time. As these designs mature, generation of reliability data 

wil l become more feasible. 

5.2.3 Fault Trees 

To obtain a qual i tat ive feel  for  the re la t ive  importance of various 

potential system failures, preliminary fault trees were constructed and analyzed 

for  each phase of the mission. The methodology and symbology used follows that 

presented in Reference 5-23. Because of reasons previously discussed i n  Section 

5.2.2, it is not feasible, presently, to  assign probabilities to each fault event. 

Additionally, for those phases involving Space Shutt le elements, the fau l t  trees 

were terminated when a Shuttle element failure was encountered. Analysis below 

this level is correctly being conducted by the Shuttle prime contractor. 

Table 5-6 shows the fault tree symbols used in this section and defines 

the meaning of each symbol. In one case, the s im i la r i t y  transfer, addit ional 

explanation is needed. This symbol is used to avoid unnecessary clutter in the 

diagrams. Its meaning, as used i n  this report,  can be explained by examining 

F igu re  5-41. In  this figure, there is an OR gate w i t h  the numeral I i n  i t ,  

leading into event number I I. There are also three s imi lar i ty  transfer symbols, 

one leading in to  event number 13 - the others in to  events 15 and 17, and 

identified with the numeral 1. This means that the same outputs operating f rom 



t h e  O R  g a t e  numbered  I a r e  also opera t ing  as outputs  of t h e  s imi lar i ty  t r ans fe r  

symbols shown a s  v. 
TABLE 5-6. FAULT TREE SYMBOLS 

Symbol Meaning 

Output  

lnputs 

Ou tpu t  

lnputs 

Rectangle:  A Fau l t  Event  

OR Gate:  Ou tpu t  Exists  If 
A t  Leas t  O n e  Input 
Is Presen t  

AND Gate:  Coexis tence  Of All 
lnputs Is Needed T o  
Produce  An Output  

Triangle: A Connect ing  O r  
Transfer  Symbol 

Inverted 
Triangle: Similari ty Transfer  

E a c h  o f  t h e  f a u l t  t r e e s  f o r  t h e  12 m i s s i o n  p h a s e s  s h o w n  in t h e  

following subsect ions has been examined f o r  those  single-point and m u l t i p l e - p o i n t  

f a i l u r e s  c o n s i d e r e d  m o s t  likely t o  lead t o  ca t a s t roph ic  resul ts  --- t h e  re lease  of 

nuclear w a s t e  f rom conta inment .  Elementary  c r i t e r i a  have been u s e d  in c h o o s i n g  

t h e s e  m o s t  l i ke ly  f a i l u r e  p a t h s .  t o r  e x a m p l e ,  a p a t h  t h a t  i nvo lves  only two  

fa i lure  even t s  has been considered m o r e  likely t o  o c c u r  t h a n  o n e  t h a t  r e q u i r e s  

f i v e  o r  s i x  f a i l u r e  e v e n t s  t o  occur  sequentially. In most  cases, carefu l  s tudy of 

t h e  f au l t  t r e e  was  suf f ic ien t  t o  e l iminate  all but t w o  o r  t h r e e  of t h e  p o t e n t i a l  



event sequences. These "c r i t i ca l  paths" are indicated (where identified) on the 

fault tree figures included in the remainder of this section. 

Once the most l ikely event sequences were determined, potential ways 

of avoiding these paths (or of decreasing the possibility of their occurr ing) were 

examined. Possible workarounds were suggested for reducing the possibility of 

nuclear waste release. The feasibility of these workarounds was not examined i n  

any detai l .  More detai led study and analysis of  workaround feas ib i l i ty  and 

practicability in terms of cost, payload impact and incremental safety achieved 

i s  required downstream of the current effort. 

5.2.3.1 Phase I Fault Tree 

Dur ing Phase I, the risks do not  appear to  be c r i t i ca l l y  large, and 

those risks that do exist seem to be amenable to relatively simple workarounds. 

The fault tree for this phase is given in Figure 5-40. 

.Any path that leads to Blocks 9 ,  10 or I I results in  release o f  waste 

(Block 12). In this phase, the paths are as follows: 

(a) 6 given 5 leads to 9 after a certain time 

(b) 7 given I or 2 leads to 10 after a certain time 

(c) 8 given 3 or 4 leads to  1 1  immediately. 

N o  one of these paths stands out as being more c r i t i ca l  than the others? so 

workarounds are given for all three paths. 

Path (a). Loss of  cool ing can be worked around by providing: ( I )  

redundant prime cooling systems, (2) redundant prime movers for  these systems, 

and (3) self-contained, backup cooling systems. 

Failure of  the moni tor  and alarm system can be worked around by 

providing: ( I ) independent, redundant temperature sensors based on different 

principles, (2) different transmission paths to the alarm system, (3) vot ing logic 

(fail-operational, fail-safe) a t  the monitor/alarm console, (4) periodic temperature 

sensing by a man w i t h  a portable sensor, and (5) redundant  paths t o  t h e  

emergency station. 
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P a t h  (b). F i re  i n  the NPPF can be worked around by: ( I )  using 

. fireproof principles in designing and constructing the NPPF, ( 2 )  l im i t i ng  use and 

s to rage  o f  f lammable materials, and (3) using f i reproof  vaults for  storing 

flammable materials in an area away from the waste containment area. Waste 

containers and the containment area should be designed so that a f i re will not 

breach a container. 

Possible failure of the alarm system has previously been discussed. 

F a i l u r e  o f  t h e  f i r e - f i g h t i n g  sys tem can  be worked  around b y  

providing: ( I )  mobi le f i re- f ight ing equipment at  two locations on the base, (2) 

separate means of access from the fire stations to the NPPF in case one should 

become blocked, and (3) redundani, independent water sources in the vicinity of 

the NPPF. 

P a t h  (c). The possibility of dropping or collision while a container is 

in the NPPF can be minimized by following stringent procedures and exercising 

safety discipline. 

I f  there is an angle (non-design s t r ike  angle) a t  whicn a container 

impact suffered in the NPPF could lead to a breach, the workaround would be 

to change the design of the container. 

A d e f e c t i v e  con ta i ne r  can be e l im ina ted  by meticulous design, 

fabrication, testing and inspection. 

5.2.3.2 Phase 2 Fault Tree 

S t a t t i ng  w i t h  this phase, the potent ia l ly  catastrophic consequences 

resulting from an explosion of the External Tank contents and the ensuing f i r e  

(possibly including burning SKB fragments) must be considered. The fault tree 

for Phase 2 is shown in Figure 5-4 1. 

Any path that  leads to  Blocks 14- 18 represents a sequence of events 

that  could result  i n  release o f  waste. F rom prel iminary analyses o f  even t  

consequences, paths that  lead through Block I I appear to be most crit ical with 

respect to potential for breaching the waste containment system and releasing 

waste products. 





B l o c k s  7, 8, 9 and  10 h a v e  been  c o v e r e d  in t h e  discuss ion of t h e  

Phase I fault  tree,  and a r e  not considered t o  pose  a s e r i o u s  r isk of c o n t a i n e r  

breach as long as appropriate measures a r e  taken. 

In like manner, it should  b e  poss ible  t o  des ign a g a i n s t  f a i l u r e  f r o m  

t h e r m a l  shock  (Block 18). In f a c t ,   if^ de ta i led  analyses show low probability of 

melting due t o  external heat  applied by an ET explosion followed by e x p o s u r e  t o  

f i r e  f r o m  a n  SHB f r a g m e n t ,  a d e l u g e  s y s t e m  could be dispensed with for this 

phase of operations. 

T h e  c u r r e n t  c o n t a i n e r  c o n c e p t  a p p e a r s  t o  b e  m o r e  v u l n e r a b l e  t o  

sh rapne l  f r a g m e n t s  f r o m  t h e  ET explosion t h a n  t o  t h e  a s s o c i a t e d  h e a t  o r  

overpressure .  Workarounds for the  fragment problem can be of two types. First,  

minimize t h e  chances of t h e  f r agment -p roduc ing  explosion o c c u r r i n g ;  s e c o n d ,  

minimize the  e f fec t  of the  fragments on the  waste  container. 

T h e r e  a r e  t w o  w a y s  in which t h e  e f f e c t s  of a n  ET explosion on a 

c o n t a i n e r  in t h e  O r b i t e r  c a r g o  bay could be mitigated. The ET itself might be 

designed in such a way tha t  t h e  e f fec t s  of a blast would be d i rec ted  a w a y  f r o m  

t h e  O r b i t e r .  The  second way would involve placement of energy-absorbing and/or 

fragment-deflecting material  and s tucture  between t h e  w a s t e  c o n t a i n e r  and  t h e  

ET. Such a n  a d d i t i o n  cou ld  be made on t h e  floor of Orbiters built specially for 

t h e  nuclear waste  disposal mission - this would likely c r e a t e  less  w e i g h t  p e n a l t y  

t h a n  t r y i n g  t o  add  such  add i t iona l  s t r u c t u r e  t o  an  e x i s t i n g  g e n e r a l  purpose  

Orbiter. 

T o  e x a m i n e  ways  t o  m i n i m i z e  t h e  p r o b a b i l i t y  of an  ET explosion 

occurring, it is n e c e s s a r y  t o  d e v e l o p  O r b i t e r ,  SRB and  ET f a u l t  t r e e s .  F a u l t  

t r e e s  of t h i s  t y p e  a r e  c u r r e n t l y  under  d e v e l o p m e n t  by t h e  S p a c e  S h u t t l e  

contractor and subcontractors. 

O t h e r  s o u r c e s  of events  tha t  might lead t o  an ET explosion a r e  shown 

in Blocks 1 ,  5, and 6 .  Stringent security, similar to  t h a t  found a t  S t r a t e g i c  A i r  

C o m m a n d  s i t e s ,  would be  p ruden t .  P r o t e c t i o n  f r o m  n a t u r a l  c a u s e s  would be 

provided by procedures (no operations in high winds or when t h e y  a r e  p r e d i c t e d )  

and  by t h e  b e s t  l igh tn ing  protection tha t  could be devised. The major pad a rea  

accident to  be guarded against in Phase 2 is explosion of t h e  c r y o g e n i c  s t o r a g e  

t anks .  A workaround would be to  ensure tha t  these tanks a r e  located fa r  enough 

from t h e  pad (or shielded well enough) tha t  a worst-case, a c c i d e n t a l  b l a s t  cou ld  

not damage the  assembled Shutt le t o  the  extent  of leading to  an ET explosion. 



T h e  u l t i m a t e  workaround t o  ensure  no re lease  of w a s t e  products  would 

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

p o s s i b l e  h a z a r d  e n v i r o n m e n t  o r  c r e d i b l e  combinat ion of them. A t  this  point in 

t h e  study, i t  is not c l ea r  t h a t  t h i s  c o u l d  b e  d o n e  w i t h o u t  r e d u c i n g  t h e  w a s t e  

loading of t h e  payload below accep tab le  levels. 

5.2.3.3 Phase 3 Fault Tree 

D u r i n g  t h i s  p h a s e ,  t h e  e v e n t s  t h a t  could happen a r e  largely t h e  s a m e  

as those  in Phase  2, with two  exceptions. During a scen t  of t h e  S h u t t l e ,  i t  c o u l d  

c o l l i d e  w i t h  t h e  tower - this  would likely lead t o  an  uncontrol lable c r a sh  wi th  a 

r e s u l t a n t  tT exp los ion .  T h e  P h a s e  3 f a u l t  t r e e  is i n c l u d e d  as F i g u r e  5 - 4 2 .  

A n o t h e r  m a j o r  d i f ference  is t h a t  t h e  SRBs and SSMEs have  been ignited and t h e  

Shut t le  is moving. This  increases  t h e  number of things t h a t  c o u l d  g o  wrong .  F o r  

e x a m p l e ,  a t  c o m m a n d e d  ign i t i on  o n e  of t h e  SKBs  c o u l d  f a i l  t o  igni te  - this  

would resul t  in a large overturning momen t  and likely rup tu re  of t h e  ET ,  l e a d i n g  

t o  a n  H 2 / 0 2  explosion. The  s a m e  resul t  could be achieved by a sidewall burnout 

of an  SRB, or a malfunction of t h e  Orb i t e r  control  system. 

Un t i l  m o r e  in fo rma t ion  is avai lable about  Shu t t l e  hardware  f au l t  t rees ,  

i t  is na t  possible t o  do much in t h e  w a y  of s u g g e s t i n g  w o r k a r o u n d s .  A g a i n ,  as 

s u g g e s t e d  in t h e  d i s c u s s i o n  u n d e r  P h a s e  2 ,  p r o t e c t i o n  of t h e  was t e  conta iner  

f rom shrapnel could be  e f f e c t e d  by r edes ign  of t h e  O r b i t e r  on t h e  s i d e  f a c i n g  

t h e  ET  t o  provide f r agmen t  deflect ion and/or  energy absorption. Another  possible 

workaround would be  t o  design t h e  ET in such a manner  t h a t  t h e  e f f e c t s  of a n  

e x p l o s i o n  would  f o c u s  a w a y  f rom t h e  Orbi te r  and w a s t e  package. This  might be  

done by use of "blowout panels" incorporated in to  t h e  ET on t h e  s i d e  a w a y  f r o m  

t h e  Orbi te r .  

5.2.3.4 Phase 4 Fault Tree 

In P h a s e  4, t h e  S h u t t l e  achieves  suff icient  a l t i t ude  t h a t  an  emergency 

landing is p o s s i b l e  d u r i n g  p o r t i o n s  of  t h i s  p h a s e .  A s  a r e s u l t ,  s o m e  f a i l u r e s  

( B l o c k s  7, 8 a n d  9 of F i g u r e  5-43) could resul t  in an  a t t e m p t  at an emergency 

O r b i t e r  l a n d i n g  r a t h e r  t h a n  a n  i n e v i t a b l e  S h u t t l e  c r a s h  w i t h  t h e  r e s u l t a n t  

exp los ion .  O n e  o u t c o m e  of  a n  a t t e m p t  at a n  emergency landing is t o  c r a sh  t h e  
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O r b i t e r  (Block 13), which could lead t o  an impact failure of the  waste container 

(Block 15). A workaround tha t  migh t  lessen t h e  p r o b a b i l i t y  of a c r a s h  f r o m  a 

l o w - a l t i t u d e  a b o r t  would b e  t o  p rov ide  t h e  waste-disposal  O r b i t e r  w i t h  a 

propuls ive  c a p a b i l i t y  t h a t  would g i v e  t h e  pi lo t  a b e t t e r  c h a n c e  t o  r n a k e  a 

success fu l  e m e r g e n c y  landing.  This  propulsive capability could consist of small 

auxiliary rocket motors designed for operation in t h e  a tmosphere  and  using OMS 

fuel .  They  cou ld  b e  des igned  t o  b e  j e t t i s o n e d  once a "safe" a l t i tude had been 

reached. An a l ternat ive  approach would b e  t o  p rov ide  a s y s t e m  f o r  e m e r g e n c y  

ejection of the  payload. 

Block 6 ,  Coll is ion with ~ > r c r a f t ,  is a low-probability event since every 

effor t  will be made t o  keep a i rcraf t  from intruding into t h e  launch a r e a  d u r i n g  

a l a u n c h .  S i n c e  s u c h  a co l l i s ion  would be  highly  l ike ly  t o  lead t o  an  E T  

explosion, however, it is suggested tha t  a system be implemented t h a t  s c a n s  t h e  

s u r r o u n d i n g  a i r s p a c e ,  p r o j e c t s  a n y  v e c t o r s  w i t h  a r e a s o n a b l e  p r o b a b i l i t y  of 

intruding into t h e  launch zone, and automatically holds t h e  countdown unt i l  s u c h  

t ime  a s  the potential danger is past. 

D u r i n g  th i s  phase ,  t h e  d a n g e r  f r o m  a n  ET explosion could  be most 

severe. Although some of t h e  c r y o g e n i c  f u e l  h a s  been  used up,  t h e  e x p l o s i v e  

yie ld  of t h e  r e m a i n i n g  fue l  and  ox id ize r  cou ld  b e  greater  than for an  on-pad 

failure if t h e  v e h i c l e  nosed o v e r  and  power  d ived  i n t o  t h e  g round  o r  o c e a n .  

Again  a poss ible  workaround t o  avoid exposing the  waste  container to  the  worst 

of such an explosion would be  to  use an ejection system t h a t  would be  a r m e d  a t  

l i f t -off  and  would b e  a c t i v a t e d  if the  Orbi ter  a t t i tude  should exceed tolerances 

tha t  would be precursors of a powered crash. 

5.2.3.5 Phase 5 Fault Tree  

T h e  fau l  t t r e e  f o r  P h a s e  5 is g iven  in F i g u r e  5-44. The only major 

change b e t w e e n  t h i s  p h a s e  and  P h a s e  4 is t h e  h a z a r d  i n t r o d u c e d  i f  a n  SRB 

doesn ' t  s e p a r a t e  when i t  is supposed t o  (Block 8). If this happens, t h e  Orbiter  

should be separated and an emergency landing a t t e m p t e d .  S i n c e  t h e  e m e r g e n c y  

landing a t t e m p t  would b e  i n i t i a t e d  f r o m  a higher a l t i tude than in Phase  4, i t s  

p robab i l i ty  of s u c c e s s  could  be  e x p e c t e d  t o  b e  h i g h e r .  U s e  of a u x i l i a r y  

propuls ion u n i t s  ( a s  d i scussed  in P h a s e  4 )  could i n c r e a s e  t h i s  prcbabi l i  ty of 

success .  
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5.2.3.6 Phase 6 Fault Tree 

T h e  m o s t  i m m e d i a t e  p a t h  t o  r e l e a s e  of  w a s t e  in t h i s  p h a s e  is a n  

Orb i t e r  exp los ion  (Box I I o f  F i g u r e  5-45)  t h a t  p r o d u c e s  s h r a p n e l  (Box  6 )  o f  

s u f f i c i e n t  e n e r g y  t o  p e n e t r a t e  t h e  w a s t e  conta iner  (Box 14). No  analyses have  

been done  t o  predic t  w h a t  t h e  l i ke l ihood  of  s u c h  a n  i n c i d e n t  wou ld  be. I t  is 

b e l i e v e d  t h a t  all o t h e r  p a t h s  in t h i s  t r e e  a r e  less likely t o  occu r  than  t h e  o n e  

just described. 

5.2.3.7 Phase 7 Fault Tree 

In t h i s  p h a s e ,  s i n c e  t h e  Orb i t e r  wi th  t h e  w a s t e  package  is in a s t a b l e  

orbi t ,  t h e r e  a r e  only t w o  things t h a t  can  g o  wrong ( s e e  F i g u r e  5-46). F i r s t  t h e  

O r b i t e r  c o u l d  b e  s t r a n d e d  in o r b i t ,  u n a b l e  t o  m a n e u v e r  (B lock  5). T h i s  is 

considered highly unlikely, but  if i t  happened t h e  w a s t e  package  could e v e n t u a l l y  

b r e a c h  d u e  to h e a t  and  pressure buildup (Block 9). Another  unlikely e v e n t  t ~ o u l d  

be  explosion o t  t h e  Orb i t e r  (Block 7). If this  h a p p e n e d ,  t h e  c o n t a i n e r  m i g h t  b e  

r u p t u r e d  (B lock  101, b u t  it wou ld  still b e  in its r e e n t r y  s h i e l d ,  m a k i n g  t h e  

probability of rup tu re  q u i t e  low. 

In case of r e e n t r y  of  e i t h e r  t h e  c o n t a i n e r  a f t e r  an explosion, o r  t h e  

Orb i t e r  a f t e r  orbi tal  decay,  even t s  in Boxes 1 ,  3, a n d  I I c o u l d  o c c u r ,  all w i t h  

p o t e n t i a l  for re lease  of waste.  The  obvious workaround t o  prevent  r een t ry  of t h e  

w a s t e  package  is a r e scue  vehicle t h a t  could r e t r i e v e  t h e  c o n t a i n e r  a n d  r e t u r n  

i t  s a f e l y  t o  E a r t h .  T h e  package  could also be  p ro t ec t ed  f rom a n  explosion by a 

s h i e l d  b e t w e e n  t h e  O M S  f u e l  a n d  o x i d i z e r  a n d  t h e  w a s t e  c o n t a i n e r  if t h e  

probability of such a n  even t  w e r e  non-negligible. 

5.2.3.8 Phase 8 Fault Tree 

T h e r e  a r e  c l o s e  t o  100 s e p a r a t e  p a t h s  p o s s i b l e  in t h e  P h a s e  8 f a u l t  

t r e e  (included as F i g u r e  5-47). A n a l y s i s  of  t h e  d i a g r a m  s h o w s  t h a t .  t h e  m o s t  

s ignif icant  pa ths  a r e  t h e  following: 1-27, 6-1 1-28, and 2-27. 
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Paths 1-27 and 2-27. I f  the Orb i ter  or OTV should explode in the 

vicinity of the waste container, there is a chance of immediate breaching of the 

waste container due to  shrapnel puncturing it wi th a resultant release of t ~as te  

products. Obvious workarounds are to make these vehicles as explosion-proof as 

possible. Since this is l i ke ly  t o  be a design requirement i n  any event, the 

concern is with explosions that might  occur despite design ef for ts.  The waste 

container probably could be designed to withstand an Orbiter or OTV explosion. 

This is an area in which further analysis and trade-offs are needed. 

In  case o f  a breach in orbit (Box 27), a special purpose rescue vehicle 

could be used to attempt to recover the ruptured container in order t o  min imize 

the effects of the breach. 

P a t h  6 - 1  1-28. T h i s  p a t h  r e q u i r e s  t h a t  t h e  c o r n b i n a t i o n  

OTV/SOIS/container package does not check out a f t e r  i t  has been assembled in  

orb i t  - and that  undocking of the container cannot be effected. There are several 

workarounds that could be at tempted i n  the case of a reca lc i t rant  undocking 

at tempt.  t i rs t ,  a manual backup undocking mode could be designed into the 

mechanism and could be actuated by an EVA. Second, a bru te  force technique 

involv ing an EVA w i t h  a cu t t i ng  torch or bolt cutters could be effective. The 

objective t ~ o v l d  be to release the container so that it could be recaptured by i t s  

Orbi ter  or by a rescue vehicle before i t  re-entered wi th potentially disastrous 

effect. 

5.2.3.9 Phase 9 Fault Tree 

L i k e  the Phase 8 f au l t  tree, Phase 9 has a mul t i tude of paths as 

shown in Figure 5-48. Examination ot the tree shows that  the ones o f  greatest 

concern are: 1-29 and 1 -  14-24-30. 

Path  1-29. Path  1-29 is the same as Path  2-27 i n  Phase 8, and is 

discussed there. 

Path  1 -  14-24-30. I f  the OTV explodes and the waste container is not 

ruptured, but driven Earthwards so that neither an on-orbit Orbiter nor a rescue 

vehicle could re t r ieve it, it would re-enter and likely burn up since the reentry 





shie ld has been removed i n  a previous operation. This would scat ter  waste 

products in the upper atmosphere. 

The best workaround would be one that rendered the probability of an 

OTV explosion negligible. An approach to  th is would be t o  design the OTV so 

that  the chance o f  hydrogen and oxygen mixing in space in flammable amounts 

was negligible. Design and procedures should be such as to ensure that  no sparks 

occur during and after docking. An alternative approach would be to add a layer 

of non-reusable thermal protection (e.g., an ablat ive) to  the container t o  a l low 

it to survive an inadvertent reentry. 

5.2.3.10 Phase 10 Fault Tree 

A l l  possible paths in  this fau l t  t ree (Figure 5-49) are o f  the same 

length: I given 2, 3; 1 given 2, 4; and I given 2, 5. The second path  i s  the 

one most l i ke ly  t o  occur, however, since the reentry shield has been removed 

f r om  the waste container pr io r  to  the OTV burn. In any event ,  t h e  m o s t  

e f fec t i ve  (and least costly) place to ottack these potential problems is in Block 

2. 

At tempts  should be made to make the primary OTV release mechanism 

as re l iable as possibie. I n  add i t i on ,  a poss ib le  wo rka round  wou ld  be t o  

incorporate a backup release mechanism that  could be activated in case the 

primary mechanism jammed. 

The highly e l l i p t i ca l  orb i t  o f  the payload at this point in the mission 

should provide enough lifetime to permit several rescue attempts. A workaround 

for  Block 4 would be the addit ion o f  thermal  protect ion to the container, as 

discussed under Phase 9. 

5.2.3.1 1 Phase I I Fault Tree 

In  this phase o f  operations, only one th ing can go wrong: the SOIS 

malfunctions as i t  attempts to circularize the final disposal orbit a t  0.86 a.u. I t  

can fa i l  t o  ignite, burn i n  the wrong direction or burn for the wrong length of 

time (see Figure 5-50). The first workaround for any of these condit ions (Boxes 

1 ,  2 and 3) is to  a t t emp t  a rescue mission to: ( I )  retrieve the waste package, 

or (2) correct the orbit ot the package. The most crit ical event would be one i n  
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w h i c h  t h e  SOIS would  b u r n  in such a fashion as t o  p lace  t h e  was t e  package  on 

an immedia te  Ea r th  r een t ry  t rajectory.  In th is  case, t h e r e  might  only b e  t i m e  t o  

a t t e m p t  o n e  r e s c u e  miss ion .  In all o t h e r  cases, t h e r e  would be ample  t i m e  t o  

a t t e m p t  numerous rescues. 

E v e n t  6 is m o s t  l i k e l y  t o  h a p p e n  in case of a r e e n t r y  s i n c e  t h e  

container  will h a v e  b e e n  r e m o v e d  f r o m  its r e e n t r y  s h i e l d  p r i o r  to  k i c k s t a g e  

f i r i n g .  Aga in ,  a p o s s i b l e  worka round  would be  t o  design t h e  was t e  conta iner  t o  

w i t h s t a n d  r e e n t r y ,  as d i s c u s s e d  in  P h a s e  9. B e c a u s e  of t h e  g r e a t e r  r e e n t r y  

v e l o c i t y  f o r  r e t u r n  f r o m  he l iocen t r i c  orb i t  as compared  t o  low E a r t h  orbi t ,  t h e  

amount of pro tec t ion  required would be  g r e a t e r  a n d  m i g h t  s i g n i f i c a n t l y  r e d u c e  . 

t h e  a m o u n t  o f  w a s t e  t h a t  c o u l d  b e  c a r r i e d .  S i n c e  E a r t h  r e e n t r y  f r o m  

heliocentr ic  orbi t  is a highly unlikely event ,  trade-off analyses a r e  needed here. 

5.2.3.12 Phase 12 Fault Tree 

T h e r e  is l i t t l e  known a t  t h e  present  t i m e  about  how well a conta iner  

could resis t  being breached eventual ly by exposure t o  t h e  s p a c e  e n v i r o n m e n t  a t  

0.86 a.u. f o r  m i l l i o n s  o f  y e a r s .  B lock  5 o f  F i g u r e  5-51, E f f e c t  of Waste on 

Conta iner ,  might  be  t h e  one  event  in th is  phase m o s t  a m e n a b l e  t o  w o r k a r o u n d s  

t o  a m e l i o r a t e  t h e  e f f e c t s  of possible chemical ,  h e a t  and pressure reac t ions  over  

long periods of t i m e .  E v e n  if b r e a c h i n g  of t h e  c o n t a i n e r  shou ld  o c c u r ,  i t  is 

e x p e c t e d  t h a t  a n y  escaping  part icles  would b e  swept  o u t  of t h e  solar  sys tem by 

t h e  solar wind. 
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5.3 System Modi f ica t ion Requirements 

As the design o f  a system for disposing of nuclear waste in  space 

matures, modifications to enhance the safety, e f f ic iency and economy of  the 

disposal system w i I l be advanced and considered. This section summarizes some 

proposed modifications that are suggested as a result o f  def ining and analyzing 

the baseline waste disposal mission and its associated hardware and operations. 

These proposed modifications need to be investigated in more detail i n  fol low-on 

act iv i t ies  to determine their efficacy and applicability. The discussion of possible 

modifications has been divided in to  subsections dealing w i t h  ground, payload, 

Shuttle and upper stage systems. 

5.3.1 Ground Systems 

Ground systems include the NPPF, ground transporter and the route it 

travels from the NPPF to t,he launch pad. A number of design considerations for  

the NPPF have been ident i f ied  as being c r i t i ca l  from a safety point of view. 

These i ncl ude: 

Establishing the NPPF in a secure area in order to protect against 

sabotage and other intrusive acts 

Provid ing the NPPF with adequate radiation containment, including 

portable shields i f  necessary 

Keeping fuels/oxidizers isolated from the container storage area 

P r o v i d i n g  adequate, redundan t  r a d i a t i o n  and t e m p e r a t u r e  

monitoring devices 

Provid ing al ternative cooling equipment and independent emergency 

power supplies for them in case of primary power failure 

Provid ing rapid and redundant access to the NPPF for firefighting 

equipment 

Minimizing payload handling heights within the NPPF 

Eliminating sharp appendages from all areas through which or over 

which a payload might be moved. 

The ground transporter required to  move the nuclear waste payload 

f rom the NPPF to  the launch complex area should be designed t o  minimize 

chance of breakdown during transit (e.g., redundant t ires, backup pr ime motor). 



It should a l s o  be  bu i l t  t o  inc lude  r e d u n d a n t  payload coo l ing  s y s t e m s  and be 

accompanied on i ts  loaded  t r i p s  by f i r e f i g h t i n g  e q u i p m e n t  and  personnel .  All 

r e a s o n a b l e  c a r e  should b e  t a k e n  t o  el iminate any grade-level railroad crossings 

along i ts  route. If this is not possible, posi t ive  p r o c e d u r e s  should be d e v e l o p e d  

t o  g u a r a n t e e  no movement of rail t r a f f i c  in the  vicinity of the  transporter route  

while it is carrying a waste  payload. 

O n c e  t h e  payload has  r e a c h e d  t h e  launch c o m p l e x ,  p r o c e d u r e s  and 

equipment must be such tha t  t h e  payload has negligible chance of being d ropped  

whi le  being t r a n s f e r r e d  from its  transporter t o  the  PCR. As an added factor  of 

safe ty ,  the  a rea  to  which the  payload might fall should b e  c l e a r e d  of a l l  s h a r p  

appendages. 

B o t h  s t a n d a r d  and  non-s tandard reen t ry  shields should be available a t  

t h e  launch s i t e  in c a s e  a r e s c u e  miss ion is n e e d e d  t o  r e c o v e r  a n  unsh ie lded  

payload f r o m  orb i t .  An overs ized ,  non-s tandard  shield could be needed in t h e  

case  of a payload container tha t  was deformed due t o  an accident. 

A f ina l  ground s y s t e m  c o n s i d e r a t i o n  is the  location of the  NPPF ond 

launch c o m p l e x  f o r  t h e  n u c l e a r  w a s t e  mission.  Al thouc~h  t h e  l ikel ihood of a 

launch s i t e  c a t a s t r o p h i c  f a i l u r e  is d e e m e d  t o  b e  very small, there  is a finite 

possibility tha t  such an accident could contaminate significant a r e a s  of KSC c n d  

p u t  our  na t ion ' s  space- launch  p rogram in s e r i o u s  jeopardy.  Thus,  s ignif icant  

e f f o r t  should be devoted t o  dealing with t h e  questions of launch and  NPPF s i t e  

selection. 

5.3.2 Payload Systems 

A s  d e s c r i b e d  in S e c t i o n  3.4.3, t h e  b a s e l i n e  p a y l o a d  s y s t e m  is 

potentially vu lnerab le  t o  i n a d v e r t e n t  r e e n t r y  and  S h u t t l e  explosion f r a g m e n t  

e n v i r o n m e n t s .  In addit ion,  i t  is called upon t o  perform a complicated automated 

maneuver in low Earth orbit - removing t h e  rear of the  reentry sys tem,  using a 

m a n i p u l a t o r  a r m  t o  ex t rac t  the payload from t h e  reentry  system, then replacing 

the  rear of t h e  r e e n t r y  s y s t e m .  Th is  por t ion  of t h e  pay load  s y s t e m  m u s t  b e  

des igned  t o  ensure tha t  the  payload will not  hang up during the  process of being 

wi thdrawn f r o m  t h e  r e e n t r y  s y s t e m .  F o r  e x a m p l e ,  in S e c t i o n  5.2.3.8, t h e  

poss ibi l i ty  of t h e  OTV/SOIS/con ta iner  p a c k a g e  n o t  c h e c k i n g  out a f t e r  orbital 

assembly combined with an inability t o  undock f rom t h e  OTV is d i scussed .  Th is  



s i t u a t i o n  c o u l d  l e a d  t o  i n a d v e r t e n t  r e e n t r y  of  t h e  en t i r e  OTV/SOIS/container. 

Inclusion of a backup undocking mode invo lv ing  EVA o r  p y r o t e c h n i c  d e v i c e s  i s  

r e c o m m e n d e d  for  considerat ion,  and is typical of t h e  types  of backup approaches  

t h a t  need t o  be cons idered  in t h e  f ina l  d e s i g n  of  t h e  a u t o m a t e d  d o c k i n g  a n d  

assembly sequence. 

A s  i n d i c a t e d  in  S e c t i o n  6 ,  u p p e r  a tmosphe re  re lease  of nuclear  was t e  

due t o  inadver tent  r een t ry  of an  unprotec ted  w a s t e  conta iner  c o u l d  h a v e  s e r i o u s  

e n v i r o n m e n t a l  e f f e c t s .  T h e  r e e n t r y  t h e r m a l  analysis  (Section 3.4.3.2) indica tes  

t h a t  t h e  unprotec ted  conta iner  is not  likely t o  survive r een t ry  without  b r e a c h i n g .  

I t  is p o s s i b l e  t h a t  t h e  c o n t a i n e r  c o u l d  e a s i l y  s u r v i v e  r e e n t r y  burnup if s o m e  

reent ry  pro tec t ion  w e r e  added t o  t h e  conta iner  wall. This  p r o t e c t i o n  m i g h t  t a k e  

t h e  f o r m  o f  a l a y e r  o f  n o n - r e u s a b l e  ma te r i a l  such as insulation o r  an ab la t ive  

covering t h e  outside o t  t h e  c o n t a i n e r .  U s e  of  a n o n - r e u s a b l e  m a t e r i a l  c a n  b e  

c o n s i d e r e d  d u e  t o  t h e  expected  low probabil i ty of inadver tent  r een t ry  and might  

not add excessive weight  t o  t h e  p a y l o a d .  T h e r m a l  p r o b l e m s  ( h e a t  t r a n s f e r  t o  

outside) wi th  an insulated conta iner  would have t o  be  analyzed and designed for. 

Another  approach of minimizing t h e  c h a n c e  f o r  r e l e a s e  is t o  s e l e c t  a 

w a s t e  f o r m  t h a t  wil l  r e s i s t  d ispers ion  and/or  minimize t h e  amount  of inhalable 

par t ic les  produced in a n  a c c i d e n t  e n v i r o n m e n t .  T h i s  wi l l  b e  a m a j o r  p a y l o a d  

d e s i g n  c h o i c e  a n d  will  i n f l u e n c e  t h e  f e a s i b i l i  t y l d e s i r a b i l i  t y  of o the r  possible 

modif icat ions such as t h e  addition of additional r e e n t r y  p r o t e c t i o n  as d e s c r i b e d  

above. 

5.3.3 Space Shuttle Systems 

T h e r e  a r e  s e v e r a l  s ign i f i can t  modif icat ions t h a t  may  need t o  be  m a d e  

t o  t h e  Space  Shu t t l e  sys t em t o  dec rease  t h e  h a z a r d s  a s s o c i a t e d  w i t h  t h e  b o o s t  

p h a s e  of  p l a c i n g  n u c l e a r  w a s t e  p a y l a o d s  i n t o  space. These modificat ions could 

probably bes t  be  car r ied  o u t  on Shu t t l e  vehic les  d e s i g n e d  a n d  b u i l t  s p e c i f i c a l l y  

f o r  t h e  n u c l e a r  w a s t e  d i sposa l  mi s s ion ,  b u t  t h e  cu r ren t  line of Shut t les  could 

probably be  modified, through t h e  use of removable kits,  t o  supply t h e  a d d i t i o n a l  

protect ion.  

O n e  p o t e n t i a l  m o d i f i c a t i o n  is p l a c e m e n t  o f  a n  e n e r g y  and f r agmen t  

absorbing shield be tween t h e  payload and t h e  l ikely l o c u s  of t h e  E x t e r n a l  T a n k  

exp los ion .  S e c t i o n  3.4.3.1 of  t h i s  r e p o r t  i n d i c a t e s  t h a t  t h e  b a s e l i n e  payload 



design is cur rent ly  vulnerable t o  such an explosion occurring on the ground. A 

shield could have the e f f ec t  of. slowing down or s topp ing  t he  high-speed 

fragments. Design studies are required to determine the optimum configuration 

and materials of a shield that would be both performance and weight effective. 

Present ly  ant ic ipated licensing requirements mcy require that  the 

payload demonstrate accident environment survival w i t h o u t  c r e d i t  due t o  

environment mi t igat ion by the presence of  the Orbiter. In this case, the energy 

and fragment absorbing shielding would have to be added t o  the payload rather 

than the Orbiter. 

Another possible modification would be the proposed incorporation of a 

payload ejection device, that would eject  the nuclear waste package f rom the 

Shutt le Orb i ter  bay prior to a catastrophic event. The sensor system for such a 

payload ejection system could be either a tilt or rate sensor that would compare 

a c t u a l  veh ic le  angles or angular rates w i t h  those commanded, and require 

pay io~d  ejection i f  preset limits were exceeded. Some detai ls of this approach, 

such as required eject ion ve loc i ty  and waste package stabi l i ty, and impact 

conditions, have been examined. However, additional details such as the eject ion 

distance needed for payload safety, speed of response required and design of the 

actual payload expulsion system to meet these needs are tasks that  should be 

investigated i n  the follow-on to  this study. Again, a weight penalty would be 

involved and would have to be evaluated in terms of the overall mission and the 

additional cost involved. 

5.3.4 Upper Stage Systems 

The upper stages (OTV and SOIS) envisioned for  the nuclear waste 

disposal mission remain conceptual a t  th is point i n  time. It is appropriate, 

however, to suggest that they exhibit certain safety features including: 

M u l t i p l e  redundant  commun ica t i ons  a n d  c o n t r o l  s y s t e m s  

(particularly on the SOIS) 

Communications l inks that  would permi t  remote manual control 

and operation o f  upper stages in cases where checkout shows a 

problem exists, or there, is reason to doubt the abil ity of a stage 

to function properly in the automatic mode 



e A sys tem t o  m o n i t o r  the OTV in ject ion burn and detect  and 

terminate grossly misdirected burns. 

The need for  a rescue vehicle has also been identified. This would be 

an upper stage (possibly a modi f ied OTV) that  could be used to  re t r i eve  the 

waste payload in  case o f  an accident or malfunction in low Earth or transfer 

orbit. Such a vehicle would have to  be able t o  rendezvous and dock w i t h  a 

payload that  possibly has been deformed by a coll ision or explosion. It might 

have to  capture a payload w i t h  par t  or a l l  o f  i t s  reent ry  system (or other 

debris) adhering t o  it. A t  present, the requirements for a rescue vehicle and its 

associated equipment and capabilities have not been fu l l y  delineated. This is a 

task that  should be done in  a later  phase o f  the t o t a l  e f for t .  In the end, a 

manned rescue vehicle may be decided upon because of the need for  cer ta in  

operations that  could most re l iab ly  be performed by a manned EVA (such as 

detaching a payload f rom a misfunct ioning OTV tha t  w i l l  not automat ica l ly  

release the payload). 
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6.0 ENVIRONMENTAL IMPACT ASSESSMENT 

The purpose of this environmental impact  assessment o f  the nuclear 

waste disposal i n  space program was to  concentrate on those c r i t i ca l  areas 

identified during a previous e f fo r t .  The speci f ic  object ive o f  the current  

assessment was to  study, i n  more detail, the health consequences posed by two 

accidents which are believed to  be potent ia l ly  the most hazardous and t o  

ident i fy  how adverse consequences might  be mitigated and/or eliminated. The 

two major accidents t reated here are: ( I )  the on- or near-pad catastrophic 

Space Shutt le fa i lu re  w i t h  a breach of defense nuclear waste containment, and 

( 2 )  the reentry and upper atmospheric burnup of a defense waste pay load.  

Analysis was performed for both Savannah River and Hanford waste, assuming 

the baseline given in Section 2.0 and radionuclide data provided i n  Tables 3-5 

and 3-6. Radionuclide data for Idaho are unavailable at the present time. 

An in-depth "credible" environmental assessment o f  t h e  base l ine  

disposal concept is not  possible until more work is done related to  the response 

of designed containment systems to various accident environments. However, the 

analysis presented here, concerning the two accidents chosen for study, should 

be useful in choosing among containment designs and concepts, waste forms, and 

operational procedures. 

The f o l l o w i n g  sec t ions  describe the work that  was accomplished 

concerning the environmental impact  assessment o f  both the on- or near-pad 

Space Shutt le fa i lu re  and the high-alt i tude atmospheric burnup of a defense 

nuclear waste payload. 



6.1 On- or Near-Pad Catastrophic Space Shuttle Failure 
w i t h  Release o f  Defense Nuclear Waste Material 

The on- or near-pad catastrophic Space Shuttle failure could result i n  

the release o f  defense nuclear waste (see Section 5.0). The purpose of  th is 

sect ion is t o  provide an assessment of the impact of such an accident on human 

health. The assessment presented here is based upon the use of the NASAIMSFC 

Mul t i layer  D i f fus ion Model (6-2) t o  provide time-integrated doses to individuals 

downwind from the event and BNWL's DACRIN Code (6-3), which provided the 

dose factors. Other principal assumptions, upon which human health effects were 

based, are summarized as follows: 

a A l l  o f  the Space Shutt le sol id propel lant is consumed. The burn 

time for the Shuttle solid propellant is assumed t o  be 450 seconds 

(see Section 5.1.1.2). 

a A release o f  55 kg  o f  defense nuclear waste is assumed for the 

purposes of the calculation ( Q  I %  of  the 5500-kg waste for  each 

payload). This est imate is considered conservctive based upon the 

design features of the protection systems. However, heal th e f fec ts  

results are presented parametrically for 1, 10 and 100?6 releases. 

a Isotopic compositions employed f o r  t h e  Savannah R i v e r  and 

Hanford defense wastes are those shown i n  Tables 3-5 and 3-6 

(see Section 3.2.2). 

a Three d i f fe ren t  meteorologies have been assumed: Sea Breeze, 

Fall and Spring. (6-4) 

a The a c t i v i t y  med ian  aerodynamic diameters (AMAD) for  the 

radioactive particles were chosen as 0.2, 1.0 and 5..0 P m. 

The area used t o  calculate the population dose i s  l imited to 100 

km from the ~ k n n e d ~  Space Center, Florida, launch pad (Launch 

Complex 37). ~ o ~ u l a t i o n  data were obtained from Keference 6-5. 

Dose contributions outside this area are neglected. 

a 70-year dose c o m m i t m e n t s  were calculated based upon only 

inhalation of particulate matter. External doses due t o  submersion 

i n  contaminated a i r  and radiat ion f rom part ic les deposited on 

environmental surfaces were ignored. 

a Inhalat ion o f  resuspended part icles and ingestion of contaminated 

food and water was ignored. 



a H e a l t h  r i s k  f a c t o r s  a r e  b a s e d  upon t h o s e  used in t h e  D r a f t  

Environmental lmpact S ta tement  for Management of C o m m e r c i a l l y  

Generated Radioactive Waste. (6-6) 

Organs assumed in t h e  c a l c u l a t i o n s  inc lude  t o t a l  body, k idneys ,  

liver, bone, lungs and thyroid. 

6.1.1 Model D e s c r i ~ t i o n s  

T h r e e  d i f f e r e n t  c o m p u t e r  c o d e s  h a v e  been  used t o  c a l c u l a t e  t h e  

consequences of an  on- or  near-pad c a t a s t r o p h i c  S p a c e  S h u t t l e  fa i lu re :  t h e  

NASA/MSFC Mul ti1 ayer Diffusion ~ o d e l ( ~ - * ) ,  D A C R I N ( ~ - ~ ) ,  and an in-house code 

which combines outputs from t h e  MSFC c o d e  and DACRIN. T h e  f i r s t  t w o  a r e  

described below. The last is described in Appendix F. 

6.1.1.1 T h e  NASAIMSFC Mul ti l a y e r  Di f fus ion  Model 

T h e  NASAIMSFC Mul t i l ayer  Diffus ion Model, (6-2) has been employed 

extensively by NASA and t h e  USAF t o  p red ic t  t h e  downwind c o n c e n t r a t i o n s  of 

p o t e n t i a l l y  t o x i c  r o c k e t  exhaust effluents (e.g., HCI and A1 0 1. Predictions for 
2 3 

ground level concentrations as  a result of normal launches of existing e x p e n d a b l e  

launch veh ic les  (e.g., D e l t a  and  T i t a n  Ill) have been compared t o  ground-based 

measurements and found to  be somewhat conserva t ive  (i.e., model o v e r p r e d i c t s  

by a f a c t o r  of 2 o r  more) .  T h e  r e c e n t  S p a c e  S h u t t l e  Program Environmental 

I m p a c t  S t a t e m e n t  (6-7) a l so  employed  t h i s  mode l ,  exc lus ive ly .  A l t h o u g h  n o  

e f f l u e n t  m e a s u r e m e n t s  a r e  a v a i l a b l e  f o r  on-pad catastrophic failures of launch 

vehicles, the  mode ls  deve loped  t o  hand le  t h e s e  s c e n a r i o s  a r e  be l i eved  t o  be  

a d e q u a t e .  T h e  reader  is referred t o  Reference 6-2 for the use of Model Number 

3 and  discuss ion of t h e  on-pad slow burn s c e n a r i o .  T h e  m o s t  r e c e n t  S p a c e  

S h u t t l e  on-board propel lant  da ta  were  employed and the  slow burn was assumed 

to  occur over 7.5 minutes, or 450 seconds (see Section 5.1.1.21, a s  c o m p a r e d  t o  

a v a l u e  of 5 m i n u t e s ,  o r  300 seconds, tha t  was used previously. Also, since t h e  

Space Shutt le SRB propellant combustion a p p e a r s  t o  p rov ide  t h e  w o r s t  t h e r m a l  

e n v i r o n m e n t ,  t h e  s h o r t - t e r m  hydrogen/oxygen fireball  (duration, N I0 seconds) 

was ignored as a carrier  of waste particles in t h e  di f fus ion model .  I f  w a s t e  is 

t o  b e  r e l e a s e d ,  i t  is l ikely t h a t  t h e  longer t e r m  solid p rope l lan t  f i r e  will 



c o n t r i b u t e  t o  t h e  b reach  o f  c o n t a i n m e n t  and prov ide the a i r  transport 

mechanism for  the waste material .  (See Section 5.1.1 for  Shut t le acc iden t  

environments.) 

The MSFC Mult i layer Diffusion Model (MLDM) was modified to provide 

concentration and t ime- integrated concentrat ion data for  the nuclear waste 

mater ia l  out t o  a distance o f  100 km. For  the purposes of the calculations it 

was assumed that a 55 kg of waste ( I %  of  5500 kg) would be released. Three 

previously used meteorological cases (Spring, Fal l ,  and Sea Breeze) (6-4) were 

employed to estimate individual and population dose data. 

The peak downwind waste concentrat ions for any waste m ix  as a 

function of meteorological conditions and distance f rom the launch pad are 

shown in  Table 6-1. Table 6-2 provides the peak downwind waste time-integrated 

concentrations also as a function of meteorology and distance f rom the launch 

pad. F i gu res  6-1  t h rough  6 - 3  d i sp l ay  i s o p l e t h  d a t a  for  t ime- integrated 
3 

concentrations (in llg-s/m ) as a result  o f  nuclear waste released during the 

three meteorology cases. Also shown i n  the f igures are populat ion data, as 

provided by Reference 6-5. When the t ime- integrated concentrat ion data are  

combined w i t h  population data, assuming on average inhalation rate of 2.3 15 E-4 
3 3 

rn Isec ( 23  m /day), a population dose in terms of ug-man results., Appendix F 

describes this procedure. The above data when combined with dose factors for 

the various organs, pa r t i c le  sizes, and waste mixes o f  interest,  provide the 

population dosage data in terms o f  man-rems (see following discussions). 



TABLE 6-1. PEAK DOWNWIND INSTANTANEOUS CONCENTRATIONS 
OF NUCLEAR WASTE AS A FUNCTION OF DISTANCE 

- - - - - -  Meteorological Case - - - - - 
Distance. km Fall Spring Sea Breeze 

NO 1 E: Based on 55-kg release of waste. 

TABLE 6-2. PEAK DOWNWIND TIME-INTEGRATED CONCENTRATIONS 
OF NUCLEAR WASTE AS A FUNCTION OF DISTANCE 

- - - - - -  Meteorological Case - - - - - 
Distance, km Fall Spring Sea Breeze 

- - - - - - - -  3 
ug-S/rn - - - - - - - - 

5 23.4 0.06 12.29 
10 123.2 43.9 6.73 
15 85.4 92.5 4.57 
20 63.6 100.3 3.52 

, 3 0 42.1 78.8 2.40 
40 31.4 58.6 1.82 
5 0 25.0 46.1 1.46 
60 20.8 38.0 1.22 
7 0 17.8 32.3 1.05 
80 15.6 28.1 0.92 
90 13.8 23.7 0.81 

1 00 12.0 20.3 0.72 

NOTE: Based on 55-kg release of waste. 
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6.1.1.2 DACRiN Model and Dose Factors 

T h e  D A C K I N  c o m p u t e r  p r o g r a m  (6-3), p e r m i t s  r a p i d  a n d  c o n s i s t  e n  t 

e s t i m a t e s  of  t h e  e f f e c t i v e  r a d i a t i o n  d o s e  t o  t h e  h u m a n  respi ra tory  t r a c t  and 

o ther  organs resulting f rom t h e  inhalation of r a d i o a c t i v e  a e r o s o l s .  T h e  p r o g r a m  

is a n  o u t g r o w t h  of t h e  development of a ma themat i ca l  model for  t h e  organ dose  

following t h e  basic p recep t s  of t h e  ICRP Task Group on Lung D y n a m i c s  (6-8) a n d  

a simple exponential model for  re ten t ion  by an  organ of interest .  

T h e  p r o g r a m  c a l c u l a t e s  t h e  e f f e c t i v e  r a d i a t i o n  d o s e  t o  a n y  o f  2 3  
( 

o r g a n s  and  t i s s u e s  f r o m  i n h a l a t i o n  of  a n y  o n e  or  combination of radionuclides 

c o n s i d e r e d  by t h e  I C R P  ( s e e  T a b l e  6-3). A m a x i m u m  of 10 o r g a n s  c a n  b e  

s e l e c t e d  f o r  a n y  o n e  case (run). In addition, up t o  f ive  mult iple in take  in terva ls  

and 10 t i m e  intervals  measured  f rom t h e  last  in take ,  m a y  b e  s e l e c t e d  f o r '  e a c h  

case. O r g a n  d o s e s  f rom inhalation a r e  ca lcula ted  by specifying t h e  quant i ty  of a 

radionuclide inhaled. 

TABLE 6-3. DACRIN ORGAN LIST 

Total  Body 
Body Water  
Kidneys 
Liver 
Spleen 
Bone 
F a t  
Lungs 

Organs Included in DACRIN 

Adrenals  Panc reas  
Tes t e s  H e a r t  
Ovaries  , G.I. T r a c t  
Skin Stomach 
Brain Sm.all Intest ine 
Muscle Upper La rge  Intest ine 
P r o s t r a t e  Lower La rge  Intest ine 
Thyroid 

T h e  model of t h e  respiratory t r a c t  adopted  by t h e  Task Group  on  Lung  

D y n a m i c s  f o r m s  t h e  g e n e r a l  b a s i s  f o r  t h e  m a t h e m a t i c a l  models  developed t o  

ca l cu la t e  t h e  dose f rom t h e  inhalation of r a d i o n u c l i d e s .  (6-8) In t h i s  m o d e l ,  t h e  

r e s p i r a t o r y  t r a c t  is d i v i d e d  i n t o  t h r e e  r e g i o n s ,  t h e  n a s o p h a r y n g e a l  (NP), t h e  

t racheobronchial  (TB), and t h e  pulmonary  (P). T h e  s c h e m a t i c  r e p r e s e n t a t i o n  of 

t h e  r e s p i r a t o r y  t r a c t  u sed  in t h e  d e v e l o p m e n t  of t h e  mathemat ica l  model for  

t h e  deposition and c l e a r a n c e  of i n h a l e d  r a d i o n u c l i d e s  is s h o w n  in F i g u r e  6-4. 

D e p o s i t i o n  i n t o  e a c h  region  is assumed t o  va ry  wi th  t h e  aerodynamic  propert ies  

of  t h e  aerosol distr ibut ion and is described by t h e  t h r e e  p a r a m e t e r s  D D4, a n d  3' 



Source:' Reference 6-3 .  

FIGURE 6-4 .  SCHEMATIC DIAGRAM OF THE TASK GROUP LUNG MODEL 



D 5  (see Figure 6-4). These parameters represent the f rac t ion of the inhaled 

material, Q,, init ially deposited in the NP, TB, and P regions, respectively. Each 

o f  t he  t h r e e  regions of deposition is fur ther subdivided in to  two or more 

subcompartments. Each subcompartment represents the f rac t ion  of mater ia l  

i n i t i a l l y  i n  a compartment that is subject to a particular clearance process. This 

fraction is represented by fk, where k indicates the clearance pathway. The 

quant i ty  o f  mater ia l  i n  the TB region, for  example, cleared by process (c) i s  

then represented by the product fcD4Ql. Values o f  the ( fk )  and the clearance 

ha l f - t imes for each clearance process for the three solubility classes of aerosols 

used in the code are those suggested by the ICRP ( 6 - 9 )  (see Appendix G, Tables 

G-2 and G-3). Values o f  the deposition fractions Dj, D4, and D as a function 5 
of activity median aerodynamic diameter (AMAD) as used in DACHIN are shown 

in Table 6-4. 

For other details concerning the DACRIN model, the reader is referred 

to Eeferences 6-3 and 6-9. 

TABLE 6-4. FRACTION OF INHALED PARTICLES DEPOSITED 
IN THE RESPIRATORY SYSTEM VS PARTICLE 
DIAMETER, AS EMPLOYED BY DACRIN 

Particle Size, I- raction of,  lnhaied Quantity Hetained 
AMAD Nasopharyngeai Tracheobronchial Pulmonary 

micrometers Region. D3 Region, D4 Reqion, D5- 

- 

Source: DACRIN Model. 

Dose factors (rem/ ug) for  the Savannah River and Hanford waste 

payloads as a funct ion o f  t ime  a f t e r  the i n i t i a l  dose and a c t i v i t y  med ian  

aerodynamic diameter (AMAD) were calculated using DACRIN. Data in Tables 

3-5 and 3-6 were converted to values of Ci  for a given radionuclide per 11 g of 

waste. Table G-3 was used t o  determine the solubi l i ty  class for each oxide. 

Also, a 10-minute uptake time was assumed. These data provided the input t o  

the DACRIN code. The dose commitment factors in rem/ ug  waste have been 



calculated for  three AMAO values (0.2, 1.0 and 5 two mixes (Hanford and 

Savannah River), and various organs. These data are presented i n  Tables 6-5 

th rough  6-10. The  b o t t o m  l i n e  i n  these t ab l es  represents 70-year dose 

commitment factors used to calculate the populat ion doses as discussed in  the 

next section. 

6.1.2 Results 

I nd i v i dua l  and populat ion dose commitments due to  an accidental 

release of radioactive material from a waste payload during an on- or near-pad 

catastrophic Space Shutt le fa i lu re  are presented below. Dosage data developed 

are based upon I% releases (55 kg of defense waste) and upon results previously 

developed in  Section 6.1.1. Dose and risk data for other release scenarios (either 

higher or lower than the assumed I%  release) may be obtained by mu l t i p l y ing  

the dose and risk data by the appropriate ratio. 

Dose commitments to individuals as a result  of releases o f  Hanford  

and Savannah River  wastes are shown i n  Figures 6-5 and 6-6 as a function of 

years a f t e r  release. Goses to  to ta l  body, bone, lung, l iver  and k i dney  a r e  

presented for  a c t i v i t y  median aerodynamic diameter (AMAD) particles of I p m  

and the Spring meteorological case. These data are for  an individual 20 kni 

downwind,  a t  a l o c a t i o n  such t h a t  he inhales a i r  containing the highest 

concentrat ion of radionuclides tha t  have dispersed to  the ground leve l .  I n  

general, Figures 6-5 and 6-6 indicate tha t  the Savannah River waste presents 

the highest hazard of the two mixes. The 70-year lung dose commi tment  is a 

f a c t o r  o f  100 g r e a t e r  than for Hanford. However, the 70-year bone dose 

commitment is only a factor of 4 greater than that of Hanford. I t  can be seen 

f rom Figures 6-5 and 6-6 that the lung dose is delivered during the first 5 years 

following accidental release, whereas doses t o  other organs continue to  r ise as 

the radionuclides are transported through the body. The highest l i fet ime dose 

commitment shown is 300 mill irem for the lung (see Figure 6-5). 

The relat ionships among particle sizes, meteorological cases and doses 

as they occur in the total body, lung and bone are shown i n  Figures 6-7, 6-8 

and 6-9. Variat ions in  assumed par t i c le  sizes have more of an effect on lung 

doses than any other organ. The lung doses increase w i t h  decreasing par t i c le  

size and doses t o  other organs decrease w i t h  decreasing particle size. Doses 



TABLE 6-5. DOSE COMMITMENT FACTORS (rernl pg WASTE) FOR 
HANFORD WASTE, WITH AMAD VALUE OF 0.2 prn 

Dose Time 
(Years) Total Body Kidneys Liver Bone Lungs 

TABLE 6-6. DOSE COMMITMENT FACTORS (rernl pg WASTE) FOR 
HANFORD WASTE, WlTH AMAD VALUE OF 1.0 prn 

Dose Time 
(Yecrs) Total Body Kidneys Liver Bone Lungs 

TABLE 6-7. DOSE COMMITMENT FACTORS (rernl l ~ g  WASTE) FOR 
HANFORD WASTE, WlTH AMAD VALUE OF 5.0 urn 

Dose Time 
(Years) Total Body 1 6one Lungs 



TABLE 6-8. DOSE COMMITMENT FACTORS (remi pg WASTE) FOR 
SAVANNAH RIVER WASTE, WlTH AMAD VALUE OF 0.2 urn 

Dose Time 
(Years) Total eody Kidneys Liver Bone Lungs 

TABLE 6-9. DOSE COMMITMENT FACTORS (remi pg WASTE) FOR 
SAVANNAH RIVER WASTE, WlTH AMAD VALUE OF 1.0 urn  

Dose r ime 
(Years) Total Body Kidneys Liver Bone Lungs 

9.27 E-02 
1.54 E-01 
1.89 E-OI 
2.57 E-Ol 
3.13 E-Ol 
3.57 E-Ol 
3.90 E-0 l 
4.17 E-01 
4.37 E-Ol 

TABLE 6-10. DOSE COMMITMENT FACTORS (remi p g  WASTE) FOR 
SAVANNAH RIVER WASTE, WITH AMAD VALUE OF 5.0 pm 

Uose l ime  
(Years) Total Body Kidneys Liver Bone Lungs 
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obviously could be reduced by choosing a waste form that would not allow the 

formation of small respirable particles. Doses also could be signif icantly reduced 

by employing launch constraints dealing w i t h  meteorological conditions (see 

dif ferences between Sea Breeze and Spr ing  cases). The  mos t  i m p o r t a n t  

parameter would be wind direct ion. For  example, i f  wind i s  f rom the west, 

radioactive fallout from an on-pad accident would be transported out  over the 

Atlantic, avoiding an accute exposure to local populations. 

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

t i m e - i n t e g r a t e d  con'centrations and populat ion data (see Section 6.1.1 and 

Appendix F for  details). The range was l im i ted  t o  100 km because o f  t h e  

fol lovl ing three reasons: (I) the MSFCIMLDM, when used beyond 100 km, would 

create considerable uncertainty, ( 2 )  population data were available only out to 

100 km, and (3) isopleth data (see Figures 6-1, 6-2 and 6-3) indicate that  most 

of the acute dose would be expected inside the 100-km distance. Calculation of 

the population dose at distances greater than ICO km should be considered i n  

future studies. However, the analysis provided below i s  believed to provide 

reosonable results. 

Tab le  6-1 1 provides the 70-year populat ion dose commitments i n  

man-rems, calculated for Hanford  and Savannah River  wastes, fo r  organs and 

tissues such as total body, kidneys, liver, bone and lung for ' three meteorological 

conditions, and for three particle sizes. 



TABLE 6-1 1. POPULATION DOSE COMMITMENTS (70-YEAR) FOR DIFFERENT 
CONDITIONS AS A RESULT OF A 55-KG RELEASE (1%) OF 
WASTE PAYLOAD, DURING ON-PAD SPACE SHUTTLE ACCIDENT 

AMAD 
Condition1 Value Lung Bone Total Body Kidneys Liver 
Waste ( pm)  - - - - - - - - - man-rems - - - - - - - - - - - - - 
Spring Meteorology Case 

Savannah River 0.2 23,000 2,400 37 0 300 660 
1 .O 13,000 2,100 370 220 440 
5.0 6,000 2,600 520 2 10 360 

Hanf ord 0.2 200 6 20 130 46 95 
1 .O 110 610 130 29 59 
5 .O 53 830 190 19 40 

Fall Meteoroloqy Case 

Savannah River 0.2 20,000 2,100 330 270 590 
1 .O 12,000 1 ,900 330 200 400 
5.0 5,400 2,300 470 190 320 

Hanf ord 0.2 1 80 560 l I0 42 85 
1 .O 100 550 120 2 6 5 3 
5 .O 47 750 170 17 36 

Sea Ereeze Meteoroloay Case 

Savannah River 0.2 260 27 4.2 3.4 . 7.6 
1 .O 150 24 4.3 2.5 5. I 
5.0 6 9 30 6.0 2.4 4.1 

Hanf ord 0.2 2.3 7.2 1.5 0.53 1 . 1  
1 .O 1.3 7.0 1.5 0.33 0.68 
5.0 0.61 9.5 2.2 0.22 0.46 

To determine the level of risk for  t h e  above scenar ios ,  l inear ,  

non-threshold, health effects  risk factors developed in Table G.3 of the Draft 

Environmental Impact Statement fof Management of Commercially Generated 

Radioactive Waste (6-6) were employed. Table 6-12 provides these data. 



TABLE 6-1 2. HEALTH EFFECTS RISK FACTORS 

Predicted Incidence 
Type of Risk per lo0 Man-Rem 

Cancer deaths from: 

Total body exposure 
Lung exposure 
Bone exposure 
Thyroid exposure 

Specific genetic effects 
to all generations from: 

l otal body exposure 50 

Source: Reference 6-6. 

The range of heal th e f fec ts  for  a given organ or tissue (Savannan 

River highest) were then determined from the populat ion doses l is ted in  Tcble 

6-1 1 .  Combined wi th the health risk factors of Table 6-12, these data were used 

to  determine ranges of  heal th e f fec ts  fo r  d i f f e r e n t  re lease  percentages,  

meteorological conditions and waste mix, as shown below in Table 6-13. 

TABLE 6-13. RANGES OF  EXPECTED HEALTH EFFECTS FOR 
ON-PAD SHUTTLE FAILURE WITH RELEASE OF 
DEFENSE NUCLEAR WASTE MATERIAL 

Ranges of Expected health Effects* 
Percent Release 

Type of Risk I 10 100 
Cancer deaths from: 

Total body exposure 0- I 0- I 0-3 
Lung exposure 0- I 0- 2 0-12 
Bone exposure 0- I 0- 1 0- I 

Specific genetic effects 
to all generations from: 

Total body exposure 0- I 0- I 0-3 

"NOTE: Da ta  have been rounded o f f  t o  nearest whole number; for accurate 
values, multiply appropriate data in Tables 6-1 1 and 6-12. 



The on-pad Space Shutt le fa i lure and postulated release of 55-kg of 

respirable-sized particles of defense nuclear waste, dispersed by a slow burn of 

the Space Shutt le SKI3 propellant, would be expected to result in  less than one 

eventual cancer death and less than one eventual genetic defect  t o  individuals 

outside o f  the launch s i te area based on the assumptions and analysis herein. 

For the worst case release assumption (this would - not be a credible accident), i t  

could be assumed that 100 percent of the waste payload would be released. This 

implies that cancer deaths that  would result  would be N 3  f rom whole body 

exposure, - 12 f rom lung exposure and w l  , f r om  bone exposure. Less than 3 

genetic defects would be expected. 

6.1.3 Conclusions 

The analysis performed t o  date regarding the on-pad Space Shuttle 

catastrophic accident indicates that large credible-type releases, such as I%, do 

not pose a significant health risk to the general public. However, more research 

is required to  calculate population doses outside o f  the immediate 100 k m  

radius. The e f fec ts  o f  resuspension and ingestion also need to be determined. 

Studies ,evaluating resuspension and ingestion would al low an assessment of 

whether the populations in certain areas would have to be relocated. More work 

is required to assess the impact to  the immediate KSC area and i t s  workers. 

The use of launch constrcints coupled wi th highly reliable container systems, and 

use of a non-dispersable waste form would greatly enhance safety. Also, a more 

rea l is t ic  def ini t ion of the Savannah River waste for space disposal may alter, to 

some degree, the results shown here (see Section 3.2.2.2 and Table 3-6). Specif ic 

conclusions are as follows: 

The Savannah R i v e r  waste, as defined for  space disposal, is 

considerably more hazardous than that from Hanford 

The smaller the par t ic le  size (within the 0.2-5.0 p m  range), the 

higher the dose to the respiratory system 

The larger the par t i c le  size (w i th in  the 0.2-5.0 p m  range), the 

higher' the dose to other organs 

Meteorological conditions have a profound e f fec t  on predicted 

exposures 



The maximum number of health effects expected from a I %  

release under the various conditions presented here is less than 1 

Launch constraints concerning wind direction should be employed 

during waste payload launches. 



6.2 Reentry and Burnup of Defense  Nuclear Waste Payload 

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

a t m o s p h e r e  wou ld  r e s u l t  in t h e  w o r l d w i d e  d i s t r i b u t i o n  of  s m a l l  r a d i o a c t i v e  

particles. The  purpose of th is  sec t ion  is t o  provide an  a s s e s s m e n t  of  t h e  i m p a c t  

o f  s u c h  a n  a c c i d e n t  on  w o r l d  h e a l t h .  T h e  a s s e s s m e n t  is b a s e d  on  a m o d e l  

designed t o  provide e s t i m a t e s  of  w o r l d  p o p u l a t i o n  d o s e s  d u e  t o  i n h a l a t i o n  o f  

r a d i o a c t i v e  p a r t i c l e s  i n j e c t e d  i n t o  t h e  u p p e r  a t m o s p h e r e  by  t h e  r een t ry  and 

burnup of a d e f e n s e  n u c l e a r  w a s t e  p a y l o a d .  T h e  p r i n c i p a l  a s s u m p t i o n s ,  upon  

which t h e  world population dose model is based, a r e  summarized  as follows: 

e R e e n t r y  a n d  b u r n u p  of  a d e f e n s e  n u c l e a r  w a s t e  p a y l o a d  t a k e s  

p l a c e  in t h e  u p p e r  a t m o s p h e r e  a t  a l t i t u d e s  g r e a t e r  than  21 km 

(HASL model requirement).  

F o r  t h e  p u r p o s e  of t h e  c a l c u l a t i o n ,  t h e  e n t i r e  n u c l e a r  w a s t e  

p a y l o a d  (100% of t h e  r a d i o a c t i v e  w a s t e )  w a s  a s s u m e d  t o  b e  

c o n v e r t e d  t o  r a d i o a c t i v e  par t ic les  less than  10 pm d iame te r  (see 

Sect ion 3.4.3.2 for  discussion of reent ry  analysis). H o w e v e r ,  h e a l t h  

e f f e c t s  r e s u l t s  a r e  p r e s e n t e d  p a r a m e t r i c a l l y  for  1 ,  10 and 10096 

re1 eases. 

T h e  c o n t r i b u t i o n  of  p a r t i c l e s  g r e a t e r  t h a n  10 urn t o  inhalation 

dose is assumed t o  be  negligible. 

T h e  a c t i v i t y  m e d i a n  a e r o d y n a m i c  d i a m e t e r s  (AMAD)  f o r  t h e  

rad ioac t ive  par t ic les  w e r e  chosen a s  0.2, 1.0, or  5.0 pm. 

I s o t o p i c  c o m p o s i t i o n s  e m p l o y e d  f o r  t h e  S a v a n n a h  R i v e r  a n d  

Hanford d e f e n s e  w a s t e s  a r e  t h o s e  s h o w n  in T a b l e s  3-5 a n d  3-6 

(see Section 3.2.2). 

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

a tmosphe re  t o  t h e  Ear th ' s  s u r f a c e  is a f u n c t i o n  of t h e  i n j e c t i o n  

l a t i t u d e  (i.e., t h e  la t i tude  a t  which r een t ry  and burnup occurs),  a s  

given by R e f e r e n c e  6-5. 

T h e  g e n e r a l  k i n e t i c s  o f  s m a l l  p a r t i c l e  t r a n s f e r  f r o m  t h e  upper 

a tmosphe re  t o  t h e  Earth's s u r f a c e  a r e  adequate ly  d e s c r i b e d  by  t h e  

HASL m o d e l  of  a t m o s p h e r i c  t ranspor t  (References  6- 10 and 6-1 I), 

ignoring t h e  interhemispheric  exchange  ra te .  

I n h a l a t i o n  of r a d i o a c t i v e  par t ic les  descending into su r f ace  a i r  will 

account  for  t h e  principal component  of wor ld  p o p u l a t i o n  d o s e  d u e  



t o  a reent ry  and burnup accident. External dose due to submersion 

in contaminated air and to radiat ion f rom part ic les deposited on 

env i ronmenta l  surfaces was ignored. The internal doses due to  

inhalation of resuspended part ic les and ingestion of contaminated 

food and water were also ignored. 

The mode l  p roposed  b y  t h e  I C R P  T a s k  G r o u p  on  L u n g  

~ ~ n a m i c s ( ~ - ~ )  as modi f ied by ICRP Publication 19, (6- 2, provides 

the best available basis for estimating internal  radiat ion doses t o  

human organs and tissues due to the inhalation of radioactive dust 

particles. 

Because it is assumed that the entire defense nuclear waste payload is 

converted to small, radioact ive part icles, the model w i l l  provide worst case 

estimates o f  world population doses. The world population dose estimates given 

for Savannah River and Hanford wastes may be reduced i f  only a f rac t ion o f  

the waste payload is converted in to  small radioact ive particles and i f  only a 

fraction of the particles are less than 10 s m  in diameter. If, for example, only 

2006 o f  t h e  pay load  we re  converted t o  small part ic les and 50% of  these 

particles were converted to particles less than 10 pm i n  diameter, the heal th 

r isk data given i n  this section should be mul t ip l ied by 0.2 x 0.5 = 0.1. This 

would reduce each value by an order of magnitude. 

I f  we assume that  accurate adjustments could be made for  partial 

burnup and that the particle size could be established, the adjusted predict ions 

for  wor ld population doses might  actual ly  be lower than the real case. This 

would be due to the dose contributions from exposure pathways ignored by the 

model. I t  is believed that the total l i fetime dose for all exposure pathways that 

have been ignored could be as much as 20% higher than the dose due only t o  

d i rec t  inhalat ion of  fa l lout  particles. For the case of 20% burnup with 50% of 

the radioactivity i n  part ic les < 10 pm, the recommended adjustment fac tor  

wou ld  then be 0.2 x 0.5 x 1.2 x Wn, where W n  is a world population dose 

estimate given in this section in terms of man-rems to a given organ, n. 

6.2.1 Model Description 

The w o r l d  populat ion dose t o  organ n, Wn, f rom the in ject ion of 

radionuclide mixture X, into the upper atmosphere of latitude band i, is given by 



where: 

Wn is t h e  wor ld  population dose (man-rems) t o  organ n, due 

t o  t h e  injection of radionuclide m i x t u r e  X i n t o  t h e  u p p e r  

atmosphere ( > 21 km) of latitude band i; 

x is the  total number of radionuclides in mixture X; 

Dnr k is t h e  l i f e t i m e  (70-year) radiation dose (rem) t o  organ 

n of an individual m e m b e r  of t h e  p o p u l a t i o n  ( P k )  o f  

e q u a l - a r e a  l a t i t u d e  band k per  p C i  of rad ionuc l ide  r 

f a l l ing  in band k, based on i n h a l a t i o n  of r a d i o a c t i v e  

p a r t i c l e s  pass ing th rough  s u r f a c e  air  ( the  model used t o  

calculate these dose factors is described in Appendix GI; 
A i r  is t h e  a m o u n t  ( e C i )  of radionuclide r initially injected 

in l a t i t u d e  b a n d  i ( s e e  T a b l e s  3 - 4  a n d  3 - 5  f o r  

compositions); 

f i k  is the  fraction of radioactive material (particles 

< 4 e m )  injected in lat i tude band i ,  which fa l l s  in e q u a l  - 
area  latitude band k (see Table 6- 14); 

and 

P k  i s  t h e  popula t ion  (number  of peop le )  of band k ( s e e  

Table 6-8). 

T h e  p a r a m e t e r  va lues  for  s u b s t i t u t i o n  in Equa t ion  ( I )  a r e  listed in 

Tables 3-5, 3-6, and 6-14 th rough  6-1 8. T h e  r e s u l t s ,  W n ,  a r e  g iven in T a b l e s  

6-19 and  6-20 for :  t w o  p o s t u l a t e d  radionucl ide  mixtures (Savannah River and 

Hanford), seven different injection latitude bands (see Table 6-14), 9 organs ,  and  

the  to ta l  body. 

T h e  A i r  v a l u e s  a r e  t a k e n  f r o m  T a b l e s  3-5 and  3-6 which l i s t  t h e  

amounts of radionuclides contained in each of the  two types of p o s t u l a t e d  w a s t e  

payloads. Note tha t  the  units of Ai r  a r e  in micro-Curies ( eCi). 

The f i k  values given in Table  6-14 w e r e  c a l c u l a t e d  a c c o r d i n g  t o  t h e  

L O P A R  s u b r o u t i n e  of t h e  RISK I I  c o m p u t e r  p r o g r a m  which is desc r ibed  in 



TABLE 6-14. FRACTION f.k 'OF SOURCE (A.r) INJECTED IN LATITUDE BANK i 
WHICH FALLS IN EQUAL AREA LATITUDE BAND k AND TOTAL 
POPULATION (Pk) OF BAND k 

l:qurl Area ln ic~t ion Ldtitudc Band - -. - - - . . . - - - - - - .- - - - . . - - - - - -- - - - . -. -. . . .. - - - - - - - - Pk 
Lrtitude Bdnd . - - - - - . - . . . - - i 1 2 3 4 5 6 7 8 9 10 Told 

k Lrl.* L~I. 85-90ON 75.85'~ 6 ~ - 7 5 ~ N  5 5 . 6 ~ ~ ~  45-SSON 3 5 . 4 ~ ~ ~  2 5 . 3 ~ ~ ~  15-25ON 5-15 '~  ~ ~ N - 5 ~ 5  Population 

-- - .. . - - . . - . - - - - . . . - . - - - - - - - -. . - - - - . - - - - - - - -. . . -- . ---. . - - - - - . - -. . . . . - -- - - . -. . - -. - - - .- - . - - - - . - - - 

1 64-90°N 0.0307 0.0211 0.0138 0.0082 0.0041 0.0013 0.0000 0.0000 0.0000, 30,469,587 
2 54.64'~ 0.0437 0.0300 0.0196 0.0116 0.0058 0.0019 0.0003 0.0000 0.0000 161.300.755 
3 44-54 '~  0.0494 0.0339 0.0221 0.0131 6.0065 0.0022 0.0003 0.0000 0.0000 432,222,025 
4 3 6 - 4 4 Y ~  0.0486 0.0333 0.0218 0.0129 0.0064 0.0022 0.0003 0.0000 0.0000 543,074.832 
5 1 0 . 3 6 ~ ~  0.0558 0.0315 0.0205 0.0122 0.0060 0.0021 0.0003 0 .000 0.0000 691,712,558 
6 24-30°N O.OJ74 0.0257 0.0168 0.0100 0.0049 0.00I7 0.0002 0.0000 0.0000 605.118.210 
7 17-24"~  0.0319 0.0219 0.0143 0.0085 0.0042 0.0014 0.0002 0.0000 0.0000 387,278,363 
8 l l - 1 7 : ~  0.0256 0.01 76 0.01 15 0.0068 0.00J4 0.001 1 0.0002 0.0000 0.0000 199,943.660 
9 6-11 N 0.0202 0.0139 0.0091 0.0060 0.0027 0.0009 0.0000 0.0000 0.0000 20J.931.205 

10 . o - 6 " ~  O.Ul83 0.0126 0.0082 0.0049 0.0024 0.0008 0.0001 0.0000 0.0000 78.887.239 
I I 0-6O5 0.0205 0.0164 0.0133 0.0108 0.0091 0.0080 0.0075 0.0073 0.0074 69,353,336 
12 b - l  lo$ 0.0255 0.02J1 0.021 3 0.0199 0.0188 0.0182 0.01 79 0.01 78 0.0178 132,639,175 
13 11.17"~ O.OJ97 0.0.121 0.0439 0.0454 0.0464 0.0571 0.0474 0.0474 0.0474 43,233,315 
14 17.24"s 0.0563 0.0034 0.0707 0.0754 0.0789 0.0812 0.0822 0.0823 0.0823 58,286,844 
I 5  24-30"s 0.0703 0.08JO 0.0921 0.1001 0.1055 0.1091 0.1 I07 0.1 109 0.1 109 44,606.71 1 
16 30-36:s 0.0935 0.1145 0.1305 0.1428 0.1518 0.1576 0.l602 0.1606 c.1606 37,873,258 
17 J6-44 5 0.1004 0.12J6 0.1413 0.1548 0.1648 0.1712 0.1741 0.1745 0.1745 7,506.457 
18 44-55'5 0.1024 0.1263 0.1445 0.1584 0.1687 0.753 0.1782 0.1787 0.1787 828.162 
1') 54.64'5 0.0876 0.1064 0.1108 0.1 317 0.1398 0.1450 0.1473 0.1477 0.1478 56.392 
20 64-90"s 0.0524 0.0588 0.0636 0.0672 0.0700 0.0718 0.0725 0.0727 0.0727 449 

. .. . - -. - -  - - .. . - - .- . .- -- - - - - -- . -. . - -. - - - . - . . - - - - - - -- ---- 
'Br~uncl.~ries drc . t l ~ l * ~ u ~ ~ ~ ~ t d t e .  

k~ur rc :  Helerenc~. 6 . 5 .  



R e f e r e n c e  6-5. Whi l e  L O P A R  a p p l i e s  t o  par t ic les  having d i ame te r s  less than  4 

pm, w e  a s s u m e ,  f o r  p r e s e n t  p u r p o s e s ,  t h a t  i t  a l s o  a p p l i e s  t o  p a r t i c l e  

p o p u l a t i o n s  f o r  wh ich  t h e  AMAD v a l u e s  a r e  less than  5 pm. T h e  relat ionship 

be tween injection la t i tude  (i) and deposition l a t i t u d e  (k )  is s h o w n  g r a p h i c a l l y  in 

F i g u r e  6-10. T h i s  f i g u r e  a n d  t h e  d a t a  in T a b l e  6-14, including t h e  population 

da ta ,  w e r e  e x t r a c t e d  f r o m  Refe rence  6-5. 

T a b l e  6-15 g i v e s ,  f o r  e a c h  i n j e c t i o n  b a n d  i ,  t h e  s u m s  i n d i c a t e d  in 

E q u a t i o n  ( I )  by  f i k P k .  T h e  s u m s  in  T a b l e  6-15 r e f l e c t  t w o  f a c t s ,  a l s o  

o b s e r v a b l e  in T a b l e  6-14: ( a )  t h e  p o p u l a t i o n  of  t h e  n o r t h e r n  h e m i s p h e r e  is 

g r e a t e r  t h a n  t h e  p o p u l a t i o n  o f  t h e  s o u t h e r n  h e m i s p h e r e ,  a n d  (b )  t h e  f a r t h e r  

n o r t h  i n j e c t i o n  occurs t h e  larger  t h e  to t a l  deposition in t h e  northern hemisphere. 

In o ther  words, t h e  f a r the r  nor th  t h e  i n j e c t i o n  l a t i t u d e ,  t h e  g r e a t e r  t h e  w o r l d  

population dose e s t i m a t e  will b e  for  a n y  postulated mixture  of radionuclides. 

TABLE 6- 15. SUMMATION OF POPULATION FACTORS 
FOR EACH INJECTION BAND 

Injection k=20 Injection k=20 
La t i t ude  Band 1 ( f i k P k ) i  La t i t ude  Band 1 ( f i k P k ) i  

(i) k= 1 ( i )  k=l 

Source: Based on d a t a  f rom R e f e r e n c e  6-5, and a s  given in Table  6-14. 

T h e  ind iv idua l  l i f e t i m e  d o s e  f a c t o r s  p e r  unit  ( p Ci)  input t o  band k, 

D of Equation (I) ,  a r e  listed for  t h r e e  postulated pa r t i c l e  p o p u l a t i o n s  (AMAU 

= 0 . 2 ,  I .O,or 5.0 pm) in T a b l e s  6- 16, 6-17 a n d  6- 18, r e s p e c t i v e l y ,  f o r  41 

radionuclides and 10 organs, T h e  next  t o  last  c o l u m n  "BODY DOSE" g i v e s  d o s e  

f a c t o r s  f o r  t h e  to ta l  body. As t h e  dose  t o  a n  organ is de termined by t h e  energy  

deposi ted per g ram of tissue, t h e  "BODY DOSE" is - not  t h e  s u m  of d o s e s  t o  t h e  

o r g a n s  of t h e  body.  T h e  ' zero  values listed in t hese  t h r e e  tab les  mean t h a t  t h e  
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metabol ic  data needed to  calculate the dose fac tor  were not  available. The 

model used to calculate dose factors, Dnrk, is fully described in  Appendix G. 

6.2.2 Results 

6.2.2.1 Maximum Doses to Individuals 

The world population dose est imates summarized i n  Tables 6-19 and 

6-20 were calculated according to the formula indicated by Equation (I), i.e., by 

successively subst i tut ing the values given i n  Tables 3-5 and 3-6 f o r  the Air 

terms o f  Equation ( I  1, values f rom Table 6- 15 for  z f i k P k ,  and values from 

Tables 6-16 through 6-18 for Dnrk. Then, for each organ, injection band, AMAD, 

and mix, the dose terms were summed. 

Maximum l i f e t i m e  organs doses (70-year) can be estimated as three 

times the mean lifetime organ dose to an individual i n  the equal area la t i t ude  

Sand receiv ing the largest f rac t ion of the radioactivity injected into the upper 

atmosphere by reentry burnup of a nuclear waste payload, i.e., 

where: 

fikmax 
= 0.1787 is the maximum value of f Table 6- 14, 

ik' 
and - 

vn/1f i  k?k ' 1 D n r k A i r  is the dose fac tor  sum, which is  

constant for a radionuclide mix, AMAD, and organ. 

For  example, the highest est imated wor ld population for lung is the 

first value given for lung in Table 6-19. Based on th is value and Equation ( I ) ,  

the estimated maximum individual l i fet ime lung dose is 

D ( 7 0 ) ~ ~ ~ ~  MAX = 3(0.1787) (7.52 E+07/4.15 E+08) 

= 0.097 rem; 0.001 4 rem/yr ( 3 )  

As lifetime doses are integrated over a 70-year interval the preceding es t imate 

implies a mean annual dose' rate of 0.097170 = 0.00 14 remlyr. 



TABLE 6- 19. WORLD POPULATION DOSE SUMMARY FOR TOTAL 
BURNUP OF SAVANNAH RIVER DEFENSE WASTE 
PAYLOAD ABOVE 21 KM 

World Populat ion Doses (man-reins) Organs* 

I n j e c t i o n  AtqlAD 
La t i  tude Value Tota l  Thy- 

Band ( l ~ n i )  NP TB P LM GIT Bone L i v e r  Kidney Body r o i d  

* NO I E: Nt' = Nasopharyngeal f3egion 

TE3 = Tracheobroncllial Region 

I = Pulrnonary Lung Region 

. L M  = Thoracic Lyrnph 

L IT  = Large Intestine 
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T h e  h i g h e s t  e s t i m a t e d  w o r l d  p o p u l a t i o n  d o s e  f o r  a n y  o r g a n  is t h e  

e s t i m a t e  in T a b l e  6-19 f o r  S a v a n n a h  R i v e r  W a s t e .  A M A D  = 5.0  P m ,  a n d  

i n j e c t i o n  band 4 ,  i.e., 1.33 E + 0 8  m a n - r e m  t o  bone .  Subs t i t u t ing  this  value in 

Equation (2), 

D ( 7 0 ) ~ ~ ~ ~  MAX = 3(0.1787) (1.33 E+08/4.15 E+08) 

= 0.14 rem; 0.002 r emly r  ( 4 )  

C u r r e n t  I C R P   recommendation^(^-^^) c o n c e r n i n g  "dose  l i m i t s  f o r  

individual members  of t h e  publ ic"  i n d i c a t e  t h a t  t h e  d o s e  t o  l ungs  s h o u l d  n o t  

e x c e e d  " 1.5 r e m s  in a y e a r "  whi le  t h e  dose t o  bone should not exceed  "3 r e m s  

in a  year". Although t h e  mean annual maximum indiv idual  d o s e  r a t e s  e s t i m a t e d  

a b o v e ,  E q u a t i o n s  (3)  a n d  (4) ,  a r e  n o t  precisely comparable  t o  t h e  ICRP limits, 

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

r e e n t r y  b u r n u p  a c c i d e n t  would  n o t  e x p o s e  a n y  ind iv idua l  t o  a l i f e t i m e  dose 

g r e a t e r  than  t h e  l i fe t ime dose indicated by cu r ren t  r e c o m m e n d a t i o n s  c o n c e r n i n g  

dose limits. 

6.2.2.2 Worldwide Health Effects 

T o  e s t i m a t e  t h e  possible impact  of a r een t ry  burnup a c c i d e n t  o n  w o r l d  

h e a l t h ,  t h e  p r i n c i p a l  o b j e c t i v e  of  t h i s  sect ion,  it was  decided t o  re ly  upon t h e  

l inear ,  n o n - t h r e s h o l d  h e a l t h  e f f e c t s  r i s k  f a c t o r s  e m p l o y e d '  in R e f e r e n c e  6-6 

r a t  h e r  t h a n  r e c o m m e n d a t i o n s  c o n c e r n i n g  m a x i m u m  pe rmis s ib l e  doses (or dose 

ra tes )  t o  individuals. T h e  f a c t o r s  listed in Tab le  G.3 (page G.8) of R e f e r e n c e  6-6 

a r e  given in Tab le  6-12. 

C o n s i d e r a t i o n s  l e a d i n g  t o  a d o p t i o n  of  t h e  risk f a c t o r s  listed in Table  

6- 12 a r e  discussed a t  length in Appendix G of R e f e r e n c e  6-6. It shou ld  b e  n o t e d  

t h a t  t h e r e  a r e  m a n y  u n c e r t a i n t i e s  r e g a r d i n g  t h e  relationship be tween dose  (or 

population dose) and hea l th  e f f e c t s  which m a y  b e  d u e  t o  r a d i a t i o n  e x p o s u r e  o r  

t o  o t h e r  u n s p e c i f i e d  c a u s e s .  In applying t h e  risk f ac to r s  listed in Table  6-12 t o  

t h e  world population dose  e s t i m a t e s  l i s t e d  in T a b l e s  6-19 a n d  6-20? a d d i t i o n a l  

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

e s t i m a t i n g  p o p u l a t i o n  doses .  U n f o r t u n a t e l y ,  in t h e  a b s e n c e  o f  c l e a r , '  f i r m  

e v i d e n c e  c o n c e r n i n g  d o s e l h e a l t h  e f f e c t s  r e l a t i o n s h i p s  ( e v i d e n c e  which would 



e r a d i c a t e  t he  considerable d i f fe rence o f  opinion expressed in  the recent, 

voluminous literature on the subject) these certainties cannot be resolved. 

Tab le  6-21 g ives  t he  range of heal th e f fec ts  expected f rom the 

maximum and minimum estimates of world population doses presented i n  Tables 

6-19 and 6-20. These ranges re f l ec t  the different types of waste (Hanford and 

Savannah River), the different particle sizes, and the different injection lat i tudes 

that  are possible. A more rea l is t ic  definit ion of the Savannah River waste for 

space disposal may alter, to some degree, the results obtained here (see Section 

3.2.2.2 and Table 3-6). Future  work should include additional evaluation of the 

health risk of Savannah River waste payloads as a iesult of a burnup event. 

TABLE 6-21. RANGES OF EXPECTED HEALTH EFFECTS 
FOR PAYLOAD REENTRY BURNUP 

Ranges of Expected Health Effects 
Percent Release 

Type of Risk I 10 100 
Cancer from: 

Total body exposure 
Lung exposure 
Bone exposure 

Specific genetic effects 
to all generations from: 

Total body exposure 

6.2.3 Conclusions 

The results described i n  the preceding sect ion support the following 

conc l usi ons: 

S a v a n n a h  R i v e r  waste, as d e f i n e d  f o r  space disposal ,  is  

considerably more o f  a heal th problem than is the waste f r o m  

Han ford. 

For any radionuclide mix, world population dose estimates increase 

as the latitude of injection increases in the northern hemisphere 

or decreses in  the southern hemisphere, i.e., the farther north the 

injection latitude, the greater the expected world population dose. 



T h e  m o s t  hazardous acc ident  considered in this  assessment involves 

t h e  reent ry  and burnup of a Savannah R i v e r  w a s t e  p a y l o a d ,  n o r t h  

o f  5.5' N l a t i t ude .  The  least  hazardous involves t h e  r een t ry  burnup 

of a Hanford was t e  payload, south of 55' S latitude. 

E v e n  t h e  w o r s t  p o s t u l a t e d  burnup acc ident  would not  be  expec ted  

to expose any indiv idual  t o  a l i f e t i m e  o r g a n  o r  t o t a l  b o d y  d o s e  

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

r e c o m m e n d a t  i ons  (&I3)  c o n c e r n i n g  " d o s e  l i m i t s  f o r  i n d i v i d u a l  

members  of t h e  public". 

Wi th  r e s p e c t  t o  e x p e c t e d  n u m b e r s  of  h e a l t h  e f f e c t s  due  t o  t h e  

r een t ry  and burnup of a nuclear  w a s t e  p a y l o a d  ( T a b l e  6-21), l ung  

a n d  b o n e  a p p e a r  t o  b e  t h e  c r i t i c d l  organs. The  expec ted  number 

of cance r s  due  t o  lung e x p o s u r e ,  b a s e d  on  t h e  m i n i m u m  a n d  t h e  

m a x i m u m  p o p u l a t i o n  d o s e  e s t i m a t e ,  is b e t w e e n  0 a n d  3 7 6  lung 

c a n c e r s ,  a n d  b e t w e e n  4 a n d  2 6 6  b o n e  c a n c e r s  i n  a w o r l d  

population of about  3.34 billion. 

Whi l e  t h e  m a g n i t u d e  of  t h e  e x p e c t e d  hea l th  e f f e c t s  indicated by 

this  assessment is not c a t a s t r o p h i c ,  t h e  c a r e f u l  c o n s i d e r a t i o n  of 

m e a s u r e s  w h i c h  wou ld  p r e v e n t  o r  s ignif icantly r educe  t h e  burnup 

in t h e  upper a tmosphere  and t h e  production of p a r t i c l e s  less t h a n  

10 u m  d i a m e t e r  is ex t r eme ly  desirable. Any measure  which would 

reduce  t h e  burnup f r ac t ion  and/or  t h e  pa r t i c l e  f r a c t i o n ,  as d e f i n e d  

f o r  E q u a t i o n  ( I  ), would  h a v e  a p r o p o r t i o n a l  e f f e c t  in r e d u c i n g  

world population dose e s t i m a t e s  a n d  e x p e c t e d  n u m b e r s  of h e a l t h  

e f fec ts .  
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7.0 CONCLUSIONS 

B a s e d  on t h e  a n a l y s i s  presented in Sec t ions  3 through 6 ,  t h e  following 

final conclusions have been  reached: 

T h e  m a s s  of  d e f e n s e  w a s t e s  s t o r e d  a t  t h e  t h r e e  r epos i to r i e s  is 
6 7 large  ( 1 0 - 1 0 kg each,  following prel iminary preparation). 

T h e  H a n f o r d  w a s t e s  e x i s t  in s e v e r a l  f o r m s ,  w h i l e  t h e  Savannah 

River  and Idaho was tes  a r e  m o r e  uniform. 

T h e  d a t a  o n  H a n f o r d  a n d  S a v a n n a h  R i v e r  w a s t e s  a r e  m o r e  

comple t e  t han  for  Idaho. Fo r  s p a c e  disposal p u r p o s e s ,  t h e  H a n f o r d  

and Savanriah River  was t e s  a r e  expec ted  t o  be  roughly similar.  

Chemical  processes for  concent ra t ion  of de fense  w a s t e s  h a v e  b e e n  

p o s t u l a t e d  b u t  t h e  supporting d a t a  base  is limited and is general ly 

based on laboratory experiments .  

T h e  p o s t u l a t e d  c o n c e n t r a t i o n  p r o c e s s e s  would reduce  t h e  number 

of required' S h u t t l e  f l i g h t s  t o  a m a n a g e a b l e  l eve l  ( ~ 1 0 0  t o  4 0 0  

f l ights  for  disposing of t h e  projected yea r  2000 inventory). 

The re  a r e  a n u m b e r  of w a s t e  f o r m s  t h a t  wou ld  b e  s u i t a b l e  f o r  

s p a c e  d i sposa l .  Based  on t h e  s tudy resul ts  t o  da t e ,  i t  appears  t h a t  

minimizing was t e  re lease  under acc iden t  conditions will b e  a m a j o r  

considerat ion in was t e  fo rm selection. 

D e v e l o p m e n t  of  a s u i t a b l e  c o n t a i n e r  a p p e a r s  t o  b e  f e a s i b l e .  

T h e r m a l  c o n t r o l  a n d  s h i e l d i n g  a r e  m a n a g e a b l e  a n d  n o t  a major 

design problem. Minimizing w a s t e  r e l e a s e  u n d e r  c r e d i b l e  a c c i d e n t  

conditions must  be  a major  consideration. 

Of t h e  various .accident  conditions examined,  t h e  f r a g m e n t s  d u e  t o  

E x t e r n a l  T a n k  e x p l o s i o n  a n d  t h e  t h e r m a l  e n v i r o n m e n t  d u r i n g  

r een t ry  of an unprotec ted  conta iner  present  t h e  g r e a t e s t  p r o b l e m s .  

P r o v i s i o n  of  s u f f i c i e n t  a d d i t i o n a l  p r o t e c t i o n  t o  ensure  conta iner  

s u r v i v a l  u n d e r  t h e s e  t w o  c o n d i t i o n s  wil l  b e  n e c e s s a r y  a n d  is 

probably feasible but has  not been examined in detail .  

Recovery  of a payload following an  incomplete or  m i s d i r e c t e d  OTV 

i n s e r t i o n  burn is feasible provided t h a t  t h e  perigee of t h e  resul t ing 

orbi t  is high enough t o  allow t i m e  t o  c o n d u c t  t h e  r e s c u e  mission 
w i t h  a s e c o n d  O T V .  T h i s  c o n d i t i o n  c a n  b e  m e t  if g r o s s l y  



misoriented (o f f  by 30' error or more) OTV burns can be avoided 

or terminated early. Under some conditions the fa i led OTV and 

the SOlS can be returned also. Under extreme conditions, boosting 

o f  the payload to  a higher Ear th  orb i t  f o r  l a t e r  r e c o v e r y  i s  

feasible even when Shuttle orbit return is not. 

Many of the failure modes identif ied have one or more potent ia l  

workarounds i n  t e rms  o f  backup systems, design changes or 

approaches, and procedures. In particular, workarounds for both the 

inadvertent reent ry  and ET explosion have been identified. Future 

detailed design activities may we1 l uncover additional workarounds. 

a The environmental impacts for  two  credible accidents has been 

examined in detail. The health risk from release of  nuclear waste 

mater ia l  i n  the upper atmosphere is greater than thbt from ' ~ n - ~ a d  

failure. The on-pad risk can be reduced further by imposing launch 

constraints based on meteorological conditions. 

The imposit ion of  launch constraints based on me teo ro log i ca l  

condi t ions could result  in delays o f  the launch of  the Shutt le 

carrying the nuclear waste payload. If this Shutt le is launched 

second (as in  the current  baseline), this delay could significantly 

affect the chances of mission success. 

Under the worst case postulated conditions, a total release of a 

nuclear waste payload i n  t he  upper atrr iosphere wou ld  be a 

s igni f icant  accident. The consequences would be spread worldwide. 

Measures to reduce the percentage release or the percentage o f  

inhalable particles would mitigate expected adverse effects. 



8.0 RECOMMENDATIONS 

P r i o r  t o  a n y  deve lopmen t  o r  implementat ion decision on space  disposal 

of nuclear  was te ,  ce r t a in  c r i t ica l  problems wi l l  h a v e  t o  b e  a d d r e s s e d  by  NASA 

a n d  DOE.  T h e  g e n e r a l  a r e a s  r e q u i r i n g  e f f o r t  a r e  defined in Sec t ion  2.7 of this  

v o l u m e  a n d  in  V o l u m e  I l l .  S o m e  s p e c i f i c  r e c o m m e n d a t i o n s  c o n c e r n i n g  t h e  

technical  a r e a s  discussed in this  volume of t h e  repor t  a r e  summarized  below: 

F u r t h e r  d e f i n i t i o n  of  t h e  d e f e n s e  n u c l e a r  w a s t e  r a d i o n u c l  i d e  * 
composit ion (part icularly fo r  Idaho ca lc ine)  is needed (DOE) 

D e f i n i t i o n  a n d  d e m o n s t r a t i o n  o f  n u c l e a r  w a s t e  c o n c e n t r a t i o n  

methods  a r e  required for  all t h r e e  w a s t e  sources (DOE) 

T h e  cha rac t e r i s t i c s  and behavior of c a l c i n e  a n d  a l t e r n a t i v e  w a s t e  

f o r m s  u n d e r  c r e d i b l e  a c c i d e n t  conditions a s  a means  for  reducing 

radionuclide re lease  need t o  be examined fu r the r  (GOE) 

e T h e  b e h a v i o r  o f  t h e  w a s t e  c o n t a i n e r  in t h e  b l a s t  f r a g m e n t  

environment and potential  means  of additional p r o t e c t i o n  n e e d s  t o  

be s tudied in more  detai l  (NASA) 

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

i n a d v e r t e n t  r e e n t r y  b y  addit ion of a layer of ab l a t ive  mater ia l  t o  

t h e  ou te r  wall should b e  considered (NASA) 

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

OTV E a r t h  e s c a p e  i n s e r t i o n  bu rn  a n d  p a y l o a d  s a f e t y  o r  r e s c u e  

need t o  be  developed (NASA) 

F a i l u r e  m o d e s  p o t e n t i a l l y  leading t o  External  Tank explosion need 

t o  b e  e x a m i n e d  f u r t h e r  a n d  a n y  p o t e n t i a l  w o r k a r o u n d s  o r  

mi t i ga t  ion measures  defined (NASA) 

Quan t i t a t i ve  reliability d a t a  need t o  be  developed f o r  all e l e m e n t s  

of t h e  space  disposal mission (NASA) 

Methods for  reducing t h e  n u m b e r  of i n h a l a b l e  p a r t i c l e s  p r o d u c e d  

d u r i n g  a n  o n - p a d  a c c i d e n t  o r  i n a d v e r t e n t  r e e n t r y  n e e d  t o  b e  

examined (DOE) 

T h e  h e a l t h  e f f e c t s  f rom pa r t i c l e  resuspension and ingestion requi re  

fu r the r  s tudy (NASA) 

T h e  e f f e c t  on o v e r a l l  mission probability of success and s a f e t y  of 

launching t h e  w a s t e  payload f i r s t  r a t h e r  t h a n  s e c o n d  n e e d s  t o  b e  

evalua ted  (NASA). 

"Parenthe t ic  notat ion a f t e r  each  recommendat ion  indicates p r ime  agency 
responsibility. 
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APPENDIX A 

ACRONYMS AND ABBREVIATIONS 

atm 

AT0  

ATOA 

BNWL 

B.R. 

C3 
ca l 

CANDU 

c.g. 

CFR 

cm 

COE 

CPlA 

DOE 

DOT 

EIS 

ERDA 

ET 

EVA 

ga 1 
G.I. 

HLW 

H2/02 
HTGR 

astronomical unit 

activity median aerodynamic diameter 

American Society of Mechanical Engineers 

atmospheres 

abort-to-orbi t 

abort-to-once-around 

Battel le-Northwest Laboratories 

burn rate 

degrees centigrade 

twice the energy per unit mass 

calories 

Canadian deuterium uranium reactor 
3 

cubic centimeters (cm ) 

center of gravity 

Code of Federal Regulations 

Curies 

micro-Curies 

centimeters 

center of explosion 

Chemical Propulsion Information Agency 

U.S. Department of Energy 

U.S. Department of Transportation 

environmental impact statement S 

U.S. Energy Research and Development Administration 

Space Shuttle's External Tank 

extravehicular activity in space 

grams 

gallons (U.S.) 

gastrointestinal (tract) 

high-level waste 

hydrogen-oxygen 

high-temperat ure gas-cooled reactor 



l CRP 

JSC 

kg 

km 

KS 

KSC 

LeRC 

LMFBR 

LWR 

Mev 

MLDM 

MMH 

MSFC 

N 
N/cm 2 

N2°4 
NASA 

NEP 

NP 

NPPF 

NRC 

O/F 

OMS 

OTV 

P 

International Commission on Radiological Protection 

NASA's Johnson Space Center, Houston 

kilogram 

kilometer 

kickstage 

Kennedy Space Center, Florida 

kilowatt 

lymph 

NASA's Lewis Research Center, Cleveland 

liquid hydrogen 

liquid oxygen 

thoracic lymph 

liquid metal fast breeder reactor 

light water reactor 

meters 

micrometers 

meters per second 

molar 

metric tons 

million electron volts 

Multilayer Giffusion Model (MSFC's) 

monomethyl hydrazine 

NASA's Marshall Space Flight Center, Huntsville, Alabama 

Newtons 

Newtons per square centimeter 

ni thgen tetroxide 

National Aeronautics and Space Administration 

nuclear electric propulsion 

nasophar yngeal 

Nuclear Payload Preparation Facility 

Nuclear Regulatory Commission 

oxidizer to fuel ratio 

Orbital Maneuvering System (Shuttle) 

Orbit Transfer Vehicle 

pulmonary 



P C R  

PL 

r e m  

R&D 

RCS 

RETAC 

RS 

RTG 

RTLS 

SEP 

S o l s  

SRB 

SRM 

SS 

SSME 

SSP 

STS 

AT 

TI3 

TBD 

TBP 

USAF 

A V  

W 

WCF 

Payload Changeout  Room 

payload 

roentgen equivalent ,  man 

research  and development 

React ion  Control  Sys tem (Shutt le)  

Reen t ry  Thermal  Analysis C o d e  

Reen t ry  Sys tem 

radioisotope the rma l  gene ra to r  

return-to-landing-site 

solar e l ec t r i c  propulsion 

Solar Orbi t  Insertion S t a g e  

Solid Rocke t  Booster  (Shutt le)  

Solid Rocke t  Motor (Shuttle) 

Space  Shu t t l e  

Space  Shu t t l e  Main Engine 

solar sail propulsion 

Space  Transportat ion Sys tem 

change in t e m p e r a t u r e  

t racheobronchial  

t o  be  de t e rmined  

t r  ibutyl phosphate 

U.S. Air  F o r c e  

change  in ve loc i ty  

Wat t  

was te  concentra't ion f ac to r  
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APPENDIX B 

METRICIENGLISH CONVERSION FACTORS 

To convert . into 

atmospheres atm! . . . . .  pounds per square inch (ps i )  . .  
atmospheres latm) . . . . .  pounds per square f t  (psf)  . . .  
calories (ca l l  . . . . . .  British thermal units ( B t u )  . . .  
calories per gram British thermal units per . . . . . . . . . .  (cal lg)  pound (Btu/lb) . . . . . . . . .  

. . . . .  . . . . . . . . . .  centimeters !cmj inches ( i n )  

. . . . . . . . . . .  centimeters rcm) . . . . .  fee t  ! f t )  

. . . . . . . . . . .  centimeters fcml . . . . .  yards (yd) 
3 3 cubic centimeters [cm ) . .  cubic inches ( m  ) . . . . . . .  

3 3 cubic meters f m  1 . . . . .  cubic fee t  ( f t  ) . . . . . . . .  
2 . . . . .  . . . . . . . . .  cubic meters [ m e \  gallons (gal)  

. .  . . . .  eegrees Centigrade ( O C )  degrees Fahrenheit ( O F )  

. . .  . . . . . .  c'egrees Kelvin ( O K )  degrees Rankine ( O R )  

. . . . . . . . .  grams ( g )  pounds ( I b )  . . . . . . . . . .  
. . . . . . . . . .  . . . . . .  kilograms 'kg! pounds f l b )  

. . . . . . .  . . . . . .  k i  lometers km) s ta tute  miles (mi ) 

. . . .  . . . . . .  kilometers f k m )  nautical miles !n.mi.). 

. . . . . .  . . . . . . . . . . .  kilometers [ k m )  fee t  ( f t )  

. . . . . .  . . . . .  kilowatts f 4W)  B t u  per hour rBtu/hr) 

. . . . . . . .  . . . . . . . . . .  meters [ rn l  inches ( i n )  

. . . . . . . . . . .  . . . . . . . .  meters f m \  f ee t  ( f t )  

. . . . . . . . . . .  . . . . . . . .  meters ( m )  yards (yd) 

multiply by 

14.70 

"NOTE: Multiply by 1.8 and then add 32 . 



To conver t  . i ntc! 

meters per second rm/s) . .  f e e t  per second f f t / s )  . . . . .  
m e t r i c  tons (MT) . . . . .  pounds ( I b )  . . . . . . . . . .  
m e t r i c  tons (MT) . . . . .  tons fT! . . . . . . . . . . . .  

. . . . . . . . . . .  . . . .  micro-meters u m )  meters (m) 

Newtons (N1 . . . . . . .  pounds f o r c e  ( I b f  . . . . . . .  
7 7 

Newtons per cm- (N/cmb) . . pounds per square inch  ( p s i )  . . 

m u l t i p l y  by 

3.281 
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APPENDIX C 

WASTE M I X  AND FORM DATA DEVELOPED FOR COMMERICAL WASTE 

In i t ia l ly ,  Bat te l le 's  Columbus Laboratories was assigned the task of 

examining commercial high-level waste (HLW) t o  determine waste mixes and 

forms suitable for space disposal. Subsequently, this emphasis was changed to 

examine defense HLW rather than commercial HLW. This appendix deals w i t h  

the i n i t i a l  e f fo r t s  to  develop data regarding commercial waste mixes and forms 

acceptable for space disposal. I t  also covers the e f f o r t  on waste mixes and 

forms for commercial HLW submitted as input to the Commercial Nuclear Waste 

Management Generic Environmental Impact Statement (GEIS). 

The previous study "Prel iminary Evaluation of the Space Disposal of 

Nuclear Waste" ('-I), examined several mixes for space disposal; these included: 

Mix I: Spent fuel  is leached and the ent i re  dissolver solut ion is 

solidified and sent to space. 

Mix 2: 99.5?6 o f  U is separated f rom the spent fuel; the remainder 

of the dissolver solution (fission products, actinides, and Pu) 

is solidified and sent to space. 

Mix 3: 99.596 of U and Pu are separated f rom the spent fuel; the 

remaining waste products (fission products cnd actinides) are 

solidified and sent to space. 

Mix 4: 0.1?6 U and Pu, the actinides, and rare earth fission products 

except cerium are solidified and sent to space. 

Mix 5: 94% of  the Tc is recovered f rom the dissolver solution, 

then solidified and sent to space. 

M i x  3 was selected as the baseline case at that time, but because of 

plutonium safeguards and proliferation concerns, Mixes 2 and 3 were reevaluated 

i n  this study. In  addition, an attempt was made to optimize Mix 2 by selective 

removal of specific nuclides in order to reduce mass, heat generation rate, and 

radiat ion dose rate. Results of this optimization effort  would, in general, also 

apply to Mix 3. F inal ly ,  a to ta l  of eight waste mixes was examined for  the 

Commercial Nuclear Waste Management GEIS. These included Mixes 1 ,  2, 3, and 

5 ot the previous study plus: 

Mix 4': Lan than ides  p lus  Am, Cm, and N p  - This m ix  assumes 

ext rac t ion of U and Pu  f r o m  t h e  spent f u e l  d isso lver  



solution, fol lowed by part ioning of the lanthanides plus Am, 

Cm, and Np, and sol id i f icat ion f o r  space disposal.  Th i s  

replaces Mix 4 of the previous study. 

Mix 6: Iod ine  - F i ss i on  p roduc t  i od ine  i s  c o l l e c t e d  v i a  t h e  

reprocess ing o f f -gas  t reatment system and sol id i f ied as 

Ba(l0 ) for space disposal. 3 2 
Mix 7: Carbon  - I4c i n  the  f o r m  of  CO, is col lected v ia the 

L 

reprocessing off-gas treatment system and sol id i f ied as sol i d  

C 0 2  or CaC03. 

Mix 8: A m  and Cm - This mix is an extension of Mix 4'to separate 

Am and Cm, followed by solidification for space disposal. 

Mix 2 Optimization 

Table C- l presents the elements considered for removal from Mix 2 in 

order to  opt imize mass, heat generation ra te  and rad ia t ion dose ra te .  Pu  

removal yields s igni f icant  improvement i n  mass and fair improvement in heat 

generation; however, this changes Mix 2 to Mix 3. Rare earth elements such as 

Nd, Ce, and Eu may be useful, but very dif f icult  to separate. A large portion of 

the Zr and Mo could probably be removed from the liquid HLW by concentrat ion 

precipitat ion. These elements are useful meta!s and do not constitute a disposal 

hazard i f  lef t  on Earth. Cs-Ba and Sr-Y could possibly be removed by oxalate 

addition, which would cause precipitation of these elements, or ion exchange. 

TABLE C-I. M IX  2 OPTIMIZATION 

Mass Heat Generation Radiation Dose Hate 

Element % Reduction Element % Reduction Element 9vo Reduction 

Pu 22.0 Pu 8 Eu Not 
Nd 9.5 Cs-Ba 35-40 Cs Significant 
Zr 9.0 Sr-Y 20- 25 
Mo 8.7 
CS 5-6 
Ce 6 . 6  



Mix 2 Criticality 

S i n c e  Mix 2 c o n t a i n s  a s i g n i f i c a n t  a m o u n t  of P u ,  a s e r i e s  of 

ca lcu la t ions  was  per formed t o  de t e rmine  i f  a c r i t i c a l i t y  p r o b l e m  e x i s t e d .  

K E N O ( ~ - ~ ) ,  a Monte Ca r lo  c r i t i c a l i t y  code, was used for all calculations. The 

result of a KENO ca lcu la t ion  is an e s t i m a t e  of Ke f f ,  t h e  e f f e c t i v e  neut ron  

> 1.0, criticality will occur. Table C-2 shows mu1 t ipl icat ion f ac to r .  When Keff - 
the results of the criticality analysis. The results clearly ind ica te  t h a t  Mix 2 is 

n o t  a v i a b l e  o p t i o n  a t  p ro j ec t ed  payload masses  of approximate ly  5 MT. 

Criticality can be prevented by t h e  use of a neut ron  absorber  such a s  boron 

which absorbs neutrons throughout  the fission energy range. Resonance neutron 

absorbers, such as  t h e  major i ty  of t h e  fission products ,  have  l i t t l e  poisoning 

effect. 

TABLE C-2. MIX 2 CRITICALITY ANALYSIS 

Case Density, Mass, Chemical Ref lector/ 
Number glcc kg Shape Composition Thickness, cm K eff- 

1 5.0 5000 cube oxide none 1.078 
2 4.0 5000 sphere oxide Du/20 . 1.124 
3 4.0 3600 sphere oxide Du/20 1.061 
4 4.0 2100 sphere oxide Du/20 0.939 
5 3.74 4670 sphere bor ide DuI20 0.631 
6 3.42 5000 spehre oxide-65% w/o Du/20 0.858 

AI-35?6 W/O 
-- 

NOTE: Results generated from KtNO code. 

Mix 3 

The exclusion of Pu a s  a waste constituent results in a waste payload 

without criticality problems. Furthermore, the Pu, which is a potentially valuable  

energy resource  is saved for  use. Mix 3 cont inues  a s  t he  baseline for space 

disposal of commercial waste. 

Mix 4' 

E s s e n t i a l l y  a l l  of t he  ac t in ides  and lanthanides  in spent  fuel a r e  

dissolved by nitric acid during fuel reprocessing. Under t he se  conditions,  t h e  



actinides and lanthanides that  do not ex t rac t  in to  TBP as used in Purex are 

readily removed from the high-level liquid waste by solvent ex t rac t ion w i t h  the 

bi  dentate, d i  hexyl-N, N-diethyl carbamylmethylene phosphonate. (C-3) The solvent 

extract may then be stripped and the actinides and lanthanides calcined t o  g ive 

the m ix tu re  shown i n  Table C-3. I t  should be realized, however, that these 

compositions are ve r y  approx imate ,  and  t h i s  f l owshee t  has never  been 

demonstrated on a large scale. This waste mix would constitute approxirnately 

2.7% of the dissolved spent fuel. 

TABLE C-3. MIX 4' COMPOSITION 

Compound Percent 

"3'8 21.10 
Np02 1.22 

PuOZ 0.78 

Am203 3.55 

Cm203 1.18 

Ln203 70.30 

Zr02 

Tc207 
RuOZ 

PdO 

Since Am, Cm, Np, and Pu oxides make up approximately 6.8?6 of the 

mix, a c r i t i c a l i t y  problem may exist. I f  this mix is ever considered as a serious 

candidate for space disposal, cr i t ical i ty experiments and calculations wi l l have t o  

be performed. One o f  the benefi ts of this mix is that essentially all long-lived 

radionuclides are removed f r om  Ear th  using approximately 60?6 o f  the f l igh ts  

necessary for Mix 3. 

M i x  - 6 (Iodine) 

Spent fuel contains small quantities of 12'1, a radionuclide which has a 

half-life of 15.9 m i l l i on  years. Moreover, the chemistry of iodine favors the 



m i g r a t i o n  o f  t h i s  e l e m e n t  (C-4) and,  under  c e r t a i n  cond i t ions ,  i t  migh t  b e  

released to  man's environment in t h e  distant fu ture  if  it is p laced  in a geo log ic  

r e p o s i t o r y .  ('-' C-7) Al though s o m e w h a t  s p e c u l a t i v e ,  c o n c e r n s  fo r  

poss ible  iodine  m i g r a t i o n  f r o m  a geo log ic  r e p o s i t o r y  in t h e  d i s t a n t  f u t u r e ,  

coup led  w i t h  t h e  long ha l f - l i f e  of 1 2 9 1 ,  h a v e  motivated the  development of a 

space disposal al ternative for this element. 

Iodine f o r m s  v o l a t i l e  c h e m i c a l  s p e c i e s  t h a t  t e n d  t o  m i g r a t e  t o  t h e  

dissolver  off -gas  s y s t e m  when s p e n t  fuel  is d issolved in n i t r i c  a c i d  d u r i n g  

reprocess ing .  With p roper  a i r  s p a r g i n g  of the  dissolver solution, it is expected 

t h a t  a p p r o x i m a t e l y  99% of t h e  iod ine  i n i t i a l l y  in  t h e  s p e n t  f u e l  w i l l  b e  

vo la t i l i zed  and  c a p t u r e d  using s i lve r  z e o l i t e  a d s o r b e n t  o r  possibly t h e  lodox 

scrubbing process. ('-* through '-I 2, However ,  t h a t  smal l  por t ion  which d o e s  

no t  v o l a t i l i z e  will even tua l ly  report t o  the  other reprocessing wastes or be lost 

to  t h e  environment. C a p t u r e d  iodine  c a n  be  c o n v e r t e d  t o  Ba(10j)2. Th is  mix 

would consti tute approximately 0.05% of the  dissolved spent fuel. 

Mix 7 (Carbon) 

Spent  fuel  contains small quantities of I4c, a radionuclide which has a 

hal f - l i fe  of 5730 years .  Th i s  e l e m e n t  t e n d s  t o  f o r m  gaseous  c a r b o n  d iox ide  

dur ing fue l  r eprocess ing .  If the  I4c is released into the  environment, it will be 

inhaled or ingested as  food by nearly a l l  living o rgan i sms ,  including man.  T h e  

c h e m i s t r y  of c a r b o n  is s u c h  t h a t ,  u n d e r  c e r t a i n  cond i t ions ,  it m a y  a l s o  

migrate (C-5 and C-6)  from a geqlogic repository eventually in the  dis tant  f u t u r e .  

F o r  t h e s e  reasons  I4c is cons idered  a s  a candidate for partitioning and space 

disposal. 

C a r b o n  r e c o v e r y  c o n c e p t u a l l y  t a k e s  p l a c e  in a reprocess ing  p lan t  

dissolver off-gas system a f t e r  iodine recovery. T h e  p r o c e s s  involves  s o r p t i o n  of 

C O  on molecular sieves, with prior removal of NOx and H 0 being required for 2 2 
efficient  CO recovery. C O  is desorbed and captured by a slurry of C a O  which  2 2 
f o r m s  C a C 0 3 .  C O Z Y  a s  d r y  i ce ,  cou ld  alternatively be formed. This mix would 

consti tute approximately 0.13% of t h e  dissolved s p e n t  fue l  a s  C a C O  o r  0.06% 
3 

a s  solid CO,. T h e  m a j o r i t y  of th i s  m a t e r i a l  ( > 99%) is non-radioact ive  12c 
L 

compounds which a r e  also formed during these processes. 



Mix 8 (Am and Cm) 

Th is  m i x  can  be q u i c k l y  e l i m i n a t e d  f r o m  cons ide ra t i on  by an 

examination of 'cr i t ical i ty  data. For example, the est imated fast c r i t i ca l  mass 

f o r  bare 2 4 1 ~ m  meta l  is 113.5 kg, and for  2 4 5 ~ m  meta l  is 23.2 kg. (C- 13) 

Clearly, 5 MT of  A m  and Cm must be ruled out as a possible mix, unless 

extreme dilution and neutron poisoning is used. 
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APPENDIX D 

REENTRY THERMAL ANALYSIS CODE (RETAC) 

T h e  R e e n t r y  Thermal  Analysis Code  ( R E T A C )  c o n s i s t s  of  a f a m i l y  of  

s u b p r o g r a m s  pr imar i ly  d i rec ted  toward r een t ry  hea t ing  which can  b e  combined in 

various ways t o  bes t  s i m u l a t e  t h e  s p e c i f i c  p r o b l e m  u n d e r  c o n s i d e r a t i o n .  I t  is 

b e i n g  u p g r a d e d  a l m o s t  c o n t i n u a l l y  b o t h  w i t h  i m p r o v e m e n t s  in e x i s t i n g  

subprograms a n d  w i t h  t h e  a d d i t i o n  of new s u b p r o g r a m s .  F i g u r e  D-l s h o w s  a 

g e n e r a l  l a y o u t  of  t h e  c u r r e n t l y  o p e r a t i o n a l  R E T A C  subprograms. They a re ,  in 

g e n e r a l ,  d i v i d e d  i n t o  f o u r  a r e a s :  e n v i r o n m e n t  d e s c r i p t i o n ,  t h e r m o c h e m i c a l  

r e s p o n s e  of m a t e r i a l s ,  m e c h a n i c a l  r e s p o n s e  of mater ia l s ,  and h e a t  conduction. 

The  hea t  conduction is coupled t o  t h e  thermochemical  and m e c h a n i c a l  r e s p o n s e s  

b y  m o v i n g  b o u n d a r y  l o g i c  a n d  a f e e d b a c k  of n o s e  r a d i u s  c h a n g e  a n d  wal l  

t empera tu re  t o  t h e  aeroheat ing  subroutine. Shape change  f eedback  t o  t h e  g r o u n d  

t e s t ,  e n v i r o n m e n t  a n d  t r a j e c t o r y  subprograms have  been incorporated in ce r t a in  

cases. T h e  link b e t w e e n  t h e  e n v i r o n m e n t  a n d  m a t e r i a l  r e s p o n s e  i n c l u d e s  g a s  

b o u n d a r y - l a y e r  b l o c k i n g  e f f e c t s  a n d  s u r f a c e  t e m p e r a t u r e .  In a d d i t i o n  t o  t h e  

subprograms shown, a  special  s u b p r o g r a m  c a n  p r o v i d e  a s i m u l a t i o n  of i n t e r n a l  

v a p o r i z i n g  r e s e r v o i r s  w i t h  s u b s e q u e n t  f l o w  t h r o u g h  a porous  s t r u c t u r e  t o  t h e  

surface.  

I t  shou ld  b e  n o t e d  t h a t  n o t  all p o s s i b l e  combinat ions of subprograms 

h a v e  b e e n  run  t o  d a t e ;  in f a c t ,  s o m e  p r o g r a m m i n g  c h a n g e s  a r e  g e n e r a l l y  

n e c e s s a r y  when a new combination is f i r s t  run. However,  t h e s e  changes  general ly 

a r e  minor and, as exper ience  has been gained in t h e  u s e  of  R E T A C  on v a r i o u s  

p r o b l e m s ,  t h e y  a r e  p r o c e e d i n g  q u i t e  s m o o t h l y .  T h i s  is in l i n e  with t h e  basic 

philosophy of RETAC development w h i c h  is t o  build a f a m i l y  of f a i r l y  s i m p l e  

s u b p r o g r a m s  which c a n  then  be  combined in a f lexible manner t o  f i t  t h e  spec i f ic  

problem. As many d i r ec t  i n t e r a c t i o n s  o f  p e r t i n e n t  p h e n o m e n a  as p o s s i b l e  a r e  

i n c o r p o r a t e d .  T o  remain  flexible, an  explici t  f in i te  d i f ference  method of solution 

is employed for  t h e  hea t  conduction equation. 

F o u r  a l t e r n a t e  methods  of ca lcula t ing  internal  conduction a r e  presently 

available. Mul t i l a y e r ,  o n e - d i m e n s i o n a l  c o m p u t a t i o n s  m a y  b e  c a r r i e d  o u t  w i t h  

c o m b i n e d  s e r i e s - a n d - p a r a l l e l  h e a t  flow paths  t o  s imula te  ce r t a in  two- and even 

th ree -d imens iona l  e f f e c t s .  Whi le  t h e s e  t e c h n i q u e s  a r e  still u sed  f o r  c e r t a i n  
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problems, they have de f in i t e  l i m i t a t i o n .  T h e r e f o r e ,  a l t e r n a t e  a p p r o a c h e s  h a v e  

b e e n  d e v e l o p e d  w h i c h  a r e  a g e n e r a l  two-dimensional  ax isymmetr ic  subprogram 

and a three-dimensional (r,O,z) subprogram. A t w o - d i m e n s i o n a l  m o v i n g  b o u n d a r y  

scheme  has been developed t o  remove mater ia l  and predic t  shape  change. 

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

s u b r o u t i n e  d e v e l o p e d  for  RTG reen t ry  studies. Gas  g a p  radiat ion has  been added 

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

c a l c u l a t e s  h e a t i n g  t o  t h e  r een t ry  body on t h e  basis of local proper t ies  (pressure, 

tempera ture) ,  configurat ion,  and r e e n t r y  m o d e .  E i t h e r  e x i s t i n g  i n t e r n a l  ( t o  t h e  

p r o g r a m )  e q u a t i o n s  c a n  b e  e m p l o y e d ,  o r  t r a j e c t o r y  d a t a  s u p p l i e d  f r o m  t h e  

3-degree-of-freedom or 6-degree-of-freedom compute r  p r o g r a m  v i a  p u n c h e d - c a r d  

input .  In t h e  a e r o h e a t i n g  s u b p r o g r a m ,  h e a t  t r a n s f e r  cor re la t ions  covering f r e e  

molecular  theory,  t ransi t ion theory,  and boundary layer  theory  a r e  used. C o u p l i n g  

of t h e  a e r o h e a t  i ng  c a l c u l a t i o n s  w i t h  t h e  ablat ion and hea t  conduction analyses 

provides for  calculat ion o t  t h e  r een t ry  shield su r f ace  t e m p e r a t u r e ( s ) .  C o o l i n g  of 

t h e  r e e n t r y  s y s t e m  , d u r i n g  t h e  l a t t e r  p o r t i o n  o f  r e e n t r y  is, t h e r e f o r e ,  

au tomat ica l ly  included in t h e  analysis. 

T h e  G R A P H  a b l a t i o n  s u b r o u t i n e  e s s e n t i a l l y  u s e s  t h e  g e n e r a l  

a e r o t h e r m a l  m o d e l  w h i c h  i n c l u d e s  t h e  r e a c t i o n  r a t e - c o n t r o l l e d  r e g i m e ,  t h e  

d i f f u s i o n - c o n t r o l l e d  r e g i m e ,  a n d  s u b l i m a t i o n  r e g i m e .  T h e  m o d e l  i n c l u d e s  

continuous transi t ions be tween t h e  regimes and also predic ts  w h e n  t h e  t r a n s i t  ion 

o c c u r s .  It h a s  a l s o  b e e n  modified fo r  o the r  oxidation processes such  as tungsten 

oxidation. 

A n o t h e r  a b l a t i o n  model  used in t h e  program is a cons t an t  t empera tu re  

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

p r o c e s s e s  s u c h  as T e f l o n  a b l a t i o n .  By  a l l o w i n g  t h i s  mode l  t o  s i m u l a t e  t h e  

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

s u b p r o g r a m  G R A P H  a t  t h e  su r f ace  of t h e  carbon char ,  CHAR? a subprogram for  

charr ing ablators ,  has a l so  b e e n  d e v e l o p e d  a n d  used .  An a l t e r n a t e  m e t h o d  f o r  

h a n d l i n g  c h a r r i n g  a b l a t o r s  is also avai lable in which a pyrolysis zone  is defined 

by specifying t h e  propert ies  including densi ty as a funct ion  of  t e m p e r a t u r e .  T h e  

r a t e  of g a s  e v o l u t i o n  is o b t a i n e d  by  & t e r m i n i n g  t h e  r a t e  of c h a n g e  of t h e  

density of t h e  m a t e r i a l  r e m a i n i n g .  A t i m e  d e l a y  f o r  t h e  g a s e s  t o  r e a c h  t h e  

su r f ace  can  also be  included. 



A generalized thermochemical response model can be used in  which 

t h e  sub rou t i ne  O X l D  c a l c u l a t e s  t he  mass loss i n  the react ion rate- or 

diffusion-controlled regimes and the phase change ablat ion model takes over 

when a specif ied temperature is reached. This general ized model can ablate 

through layers of d i f fe ren t  materials. I t  can also be used in  p l a c e  o f  t he  

GRAPH subroutine with sublimation handled in the phase change model. 

The FLOW subroutine caiculates the f low through a porous s t ruc ture  

f rom an a rb i t ra ry  number o f  internal  reservoirs. The porosity between each 

reservoir and various surface locations is specif ied as input. The subroutine 

calculates the pressure w i th in  each reservoir by vapor pressure and continuity 

relationships and then obtains the pressure di f ferences to the various surf ace 

locations using the external pressure distribution. The changing distances between 

the reservoirs and the surface locations are also recalculated as the surface 

recedes. The f inal result is a distribution of ejected flow along the surface. The 

heat transfer between the flowing fluid and the porous matrix can also be added 

to the energy equation in the conduction program. 

The l iquid layer subprogram provides a detai led descript ion o f  the 

dynamics o f  a l iqu id  layer on an ax ia l ly  symmetric reentry body surface. The 

liquid layer is coupled into the external flow by shecr and surface vaporizat ion. 

I t  is coupled t o  the sol id body by the l iquid in jec t ion r a te  and distribution, 

surface temperature distribution, and body shape. For  pcrametr ic  studies, this 

subprogram can be run separately from RtTAC. 

The mechanical response of mater ia ls is predicted by a subprogram 

STRESS in  which any o f  a var ie ty  of models can be used. This is then coupled 

with material removal logic by some assumed fa i lu re  cr i ter ion.  This mater ia l  

removal is then l inked t o  the heat conduction by the same moving boundary 

logic that is used for thermoc~*emical mate r ia l  removal. A t  the present t ime, 

only one-dimensional stress subprograms have been linked directly wi th the heat 

conduction. However, two-dimensional thermal stress calculat ions have been 

made using two-dimensional temperature profiles generated by RETAC, so the 

extension to a two-dimensional licked model is relatively straightforward. 
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T h i s  a p p e n d i x  d e s c r i b e s  t h e  e q u a t i o n s  a n d  d a t a  t h a t  w e r e  u s e d  t o  

ca l cu la t e  t h e  fireball t e m p e r a t u r e  and su r f ace  h e a t  flux ( a s  a f u n c t i o n  of t i m e )  

r e s u l t i n g  f rom a postulated fireball of t he  Space  Shu t t l e  External  Tank (ET). The  

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

S e c t i o n  5.1.1.1. T h e  B a d e r  " L i q u i d - P r o p e l l a n t  R o c k e t  A b o r t  F i r e  Model"  

(Kefe rence  E- I) were  employed for  th is  case, with modif ica t ions  a p p r o p r i a t e  f o r  

t h e  S p a c e  S h u t t l e  v e h i c l e .  Solutions t o  t h e  fireball energy  equation for  t h e  two  

t i m e  regions of in teres t  ( t he  t i m e  f rom ignition, t = 0, until t h e  t i m e  t h e  l iquid  

p r o p e l l a n t s  h a v e  a l l  b e e n  c o n s u m e d ,  t = tb, a n d  t h e  t i m e ,  t = t b ,  until t h e  

fireball s t e m  l if ts  o f t  t h e  ground, t = 1.5 t b  -- see F i g u r e  5-1) a r e  p r e s e n t e d  

below. Also, a discussion of fireball d i ame te r  is presented. 

Temperature and Heat Flux Calculations for t 6 t 

T h e  e n e r g y  e q u a t i o n  (Equation 10 of R e f e r e n c e  E-I) for  t h e  fireball is 

derived by equating t h e  r a t e  of i n t e r n a l  e n e r g y  c h a n g e  a n d  e x p a n s i o n  w o r k  of 

t h e  f i r e b a l l  t o  t h e  d i f f e r e n c e  b e t w e e n  t h e  r a t e  of  e n e r g y  a d d e d  by  f u e l  

(propellant)  addition and t h e  r a t e  of energy  loss by radiation, as shown below: 

where: 

R = Constant  R a t e  of Fuel Addition 

hr  = hreac t an t s  = Specif ic  Enthalpy of Format ion  

for  Propel lan ts  (defined as h i n  in R e f e r e n c e  E-I) 

E = Firebal l  Emissivity 

a = Stephan-Bol t zmann  cons t an t  

A = Firebal l  Su r face  Area  

T = Fireball Tempera tu re  

W = Mass of  Fireball (Wb = t o t a l  mass of propellants) 

hp = hproducts  = Specif ic  Enthalpy of Format ion  

f o r  Fireball (defined a s  hFB in R e f e r e n c e  E-I) 

t = t i m e  (defined a s  r in R e f e r e n c e  E-I) 



Equation ( I )  can be rearranged as: 

dW but, - is equal t o  R, the  constant r a t e  of fuei addition. Thus, w e  c a n  r e w r i t e  
d t 

Equation (2) as: 

The  surface a rea  of the  fireball, A, can be e x p r e s s e d  i n  t e r m s  o f  t h e  

d e n s i t y ,  p , r a t e  of fue l  a d d i t i o n ,  R ,  a n d  t i m e ,  t .  T h e  s u r f a c e  a r e a  o f  t h e  

spherical fireball is defined as: 

A = 4,r2 , ( 4 )  

where, r is the  radius of th  fireball. However, t h e  density of t h e  f i r e b a l l  a t  a n y  

given t ime  can be expressed as: 

Therefore, t h e  radius of t h e  fireball can be  expressed as: 

and, thus t h e  surface  a rea  of t h e  fireball is: 

Also, from t h e  equation of state:  

P = o&T 3 

where: 

P = Pressure 

di = Gas Constant 

T = Temperature. 

Equation (7) can be rewrit ten as: 



Substituting Equation (7) into Equation (3) and noting that R = W i t ,  we ar r ive  a t  

a first order, non-linear differential equation: 

where: 

The relationship between h a n d - T  for  the Space Shutt le cryogenic 
P 

propel lants was established and presented in Section 5.1.1.1 of this report. Table 

E-I, below, presents data calculated for h and T. 
P 

TABLE E-I. ENTHALPY OF PRODUCTS FOR VARIOUS VALUES 
OF TEMPERATURE FOR ET FIREBALL CASE 

NOTE: These data are plotted in Figure 5-2 of Section 5.1.1.1. 

The data in Table E-l were f i t ted to a fifth-order polynomial of the form: 

with, 
dh 3 4 
9 = B I  + 2B2T + ~ B ~ T ~  + 4B4T + 5B5T . 
dT 



0 For h in units of callg and T in K, the constants are as follows: 
P 

Bo = + 1.6 15762 E+05 

J 

The value of hr was computed using the heats of formation as given 

in Reference E-2 for liquid hydrogen and l iquid oxygen a t  their  normal bo i l ing  

points and the r a t i o  o f  hydrogen to  oxygen, as particular to the Space Shuttle 

ET. The value of hr for these assumptions is -213 callg (-384 BTUIlb). 

To  obtain the value of S we must f i r s t  define certain constants and 

determine the value of R, the constant rate of fuel (propellant) addition. 

For  a spherical fireball under the influence of atmospheric pressure (P 

= 1.0 atm), the average density of the gases at the time of l i f t o f f  ( t  = tb) can 

be approximated by assuming, for temperature, the value of 2989 '~  (see Section 

5.1.1. I). From the equation of state, Equation (8), we have: 

P - (1.0 atm) 
P = - -  8 T  m3-am ) , ( kg-mole ) x ( 2 9 8 9 0 ~ )  ( .082 kg-mol e-" K 14,006 kg 

Thus, 

s = 0.05714 kg/m3 (0.003565 1bm/f t3)  . 

F rom Equation (6)  and W = R x t, the radius o f  the f i reba l l  at the time of 

l i f to f f  ( t  = tb) is given as: 

rb = 1.61 w b 1 I 3  (when Wb i s  i n  kg) 

o r  

[rb = 4.063 w b 1 I 3  (when wb i s  i n  i b m ) l  

Reference E-l defines the relationship between the time of l i f t o f f ,  t 
b' 

and the fireball radius at that time, rb. This is  given as: 



where, g is the acceleration of gravity, 9.8 mls2. A f t e r  subst i tut ing Equation 

(14) into the above relationship we arrive at: 

tb = 0.702 w b 1 I 6  (when Wb i s  i n  kg) (16)  

[ t b  = 0 . 6 1 5  w b 1 I 6  (when Wb i s  i n  lb,)] . 
Since the constant rate of fuel (propellant) addition, R, is given as: 

We have: 

R = 1.425 w b 5 l 6  (when wb i s  i n  kg) 

o r  

[ R  = 1 . 6 2 6  w b 5 I 6  (when ~ b  i s  i n  lb,)] . 

For the case of the Space Shuttle, Wb = 7.12 E+05 kg (1.57 E+06 Ibm), we 

arrive at: 

R = 1.074 E+05 kg/s 

rb = 144 m 

tb = 6.63 s. 

Therefore, the f i rebal l  is expected t o  l i f t  o f f  the ground a t  6.63 

seconds a f te r  the i n i t i a l  f i re; it is expected t o  have a diameter o f  288 rn. 

Reference E-l indicates that the time of stem l i f t o f f  (see Figure 5- 1) is given 

as 1.5 x tb; thus, the stem is expected to l i f t  o f f  the ground at 9.05 seconds 

after the init ial fire. 

The va lue  o f  S, Equa t ion  ( I  I), can now be determined f rom the 

f o l  l w i n g :  

E = I .O 
2 oK4 

a = 1.3545 E-08 cal/(m - - s) 

61 = 5.855 E-03 rn3 - atm/(kg - OK) 

P = 1.0 atm 

R = 1.074 E+05 ky/s. 



We arrive a t  

Substituting in  values for 5, hr and using Equations (12) and (13) to 

substitute for h and (dh /dT), Equation (10) was then integrated numerically by 
P P 

computer usi ng the Runge-Kutta-Cil l method. Battel le's IRKG and RKG Routines 

were employed. About one-third ot the resulting data are shown in  Table E-2. 

These data are plotted in Figures 5-3 and 5-4 of Section 5.1.1.1. 

TABLE E-2. RESULTS OF NUMERI.CAL INTEGRATION OF FIREBALL 
ENERGY EQUATION PRIOR TO FIREBALL LIFTOFF 

Time, sec Temperature, OK Radiant Flux, kW/m 2 

0.00 2989 4529 
0.36 2938 4230 
1.02 2879 38?8 
2.01 28 15 3568 
3.00 2763 3310 
3.99 2718 3097 
4.98 2678 29 16 
5.97 264 1 2758 
6.63 26 18 2664 

Temperature and Heat Flux Calculations for t, c t < 1.5 t, 
V 

The energy equation used for t c tb  (see Equation I )  is modified by 

the assumption that there is no more chemical heat added and the mass of the 

fireball is constant (W = W 1. This results in: b 

rearranging, and substituting using Equation (9) for A we arrive at: 



where: 

By employing Equation ( l3) ,  giving t h e  r e l a t i o n s h i p  b e t w e e n  dh  / d T  a n d  T ,  a n d  
P 

evalua t ing  S'to be: 

E q u a t i o n  ( 1 9 )  w a s  t h e n  i n t e g r a t e d  n u m e r i c a l l y  b y  c o m p u t e r  u s i n g  t h e  

Runge-Kutta-Gill method. About one-quarter  of t h e  r e s u l t i n g  d a t a  a r e  s h o w n  in 

Table E-3. These  d a t a  a r e  plot ted in F igures  5-3 and 5-4 of Sect ion 5.1.1.1. 

TABLE E-3. RESULTS OF NUMERICAL INTEGRATION OF 
FIREBALL ENERGY EQUATION BETWEEN THE 
TIMES OF FIREBALL AND STEM LIFTOFF 

Time,  s e c  Tempera ture ,  OK Rad ian t  Flux, kW/m 2 

Fireball Diameter 

T h e  p r e d i c t e d  f i r e b a l l  d i a m e t e r  as a f u n c t i o n  of  t i m e  is s h o w n  in 

Figure  5-5 of Sect ion 5.1.1.1. This  relationship was  g e n e r a t e d  by e v a l u a t i n g  t h e  

f o l l o w i n g  e q u a t i o n  ( a l s o  see E q u a t i o n  6 )  w h i c h  r e l a t e s  t h e  d i a m e t e r  of t h e  

fireball t o  t h e  densi ty and t h e  mass of t h e  fireball: 

T h e  values of density, p ,  and fireball mass ,  W, w e r e  c a l c u l a t e d  as a f u n c t i o n  

o f  t i m e  a n d  t e m p e r a t u r e .  F o r  values of t i m e  g r e a t e r  than  t b  = 6.63 seconds, a 

cons tant  value of fireball mass was  used,  W - 7.12 E + 0 5  kg. T h e  d e c r e a s e  in b - 



fireball size for t > tb is due to the large amount of radiation being emit ted 

from the fireball, thus cooling it, and increasing its density. 

Reference E-3 provides a relationship between the maximum f i rebal l  

d iameter  and t o t a l  propel lent for the hydrogen/oxygen combination. This 

relationship was developed from experimental data. (E-3) The re lat ionship,  

modified to reflect diameter in meters, is as follows: 

d = 4.29 Wb OS3O6 (when Wb is in kg) (22) 

[ d  = 11.05 Wb 0e306 (when Wb is in lb)] 

For the Space Shuttle case, Wb = 7.12 E+05 kg, and the resulting maximum 

fireball diameter, d, i s  265 m. This value i s  shown in Figure 5-5 in Section 

5.1.1.1, and good agreement is  observed. 
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T o  c a l c u l a t e  t h e  population doses from radiation exposure t o  t h e  public 

downwind of a Space Shutt le accident dur ing t h e  launch of n u c l e a r  w a s t e  i n t o  

s p a c e  f o r  d isposal ,  a c a l c u l a t i o n  t e c h n i q u e  w a s  deve loped  and  a c o m p u t e r  

program writ ten t o  perform t h e  calculations. This program was deve loped  t o  u s e  

o u t p u t  f r o m  b o t h  t h e  M S F C  M u l t i l a y e r  Di f fus ion  Model and  DACRIN. A 

summary o t  the  scheme and computer program is presented below. 

T h e  input  t o  t h e  p r o g r a m  c o n s i s t s  of four types of data. The - f irst  is 
* 

t h e  populat ion d a t a  su r rounding  t h e  Kennedy  S p a c e  C e n t e r  launch s i t e ,  a 

polar-coordinate  grid composed of 64 individual areas  having a cer ta in  population 

(see Figure F-I), s t a r t i n g  a t  a d i s t a n c e  20 km f r o m  t h e  launch c o m p l e x  and  

moving o u t  in i n c r e m e n t s  of 10 km. Second, two dose factor kern/  p g) arrays, 

for the  specific waste mix dose  f a c t o r s  (Hanford  and  Savannqh R i v e r  was te ) .  

Each  a r r a y  c o n t a i n e d  provis ions  for three  part icle sizes and six organs or body 

tissues (e.g., total body, lung, bone, kidney, liver, and thyroid). T h e  d o s e  f a c t o r s  

( r e m /  u g)' s p e c i f i c  t o  a mix, p a r t i c l e  s i z e  and o rgan  w e r e  mul t ip l i ed  by a 

c a l c u l a t e d  u g - m a n  v a l u e  t o  p rov ide  t h e  man-rem dose  f o r  a g i v e n  s e t  o f  

c o n d i t i o n s .  T h i r d ,  i s o p l e t h  d a t a  f o r  l ines  of equa l  t i m e - i n t e g r a t e d  w a s t e  
3 concentration ( ug-s/m ) from t h e  MSFC Multilayer Di f fus ion  Model (MLDM) in 

t h e  f o r m  of po la r  c o o r d i n a t e s  and  s p e c i f i c  to  a cer ta in  meteorology condition 

(e.g., Spr ing,  F a l l ,  e t c . )  and  w e r e  input  f r o m  prev ious  runs  of t h e  MLDNl. 

Fourth, the  inhalation r a t e  assumed for a reference man of 2.3 15 x m3/s. 

T h e  p r o g r a m  c a l c u l a t e s  a n  a v e r a g e  v a l u e  of t i m e - i n t e g r a t e d  
3 c o n c e n t r a t i o n  ( vg-s/m ) in each population a rea  (see Figure F-I) by breaking up 

each a rea  into eight regions having a center  point, a s  shown by t h e  i l lus t ra t ion  

in F i g u r e  F - I ,  and  employ ing  a l inea r  in terpola t ion technique t o  es t imate  the  

value at each point between two isopleths (see Figure F-2). T h e  t i m e - i n t e g r a t e d  

c o n c e n t r a t i o n  w a s  assumed  t o  be  z e r o  for a point outside the  isopleth for the  

*!- rom: "Overall Safety  Manval", prepared by NUS Corporation, Rockvil le, 
Maryland, for U.S. AEC, Space Nuclear Systems Division (June 1975). 
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FlGURE F- I .  POPULATION DISTRIBUTION SURROUNDING 
KSC LAUNCH SITE 



The value at point C is 
as follows: 

estimated 

FlGURE F-2. ILLUSTRATION OF INTERPOLATION TECHNIQUE ' 

smallest value. Once values for al l  eight points in a particular grid area were 

determined they were averaged and then mu1 t ip l ied by the population for  that  
3 gr id  area to  arr ive at  an average value of (pg-s/m ) - (man). The sum of all 

the values for each grid area was then multiplied by the inhalation ra te  and the 

dose conversion factor to obtain a value of man-rem for a given meteorological 

condition. 



APPENDIX G 

DOSE FACTOR MODEL <FOR HIGH ALTITUDE BURNUP 



DOSE FACTOR MODEL FOR HIGH ALTITUDE BURNUP 

T h e  w o r l d  p o p u l a t i o n  d o s e  mode l  described by Equation ( I )  of Sec t ion  

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

r a d i o n u c l i d e  m i x t u r e s ,  t h r e e  p a r t i c l e  sizes, seven injection la t i tude  bands, and 

ten  organs (including to ta l  body). The  resul ts  a r e  tabula ted  in S e c t i o n  6.2.1, a n d  

t h e i r  i m p l i c a t i o n s  w i t h  r e s p e c t  t o  t h e  impact  of a high a l t i tude  r een t ry  burnup 

a c c i d e n t  a r e  d i s c u s s e d  in S e c t i o n  6.2.2. T h e  p u r p o s e  of t h i s  a p p e n d i x  is t o  

e x p l a i n  how t h e  d o s e  f a c t o r s ,  Dnrk, listed in t h e  main body of this  repor t  (see 

Sect ion 6.2, Tables 6-1 6, 6-17, and 6-18) were  calculated.  

T h e  b a s i c  a p p r o a c h  t o  d e v e l o p m e n t  o f  t h e  d o s e  f a c t o r  m o d e l  is 

relat ively simple. T h e  amount  of rad ioac t ive  burnup ma te r i a l  f a l l i n g  in a n  e q u a l  

a r e a  l a t i t u d e  b a n d  k (k = 1,2, ... 20) is a function, f i k ,  of t h e  amount  injected in 

la t i tude  band i (i = 1,2, ... 19), a s  defined by Table  6- 14 ( s e e  S e c t i o n  6.2. I). T h e  

f a c t o r  n e e d e d ,  D n r k ,  is t h e  dose t o  organ n of an individual in band k d u e  t o  a 

unit inject ion of r a d i o n u c l i d e  r  i n t o  t h e  u p p e r  a t m o s p h e r e  of  b a n d  k. In t h e  

m o d e l  d e s c r i b e d  be low,  a  m o d i f i e d  ve r s ion  of t he  a tmospher ic  t ranspor t  model 

developed by Krey  and Krajewski (G-I'G-2) is used  t o  e s t i m a t e  t h e  r a d i o n u c l i d e  

i n h a l a t i o n  r a t e  (IJ C i l d a y )  f o r  a n  ind iv idua l  in b a n d  k a s  a  f u n c t i o n  of t i m e  

f o l l o w i n g  a n  i n i t i a l  i n j e c t i o n  of  1.0 ~s C i  o f  r a d i o n u c l i d e  r  i n  t h e  u p p e r  

a t m o s p h e r e .  T h i s  i n h a l a t i o n  r a t e  is u sed  as i n p u t  f o r  t h e  i n t e r n a l  dos imetry  

m o d e l  p r o p o s e d  by t h e  I C R P  ( I n t e r n a t i o n a l  C o m m i s s i o n  o n  R a d i o l o g i c a l  

P r o t e c t i o n )  T a s k  G r o u p  on Lung ~ ~ n a m i c s ( ~ - ~ )  as modified by ICRP Publicat ion 

19. ( G - 4 )  T h e  T g s k  G r o u p  L u n g  M o d e l  a n d  m e t a b o l i c  d a t a  f r o m  l C R P  

P u b l i c a t i o n s  2 a n d  6 (G-57G-6) a r e  used t o  ca l cu la t e  Dnrk for  d i f ferent  pa r t i c l e  

sizes and d i f ferent  radionuclides. 

Atmospheric Transport Model 

T h e  K r e y - K r a j e w s k i  m o d e l  o f  a t m o s p h e r i c  t r a n s p o r t  is a s i m p l e  

compar tmen t  model (see Figure  L- I )  based on f irs t  o r d e r  k i n e t i c s .  D i s r e g a r d i n g  

r a d i o a c t i v e  decay ,  let  A(o) be  t h e  amount  of radioact ive mater ia l  injected in t h e  

northern hemisphere above  2 1 km, then 



where: 

A(o) is t h e  amount  of mater ia l  initially injected in A; 

A(t), B(t) and C( t )  a r e  t h e  a m o u n t s  p r e s e n t  in  A ,  R, a n d  C 

at t i m e  t, 

X A = ln(2)/6 months; B = ln(2)/10 months  

k = ln(2)/60 months; h = ln(2)/ I month.  

N o  )( 

A A ' 

-"J iA' 

B 

:T:B: c NORTH SOUTH I C  

21 krn 

Tropopause 

Surface 

FIGURE G- I. KREY-KRAJEWSKI MODEL 

F o r  present  p u r p o s e s ,  w e  d i v i d e  t h e  a t m o s p h e r e  i n t o  t h r e e  v e r t i c a l  

l a y e r s  c o r r e s p o n d i n g  t o  A, B, and  C above,  and w e  divide e a c h  hemisphere into 

10 equal a r e a  la t i tude  bands. T h e  exchange  be tween h e m i s p h e r e s  i n d i c a t e d  by  k 

= l n (2 ) /60  m o n t h s  is i g n o r e d  a n d  replaced  by t h e  f i k  funct ion def ined  by Tab le  

6- 14 (see Sec t ion  6.2. I). 

Inc lud ing  c o n s i d e r a t i o n  of  r a d i o a c t i v e  decay ,  a tmospher ic  t ranspor t  in 

equal a r e a  la t i tude  band k is represented  in F igure  G-2. 



Where : - - 
SURFACE Xi = 'A + A r 

= ).B + Ar 

A; = aC + A r  

FIGURE G-2. SCHEMATIC DIAGRAM OF ATMOSPHERIC TRANSPORT 

T h e  differential  equations for  t h e  model shown in F igu re  G-2 are: 

dAk/dt = - 1 ~ A k  ( 4 )  

- 
Taking Laplace  transforms,  indicated f o r  Ak by Ak a n d  s o  on ,  t h e  s i m u l t a n e o u s  

s o l u t i o n s  o f  E q u a t i o n s  (4) ,  (5) ,  and  ( 6 )  a r e  given below for  t h e  following initial 

conditions: A,(o) = fikAir , Bk(o) = 0, and Ck(o) = 0. 

A k ( t )  = Ak(o) exp ( - i i t )  
( 9  1 



where: - 
Ak(o) = f. A = 1.0 u C i  of radionuclide r falling in eauol 

~k ir 
area latitude band k, 

Ak(t), B (t), Ck(t )  are the amounts ( u  Ci) of radionuc!ide r 
k 

in  compartments, Ak (atmosphere above 21 km), Bk 

( b e t w e e n  2 1  k m  a n d  t h e  t r o p o p a u s e ) ,  and Ck 

(troposphere) of band k at t ime t (days), 

* 
?,A = 1n(2) /182 .5  days A A  = X A  + X r  y 

* 
xg = 1n(2) /304 .2  days , Ag = Ag + lr 9 

* - x p  L = 1n(2) /30 .42  days i c  - AC + X r  

T is the ha l f - l i f e  (days) of  radionuclide r ,  and t = days r 
after reentry burnup. 

(N.B. N o t e  t h a t  Equa t i on  (14) is the Laplace transform of  dCk/dt  and 

Equation (15) is the inverse Laplace transform based on the Heaviside 

Expansion Theorem. (G-7)) 



S u r f a c e  d e p o s i t i o n ,  Sk ( t ) ,  a l s o  in u Ci  of radionuclide r,  is simply t h e  

integral  of Ck( t ) ,  Equation (15), i.e., 

N o t e  t h a t  

f rom which it is obvious t h a t  

Disregarding radioac t ive  decay ,  Sk(- 1 = A (0) and mass  is conserved. F i g u r e  G.-3 k 
s h o w s  A k ( t ) ,  B k ( t ) ,  C k ( t )  a n d  S k ( t )  b a s e d  on Ak(o)  = 1.0 m a s s  u n i t  a n d  no  

radioac t ive  decay. F igure  G-3 shows t h a t  f o l l o w i n g  r e e n t r y  a n d  b u r n u p  ( o r  a n y  

h igh  a l t i t u d e  i n j e c t i o n  of  small  d i ame te r  part icles ,  L 4 11 m for example)  fal lout  

would  o c c u r  o v e r  a p e r i o d  o f  s e v e r a l  y e a r s  w i t h  > 99% of t h e  m a s s  b e i n g  

deposi ted within 7 years  following injection, > 99.9% within 10 years. 

Radionuclide Inhalation Rate 

E q u a t i o n  (1  5 )  g i v e s  t h e  t o t a l  a m o u n t  o f  r a d i o n u c l i d e  r in t h e  

t ropospheric  layer o t  t h e  a tmosphere  of equal a r e a  l a t i t u d e  b a n d  k,  C ( t ) ,  as a 
k 

f u n c t i o n  of  t i m e  a f t e r  i n j e c t i o n  ( r e e n t r y  b u r n u p  of a nuclear  w a s t e  payload). 
3 According t o  ICRP('-~), S tandard  Man inhales 20 m ( a i r ) l d a y .  H i s  r a d i o n u c l i d e  

i n h a l a t i o n  r a t e  ( u  C i l d a y )  w i l l ,  t h e r e f o r e ,  b e  2 0  t i m e s  t h e  r a d i o n u c l i d e  
3 concent ra t ion  (;I Ci /m ) in su r f ace  air ,  i.e., 





where: 

Ql(t) is the radionuclide inhalation rate (IJ Cilday) at t ime t, 

Ck(t) is  the amount of radionuclide ( r  Ci )  i n  compartment 

C at time t, 
k 3  20 m (air)/day is Standard Man's inhalation (air) rate, 

and - 
F i s  a f a c t o r  ( m - 3 )  r e l a t i n g  t he  c o n c e n t i a t i o n  o f  

3 radionuclide i n  surface a i r  (IJ C i / m  ) t o  the amount of 

radionuclide in  the tropospheric compartment of band k. 

See Equation (24). 

I f  we assume that  the radionuclide in compartment Ck is well mixed, 
3 F is simply the reciprocal of the volume (m ) o f  compartment Ck. It is known 

that  the height of the tropopause varies from about 8 km at high latitudes to 

about 18 km near the equator. Assuming a mean tropospheric depth of 13 k m  

and a meon Ear th  radius o f  6371 km, the total volume of the troposphere, VT, 

i s  estimated by 

Based on a worldwide network of a i r  and fa l lout  sampling stations, 

K rey  and Krajewski (G-"G-2) obtained empirical estimates of F (disregarding VT) 

by comparing mean monthly air concentrations (gross beta ac t i v i t y )  w i t h  mecn 

month1 y deposition rates. Their results were reported as follows: 

- 0.3 dpm/1000 SCM - mean a i r  concentration 54 - - 
kc i mean depos i ti on 

Fs = 
0.2 dpm/1000 SCM 

kCi Y 

where: 

FN  i s  based  on  s a m p l i n g  s t a t i o n s  i n  t he  n o r t h e r n  

hemisphere, 

F s  i s  b a s e d  on s a m p l i n g  s t a t i o n s  i n  t h e  sou thern  

hemisphere, 



and - 
SCM = standard cubic meter of air. 

Converting kCi (kilocuries) t o  dpm (2.22 E+ 15 dpmIkCi), FN = 1.35 E-19 m'3 

and F s  = 9.01 E-20 m 3 .  These values, especially FN, are comparable to the 

value, I/VT, based on Equation (21 ), the la t te r  being but  12% larger than the 

former. As there are 20 k-bands, Vk = VT/20, and our estimate of the value of 

F in Equation (20) is 

Model for Calculating Dose Factors 

Cornoarison with DACRIN 

F i g u r e  G-4 is a schema t i c  d i ag ram of the Task Group on Lung 

Dynamics model described by Morrow et  al.  (G-3) The  D A C R I N  compu te r  

program (G-7 )  used i n  Section 6.1 is based on the same model, but the DACRII\I 

equations require that Ql (Figure G-4) be expressed as a pulse (acute inhalat ion) 

or  a cons tan t  r a t e .  (chronic inhalation). In the present case, as shown by 

Equation (20) and its predecessors, Ql(t) is a function of time; and, as shown by  

the graph of C (t) in Figure G-3, the fallout period is several years. k 
It is perhaps tempting. to assume that GIl(-) can be treated as a pulse 

input evaluated by 

Then DACKIN or a similar program for calculating doses due to acute inhalat ion 

could be used directly. This approach would be appropriate i f  the fallout interval 

were very short (a few days or a few weeks). Since the fallout period is severr,i 

years, the use of  Equation (25) and DACRIN is not cppropriate and would result 

in underestimates of l i fetime organ doses. 



Source: Reference 6-3. 

FIGURE G-4. SCHEMATIC DIAGRAM OF TASK GROUP LUNG MODEL 



Definitions and Data Sources 

Symbols  a p p e a r i n g  in Figure G-4 and/or used in Equations (30) through 

(73), t o  follow, a r e  d e f i n e d  below. P a r a m e t e r  v a l u e s  used in t h e  d o s e  f a c t o r  

model and their  sources a r e  given in Tables G- l through G-4. 

Q,(t)  is t h e  radionuclide inhaltion r a t e  ( u  C i l d a y )  a s  d e f i n e d  

by Equation (18). 

d 3 ,  d4, a n d  d a r e  t h e  f r a c t i o n s  of inha led  rad ionuc l ide  5 
i n i t i a l l y  d e p o s i t e d  i n  t h e  n a s o p h a r y n g e a l  (NP) ,  

t r a c h e o b r o n c h i a l  (TB), and  pu lmonary  (P) regions of t h e  

respiratory s y s t e m .  T h e  f r a c t i o n  e x h a l e d  ( n o t  shown)  is 

d2; d l  = d2 
+ d 3  

+ d4 + d5 = 1.0 (Table G- I). 

AMAD = activity median aerodynamic diameter  ( p  m) 

S a m p l e  v a l u e s  of d3(AMAD) and  d4(AMAD) a r e  l i s t e d  in T a b l e  

T h e  c l e a r a n c e  pathways for various parts  of the  respiratory system 

and t h e  thoracic lymph a r e  labeled j = a,b, ... i (Figure G-4). 

N P a ,  f o r  e x a m p l e ,  r e p r e s e n t s  t h e  q u a n t i t y  of m a t e r i a l ,  

tad3Q,(t), cleared from the  nasopharyngeal region t o  blood 

via c learance pathway a (Figure G-4). 

f .  is t h e  fraction of d Q ( t)  cleared via p a t h w a y  j = a ,b ,  ... i 
J x I 

(Table G-2) from the  G.I. t r a c t  to blood. 

f l  is t h e  f r a c t i o n  o f  rad ionuc l ide  r t r a n s f e r r e d  f r o m  t h e  

G.I. t r a c t  t o  blood (Table G-4). 



TABLE G-I. FRACTION OF INHALED PARTICLES DEPOSITED IN THE 
RESPIRATORY SYSTEM VERSUS PARTICLE DIAMETER 

part icle Size I- raction of Inhaled Quantity Retained 
AMAD Nasopharyngeal Tracheobronchial Pulmonary . - 

Micrometers Region, d, Region, dL Region, d5 

Source: Reference G-7. 

TABLE G-2. CLEARANCE PARAMETER VALUES 

Translocation Class 
Compartment D (day) W (week) Y (year) 

Nasopharyngeal a 0.01 0.50 0.01 0.10 0.01 0.01 
(NP) b 0.01 0.50 0.40 0.90 0.40 0.99 

r 

Tracheobronchial c 0.01 0.95 0.01 0.50 0.01 0.01 
(TB) d 0.20 0.05 0.20 0.50 0.20 0.99 

Pulmonary e 0.50 0.80 50 0.15 500 0.05 
(PI f n.a. n.a. I 0.40 I 0.40 

g n.a. n.a. 5 0 0.40 500 0.40 
h 0.50 0.20 50 0.05 500 0.15 

Lymph (L) I 0. SO* 1 .OO SO* 1 .OO 1 000 0.90 

+NO-TE: Values used for Equations (56) and (57) are 0.4999 and 49.99 days, 
respectively. 

Source: Reference G-7. 



TABLE G-3. PULMONARY CLEARANCE CLASSIFICATION 
OF INORGANIC COMPOUNDS 

C&S Y-Avid rctcntion: clcarcd slowly (ycan) 
Carbides-actinidu, lanthanides, Zr, Y, Xln 
Sulfidu-nonc 
SuUates-none 
Carbonates-none 
Phosphates-nonc 
Oxidcs and hydroside-lantllanides, actinides Groups 8 (V and VI), Ib, 2b (I V and V), 3b cxcept SS', 

. and 6b. 
Halides-lanthznidc fluorides 
Nitratu-none 

CIasz 1V-Modcratc retention: intcrrncdiatc clearmcc r a t e  (wccks) 
Carbides-Cations of all Class \.V hydrosides except those listed as Class Y carbides. 
Sulfides--Groups 2a (V + VI), .la (IV-\'I), 5a (I\'-VI), lb, 2b and Gb (V i VI). 
Sulfates-Group 2a (IV-VII), and 5a (I\?-1'1) 
Carbonates-lanthanides, Ri3+ and Group 2a (IV-VII) 
Phosphates-Znzf, Sn3*, hlgz*, Fc3+, Bi3* and lanthanides 
Oxides and l~ydroxidcs-Groups 2a (11-VII), 3a (111-VI), -$a (111-VI), 5a (IV-VI), 6a (IV-VI), 8, 2b 

(VI), 4b, 5b, and 7b SF 
- 

Halides-lanthanides (except fluorides), Groups 2a, 3a (111-VI). 4a (IV-VI), 5a (IV-VI), 8, Ib, 2b, 3b 
(IV-V), 4b, 5b, 6b and 7b 

Nitrates-all cations whose hydroxides arc Class Y and I V  
C h s  D-Minimal retention: rapid clearance (days) 

Carbides-sec hydroxidn 
Sulfides-all except Class 1V 
Sulfates-all except Class \V 
Carbonarm-all except Clas~ W 
~hosphatcs-n!i esccpt Ci.ts2 \is 
Oxida and Hydroxides-Groups la, 3a (11), 4a (II), 5a (11, 111), Ga (111). 
Halides-Groups l a  and 7a 
Nitrates-all except Clvs W 
Noble Gases-Croup 0 

Note: I\'hcre reference is made from one chemical form to another, it implics that an in vim convcnion occurs, 
e.g. hydro!>sis reaction. 

The following periodic tahlc or thc elements is used with the foregoing classification. 

Group 

3b I 4 b ( 5 b  I Gb I 7 b  I 8 i l b l Z b  3a 4a 5a 6a 7a 0 ------ 

--- 

H e  

I1 Li Be 

----- - 

VII 1 Fr I Ra 1 Act I 

Source: Reference G-3. 

*Lanthznidcs 

t Actinides 
-- 
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TABLE G-4.  METABOLIC PARAMETERS FOR DOSE FACTOR CALCULATIONS") (Continued) 

K.tdionuclidc Tb-158 Tb-160 U-233 U-235 U-238 Np-237 Pu-238 Pu-239 Pu-240 Pu-241 Pu-242 Am-241 Am-243 Cm-244 
Tvdns. Class Y Y Y Y Y Y Y Y Y Y Y Y Y Y 

fi (GIT -+ Blood) 10-4 10-4 10-4 1 0-4 10-4 1 .O 3C-5 3E-5 3E-5 3E-5 3E-5 10-4 10-4 10-4 
Tr (clays) 

- - NDA 73 5.9E + 7 2.6E + 11 1.7E + 12 8E + 8 33,000 8.6E + 6 2.4E + 6- 4,800 1.4E + 8 1.7E + 5 2.9E + 6 6700 

Total Body 670 670 100 100 100 39,000 65,000 65,000 65,000 65,000 65,000 20,000 20,000 24,000 
Bone 1000 1000 300 300 300 73.00 36,500(4) 36,500 36,500 36,500 36,500 73,000 73,000 73,000 

1 Liver 0 0 0 0 0 54,000 14,600(4) 14,000 14,600 14,600 14,600 34,800 34,800 3,000 
Kidney 700 700 15 15 15 64,000 32,000 32,000 32,000 32,000 32,000 27,000 27,000 2,400 
1-hyt oid 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Tot.11 Body 1 .O 1 .O 1 .O 1 .O 1 .O 1 .O 1 .O 1 .O 1 .O 1 .O 1.0 1 .O 1 .O 1 .O 
BOIIC 0.6 0.6 0.1 1 0.1 1 0.1 1 0.45 0.45(4) 0.45 0.45 0.45 0.45 0.25 0.25 0.3 

lpN Liver 0 0 0 0 0 0.05 0.45(4) 0.45 0.45 0.45 0.45 0.35 0.35 0.4 
Kidney 0.03 0.03 0.1 1 0.1 1 0.1 1 0.03 0.02 0.02 0.02 0.02 0.02 0.03 0.03 0.02 
-1 hyroid 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Total Body NDA (0.85) 50 46 43 49 57 5 3 53 2.3 5 1 57 54 60 
Bone NDA (1.1) 250 230 220 250 280 270 270 14.0 250 280 270 300 

EN Liver NDA 0 0 0 0 49 5 7 53 5 3 1 .O 5 1 57 54 60 
Kidney NI)A (0.4) 50 46 43 49 57 5 3 53 2.5 51 57 5 4 60 
Thyroid NDA 0 0 0 0 0 0 0 0 0 0 0 0 0 

En (Kcsp. ~ y s t . ) ( ~ )  NDA (0.48) 50 46 43 49 5 7 53 5 3 0.053 5 1 57 5 4 60 
fG (Lg. Intestine) NDA (0.34) 0.49 0.52 0.43 0.49 0.52 0.52 0.52 (0.0005) 0.49 0.56 0.54 0.58 

- 
(1) Data extractetl from References (;-4 or G-5 unless otherwise indicated. 
(2) V.~lucs used tor NP, TB, P, and L .ire values listed by ICRP for "Lung". 
(3) A zero, 0, simply incticates "no data listed by ICRP". 
(4) Based on ICRP (1972) recommendations for Pu. 

* lsoto~e not listed in  ICRI' (1960) or ICRP (1964). Data in parentheses from DACRIN. Other data depend on element. 

NDA = No Data Av.tilablc. 



f;,,, is t h e  fraction of radionuclide r entering blood which is 

transferred to organ N ( T a b l e  G-4). S e e  d e f i n i t i o n  of n,  

below.. 

a T r a n s f e r s  f r o m  t h e  G.I. Trac t  to  blood and from blood t o  organ N 

a r e  assumed t o  occur instantaneously. 

Q n ( t )  is t h e  q u a n t i t y  (ii Ci)  of radionuclide r in organ n a t  

t ime  t. 

D n ( t )  is t h e  cumula t ive  dose (rem) delivered by radionuclide 

r t o  organ n from t ime  ze ro  t o  t ime  t. S e e  Equa t ion  (29)  

below. 

n = NP (nasopharyngeal region), L (thoracic lymph tissue), G 

(L.I. t r a c t ) ,  and  N (bone,  l ive r ,  kidney, thyro id ,  t o t a l  

body). 

a The relationship between Qn(t) and D n ( t )  is given by 

where: - 
I R = 51.216 EnlMn (rem- uCi- - d a y  - I )  n 

E = ef fec t ive  energy deposited (MeVIdis) by rad ionuc l ide  r n 
in organ n 

and - 
Mn = fresh weight (g) of organ n. 

a The weights o t  the  organs listed above (see  definition of n )  a r e  a s  

follows: 

M~~ 
- - 1.35 g (References G-8 and G-9) 

M~~ 
- - 400 g (Reference G- 10) 

M~ 
- - 500 g (Reference G- 10) 

M~ 
- - 15 g (Reference G- 10) 

M~~~ 
- - 150 g (Reference G-5) 

(Refers  t o  contents of large intestine) 



M~~~~ 
- - 7000 g (Refe rence  G-5) 

M~~~~~ 
- - 1700 g (Refe rence  G-5) 

M~~~~~~ 
- - 300 g (Refe rence  G-5) 

M~~~~~~~ 
- - 20 g (Refe rence  G-5) 
- 

M ~ ~ ~ .  BODY - 70,000 g (Refe rence  G-5) 

R a t e  constants ,  A , all have  units of reciprocal  days (day-'): 

T r  = half-life (days) of radionuclide r (Table G-4) 

T = biological ha l f - t ime ( d a y s )  f o r  t r a n s f e r  v i a  p a t h w a y  j 
j 
(Table G-2) 

T N  = b io log ica l  h a l f - l i f e  ( d a y s )  o f  radionuclide (e lement)  r 

in organ N (Table G-4). F o r  N, see definition of n, above. 

V a l u e s  of f .  a n d  T.  a r e  g i v e n  f o r  t h r e e  Translocat ion Classes  in 
J 1 

Tab le  G-2. 

0 T h e  b a s i s  f o r  d e t e r m i n i n g  t h e  Translocat ion Classes  for  inorganic 

compounds is given in Tab le  G-3 taken  f rom R e f e r e n c e  G-3. 

T a b l e  G-4 g i v e s ,  f o r  e a c h  r a d i o n u c l i d e  c o n s i d e r e d  in t h e  d o s e  

f ac to r  and world population models, t h e  t ranslocat ion c l a s s ,  f . ,  T 
J r '  

T N ,  f Z N ,  a n d  E N  a n d  E n  f o r  t h e  regions of t h e  resp i ra tory  t r a c t  

(NP, TB, P, and L). and fo r  t h e  la rge  i n t e s t i n e .  T h e  d a t a  g i v e n  in 

Table  G-4 a r e  ex t r ac t ed  f rom Keferences  G-5 o r  G-6. 

Eauations for Dose Factor Model 

T h e  d o s e  f a c t o r s ,  D n r k ,  g i v e n  in Tables  6-16 through 6-18 in Sec t ion  

6.2.1 of t h e  main body of this  report  were  c a l c u l a t e d  by m e a n s  of  a c o m p u t e r  

p r o g r a m  w h i c h  u s e s  t h e  m a t r i x  exponential  function and a numerical  procedure  

t o  solve sys t ems  of o r d i n a r y  d i f f e r e n t i a l  e q u a t i o n s .  F o r  a d e s c r i p t i o n  of  t h i s  

program see R e f e r e n c e  G- l I .  

F o r  a n y  s u b c o m p a r t m e n t ,  j ,  of t h e  resp i ra tory  sys tem (Table G-2) t h e  

differential  equation for  t h e  radionuclide burden is 



T o  s impl i fy  t h e  mathemat ica l  analysis, we note  (Table G-2 and Figure 

G-4) t h a t  T a ,  Tb, Tc, Td ,  and  T f  a r e  5 1.0 d a y  f o r  a l l  t h r e e  t r a n s l o c a t i o n  

c l a s s e s  (D, W, and  Y), a n d  t h a t  t h e  s h o r t e s t  h a l f - t i m e  a f f e c t i n g  Q, is TC = 
30.42 days. For T. 5 1.0 day and t  > 10 T dQ./dt -+ 0, and 

J j' J 

Based  on t h e  s i m p l i f i c a t i o n  i n d i c a t e d  by E q u a t i o n  ( 3  I ) ,  a n d  t h e  

d e f i n i t i o n s  given previously,  equations for  organ burdens, Qnr, and dose factors,  

Dnrk' a re  derived below. 

Nasopharyngeal - Region. Based on E q u a t i o n  ( 3  1 ), t h e  s i m p l i f i e d  

differential equation for ON,, is 

Based on Equations (14) and ( 1  8), 

S u b s t i t u t i n g  Equa t ion  (34)  in E q u a t i o n  (331, and  t a k i n g  t h e  i n v e r s e  L a p l a c e  

transform, 



* * 
where: K1 = 20 F X ~ i b d 3  ( f a / x a )  + ( f b / h b )  . 

T h e  integrat ion indicated by Equation (29) yields 

where: 

and - 
x3 = I/(A;-A;)(;,;-A;) . 

Tracheobronchial Region. As shown in Figure  G-4, pa r t  of t h e  dose 

to  TB is due t o  ma te r i a l s  initially deposi ted in TB and p a r t  is d u e  t o  m a t e r i a l s  

i n i t i a l l y  d e p o s i t e d  in P f  a n d  P a n d  t h e n  c l e a r e d  t o  t h e  G.I. t r a c t  by way of 
g 

t h e  TB reg ion .  T h e  t i m e  r e q u i r e d  f o r  t h i s  m a t e r i a l  t o  p a s s  t h r o u g h  T B  is 

a s s u m e d  t o  b e  1 /24  d a y .  (G-Io) N o t e  in Tab le  G-2 tha t ,  fo r  Class  D compounds, 

f f  = f g  = O. 

where: 



Combining terms and changing the definition of a,, 

where: Kp = 20 F h A h B [ ( f c d 4 / \ t )  + ( fdd4/$) + (h f f fds/24 h f ) ]  - 
K3 = 20 F hAhBhgfgd5/24 

- 
and - Q I  = A ~ ( o ) / ( s + A ~ )  ( s + i i )  (S+A;) . 

(The on l y  d i f f e r e n c e  between Equation ( 4 2 )  and Equation (34) is that  the 

constant factors of 5, 20F A B, have been transferred to the coef f ic ients  K2 

and K3. Note, fo l lowing Equation (35) that K is of the same form as K 2  ond 
I 

Kj.) Substituting 5, (as defined above) in  Equation (41 1, 

(N.B. T h e L a p l a c e , t r a n s f o r m e q u a t i o n s f o r  t h e p u l m o n a r y r e g i o n c n d  the 

gastrointest inal t r ac t  w i l l  have the same form as Equation (43). The 

corresponding equations for QTB, UTB, Qp, Dp, Q and OG w i l l  also G 
have the same general form.) 

Taking the inverse Laplace t ransform of Equation (43), a process based on the 

Heaviside Expansion Theorem ('-I2) but not collecting terms*, the equations for  

QTB(t) and DTB(t) are: 

* By not co l lec t ing terms, coef f ic ients already calculated (XI, X2, etc.) can 
. be used again. Also note that since 

the coef f ic ients  (X  , X2, ... X are independent of radioactive decay rates. 
Equations (44) and (44) could b b e d u c e d ,  b y  co l lec t ing terms, t o  a more 
concise form, but  the less concise fo rm makes i t  easier to separate the 
paremeters which vary w i th  respect to  translocation class, pa r t i c le  size 
(AMAD), and latitude. 



where: 

X4 = X1/(h;-hE) . 

Xg = ~p/(h;-hi) 

6 = X3/ ( 
* *  * *  x7 = I /  (~i-A;) (;tB-lg) (;h.~-~,g) . 

Pulmonary Region. Following the procedure already demonstrated for  

the NP and TB regions, and not ing that  Te  = T = T , the Laplace tranform 
g h 

equation for pulmonary burden is 

Substituting Equation (43) in Equation (46)  gives 

* 
where: K4 = 20 F I ~ ; ~ , g f f d 5 / 1 .  , 



Comparing Equations (43) and (47), it is obvious that the equations for 

Op(t) and D (t) wil l  have the same fo rm as those for  QTB(t) and D T B ( t )  The 
P 

only changes required are to substitute K 4  for K2, Kg for K3, and R for RTB 
P 

in Equations (39) and (40). 

Lymph. Figure G-4 and Table G-2 show the thoracic lympti system as 

two subcompartments L( i )  and L(R)  f o r  Class Y compounds and as a single 

compartment for Class D and Class W compounds. The table of recommended 

clearance parameter values i n  ICRP (1972) showed Th = * T ~  for  ?lass D and 

Class W compounds. The values recommended for Ti in Table G-2 were slightly 

altered in order to avoid the special t reatment  required when T = T.  and t o  
h I 

make the following equations applicable to all three translocation classes. 



where: 

and - 
K7 = 20 F ; K7 = 0 when fi ' 1, 



where: - 
* * x8 = x 4 / ( h f - h t )  , Xg ' X 5 / ( i i - h B )  Y 

and - * * * 
Xi7 = l / ( i i - h r )  ( h B - i r )  ( i C - h r )  (hh-hy) . 

G a s t r o i n t e s t i n a l  T r a c t .  T h e  l a r g e  i n t e s t i n e  is a s s u m e d  t o  be t h e  

c r i t i c a l  o r g a n  of  t h e  G.I. t r a c t .  B a s e d  o n  T a b l e  I I of R e f e r e n c e  G-5,  t h e  

c o n t e n t s  o f  t h e  l a r g e  i n t e s t i n e  weigh 150 g, and  t h e  ave rage  res idence  t i m e  is 

18 hr = 0.75 day. T h e  dose t o  t h e  la rge  in tes t ine  is assumed t o  b e  one -ha l f  t h e  

dose  t o  i t s  contents .  

B a s e d  on  F i g u r e  G-4 and t h e  procedures  described ear l ie r ,  t h e  Lap lace  

t ransform equat ion  for  t h e  amount  of radionuclide ( 3 Ci)  in t h e  C.I. t r a c t  is: 

where: 



and - 
Kg = 20 F A A A B  0 . 7 5  Agfgd5 . 

T o  o b t a i n  t h e  e q u a t i o n  f o r  QG(t), subs t i t u t e  Equation (42) in Equation 

(59)  and t a k e  t h e  inverse Laplace  t r ans fo rm of t h e  r e s u l t ,  u s ing  t h e  p r o c e d u r e  

d e s c r i b e d  f o r  t h e  t r a c h e o b r o n c h i a l  r eg ion .  T o  o b t a i n  t h e  equa t ion  for  DG(t), 

mult iply t h e  integral  of OG(t)  by KG. N o t e  t h a t  KG = (314 x I12 x 5 1.2 16 /150  

E ~ '  w h e r e  E G  is t h e  e n e r g y  d e p o s i t e d  by r a d i o n u c l i d e  r (MeVIdis )  t o  t h e  

con ten t s  of t h e  la rge  in tes t ine  (Table G-4). 

Organs Receiving Radionuclides from Blood. O r g a n s  i d e n t i f i e d  

(Figure G-4, Table  G-4) by t h e  subscript  N (N = bone, l i ve r ,  k idney ,  t h y r o i d ,  ..., 
t o t a l  body),  r e c e i v e  inha led  radionucl ides  f rom the '  blood. T h e  general  equat ion  

for  all t hese  organs is 

where: 

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

various pa r t s  of t h e  r e s p i r a t o r y  s y s t e m  ( N P ,  TB, P ,  a n d  

L(i)) and f rom t h e  G.1. t r a c t  (Figure G-4). 

and 

f;N is t h e  f r a c t i o n  t r a n s f e r r e d  f r o m  b lood  t o  o r g a n  N 

(Table G-4). 

T h e  r a t e s  of  t r a n s f e r  f r o m  t h e  G.I. t r a c t  t o  blood and f rom blood t o  organ  N 

a r e  "very fast1' and assumed t o  be  "instantaneous". 

Based on Figure  G-4, t he  general  equation for  b is 



Separating the pathways for which T 5 1.0 day from those for which 
j 

T. > 1.0 day, and noting that Te = T = Th: 
J 9 

where: - 
K10 = 20 F I (lafAdg/h:) + (icfCd4/h;) 

(65 1 

+ f l [ ( h b f b d 3 / h g )  + (hdfdd4/") + ( l f f f d 5 / " ; ) l }  

* 
(If Tr T j  , X j / X j  2 1.0. The largest value of T. i n  Equation (65), Tabie 

J 
G-2, is 1.0 day, and the smallest value o f  Tr ,  Tabie G-4, is 32 doys (''Ice). 

The smalest value of 1 . /A* is  therefore 0.97 and the next smaller ( fo r  T = 
J j j 

0.4) is 0.99. The error  due to ignoring the 
lj/" 

factors in Equation (65) is 

negligible for long-lived radionuclides, no more than I %  for T L 100 days.) 
t r 

Continuing, now, wi th the analysis of Equation (64), 

Since T = T = Th, Equations (66) and (68) can be combined as follows: e 9 



G-27 

Substituting Equation (69) in Equation (68),  

Qi = fi " fhd5~I / (~+")  (s+";) 

Equation (70) and Equation (68)  + Equation (641, 

Equation (71) + Equation (61), 

Equation (43) -t Equation (72), 

where: 

K10 i s  de f i ned  by Equat ion (65) 

Kll = 20 F " ~ h ~ ( f ~ + f ~ f ~ ) d ~  

and - 
K12 = 20 F i ~ " ~ i f i L ~ f ~ d 5  . 



Based on t h e  H e a v i s i d e  Expansion T h e o r e m  ( ' - I2)  and not collecting terms (in 

order to  simplify t h e  calculation of coefficients), 
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