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FOREWORD 

The study s u m m a r i z e d  in t h i s  th ree -vo lume 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  ion of t h e  feas ib i l i ty  and preferred approaches for disposal of selected 
high-level  d e f e n s e  nuc lea r  w a s t e s  in s p a c e .  T h e  s t u d y  is a c o n t i n u a t i o n  o f  
p rev ious  NASA and  NASA-sponsored s t u d y  a c t i v i t i e s ,  b u t  d i f f e r s  from these 
previous studies in the  emphasis on defense wastes (a study ground rule s p e c i f i e d  
jo int ly  by t h e  DOE and  NASA). T h e  s t u d y  is an  i n t e g r a l  part of the  ongoing 
NASAJDOE program for evaluation of nuclear w a s t e  disposal  in s p a c e ,  and  w a s  
c o n d u c t e d  in pa ra l l e l  w i t h  e f f o r t s  a t  NASA Marshal 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  Appl ica t ions ,  Inc. (Schaumburg ,  I l l i n o i s ) ;  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 
Battelle-Columbus Laboratories under NASA Contract  NAS8-32391 f r o m  F e b r u a r y  
1978 th rough  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 the  study was t o  conduct 
preliminary analyses of t h e  na tu re  and c o n t a i n m e n t  of d e f e n s e  n u c l e a r  w a s t e ,  
t h e  s a f e t y  of t h e  space  disposal approach, t h e  environmental impact of selected 
credible accidents, and various program planning aspects. 

T h e  s t u d y  m a d e  cons iderab le  use of existing documentation and direct  
v i s i t s  t o  d e f e n s e  w a s t e  repos i to r ies .  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  compos i t ion  a n d  poss ible  c o n c e n t r a t i o n  
processes for defense waste. Similar  d a t a  n e e d s  e x i s t  r egard ing  S p a c e  S h u t t l e  
r e l i a b i l i t y  and  o t h e r  sys tems safety. The development of such da ta  will need t o  
be a primary concern of a proposed jo in t  NASAIDOE working group. D e s p i t e  
t h e s e  needs ,  however ,  i t  is bel ieved t h a t  t h e  preliminary systems descriptions 
and s a f e t y  and  e n v i r o n m e n t a l  i m p a c t  a n a l y s e s  d e s c r i b e d  in t h i s  r e p o r t  h a v e  
scoped  t h e  f u n d a m e n t a l s  and  l ikely  a p p r o a c h e s  f o r  s p a c e  disposal of nuclear 
waste. Additional, more  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  build upon t h e  d a t a  
base reported here. 

T h e  i n f o r m a t i o n  developed during t h e  study period is contained in this 
three-volume final report. The t i t le  of each volume is listed below. 

Volume I Executive Summary 
Volume I 1  Technical Report  
Volume I l l  Supporting Research and Technologies 

Licensing and Flight Test  Requirements 

Inquiries regarding this study should be addressed to: 

C. C. (Pete)  Priest, COR Donald S. Edgecombe, Study Leader 
NASAIMarshall Space Flight Center  Battelle-Columbus Laboratories 
Attention: 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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1.0 INTRODUCTION 

This volurne provides a brief summary of the work performed during 
the 1978 Ba t te l le  study of space disposal of defense nuclear waste. This volume 
contains a br ie f  summary of the fo l lowing:  s tudy ob ject ives,  approach, 
assumptions and l imitat ions; the relationship to nuclear waste disposal in space 
to other NASA and DOE efforts; the basic technical data and results derived 
f rom the study (contained i n  detai l  i n  Volume 11); research and technology, 
licensing and development testing requirements (contained i n  detai l  i n  Volume 
I l l ) ;  implicat ions for research and technology; and finally, suggested additional 
effort. 

Appendix A provides definitions of acronyms and abbreviations used in 
this volume. Appendix 6 gives metric to English uni t  conversion factors. More 
detailed reference lists are available in Volumes il and Ill. 

2.0 STUDY OBJECTIVES 

The overall object ive for  the 1978 Battelle-Columbus Laboratories 
study was to provide NASA with a basis for recommending a preferred nuclear 
was te  disposal  i n  space p rogram b y  the end o f  Calendar Year 1978. To 
accomplish this overal l  study object ive the study was broken down in to  four 
major study areas, each having its own objectives. These objectives are defined 
below for each study task: 

Task I Pay load  Packag ing  Concepts and Inter face Def in i t i on  
(Payload Characterization) 
- Choose a preferred defense waste mix and form 
- Provide preliminary payload design concept& for  containment 

systems. 

Task II Preliminary Safety Assessment 
- I d e n t i f y  and c h a r a c t e r i z e  t h e  m o r e  s e v e r e  p a y l o a d  

environments that may result from mission accidents 
- Determine which ident i f ied accidents/malfunctions are most 

likely to  result in the release of radioactive materials 
- Min imize hazards assoc ia ted w i t h  proposed concep t  by  

suggesting system modif i cations. 

Task Ill Environmental Impact Assessment 
- Perform environmental impact assessment for major accidents 
- ldenti fy how adverse environmental consequences might  be 

mitigated. 

Task IV Mission and Other Supporting Analysis 
- Prepare and update a baseline Concept Definition Document 
- Perform specific mission analysis as requested by the sponsor 
- Organize al l  program parts in to  a logical development and 

assist in defining required program development activities. 



3.0 RELATIONSHIP TO OTHER NASA ANC DOE EFFORTS 

This study, pe r fo rmed by  B a t t e l l e - C o l u m b u s  Labo ra to r i es ,  was 
sponsored and monitored by NASAIMSFC. NASAIMSFC i s  cur rent ly  the lead 
government organization for technical studies on the disposal of nuclear waste in 
space. NASA/MSFC1s in-house study effort  has emphasized areas concerning the 
preliminary design of reentry systems, Orbit Transfer Vehicles (OTVs) and Solar 
O r b i t  1 nser t i on Stages (SO 15s). 0 ther MSFC-sponsored work includes the 
long-term risk analysis associated w i t h  nuclear waste disposal i n  space. This 
research is being conducted by Science Applications, Inc., Schaumburg, Illinois 
(NASA Contract NAS8-33022, "Long-Term Risk Analysis Associated w i t h  Nuclear 
Waste Disposal i n  Space", January 1979). The Jet  Propulsion Laboratory i n  
Pasadena is providing assistance in the area o f  program planning for  the space 
disposal opt ion for  NASA/Headquarters, Washington, D.C. ("Space Augmentation 
of Mil i tary High-Level Waste Disposalt', Dra f t  -September 1978). 

Many o f  the concepts developed by various MSFC contractors during 
1977 have been used i n  the current  studies. NASAIMSFC has cont inued t o  
i m p r o v e  and m o d i f y  these designs and concepts. This study has employed 
MSFC-modified data for such items as the reentry protection system. 

The D e p a r t m e n t  o f  Energy (DOE) has fo l lowed the cur rent  study 
activities. Cer ta in  DOE laboratories have cooperat ived in provid ing data on 
waste character is t ics and radioact ive mater ia l  removal processes for defense 
wastes. A major UOE policy decision during the ear ly  pa r t  o f  the 1978 study 
a c t i v i t y  d i rec ted NASA ond i t s  contractors to  study defense waste only. This 
decision was prompted by current  concern regarding the po ten t ia l  nuc l ea r  
proliferation hazard from reprocessed commercially generated waste. 

The DOE did sponsor an ef for t  at Battelle (with concurrence by  NASA) 
t o  character ize the issues re la ted to space disposal of commercially generated 
nuclear waste. These data w i l l  appear i n  the D r a f t  Environmen' ta l  I m p a c t  
Statement for  the Management of Commercially Generated Radioactive Waste to 
be issued in 1979. 

4.0 METHOD OF APPROACH AND PRINCIPAL ASSUMPTIONS 

The s tudy  approach  f o r  the Evaluat ion of the Space Disposal o f  
Defense Nuclear Waste is outlined i n  F igure  I. Major  inputs, outputs, f low of 
tasks and interrelationships among the four major tasks are presented. The study 
consisted of four primary activities: nuclear waste payload characterizat ion; a 
pre l iminary  safe ty  assessment; an environmental impact assessment; and various 
special studies covering mission definition, technical analysis and program-related 
assessments. 
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FIGURE I .  STUDY FLOW DIAGRAM 

Because  o t  t h e  n u m b e r  of  t e c h n i c a l  a r e a s  t o  b e  c o n s i d e r e d  a n d  t h e  
s t rong i n t e r a c t i o n s  a m o n g  t h e  a n a l y s e s  of t h e  v a r i o u s  s y s t e m  e l e m e n t s ,  t w o  
methods  fo r  insuring concept  control  w e r e  instituted. F i r s t ,  a m i s s i o n  d e f i n i t i o n  
w o r k i n g  g r o u p ,  c o n s i s t i n g  o f  NASAIMSFC and Ba t t e l l e  personnel, was  organized 
and m e t  periodically throughout  t h e  study. Second, a c o n t r o l  d o c u m e n t  d e f i n i n g  
t h e  c u r r e n t  mi s s ion  b a s e l i n e  and t h e  s e t  of pr imary  a l t e rna t ives  w a s  developed. 
This  d o c u m e n t ,  c a l l e d  t h e  C o n c e p t  D e f i n i t i o n  D o c u m e n t  (CDD),  w a s  r e v i s e d  
periodically with MSFC and Ba t t e l  le concur rence  as new d a t a  b e c a m e  available. 

T h e  principal s tudy assumption, which s t rong ly  i n f l u e n c e d  m o s t  of t h e  
s t u d y  a c t i v i t i e s ,  w a s  t h a t  only defense  w a s t e  f rom Hanford, Savannah River  and 
Idaho would be analyzed. Since d e f e n s e  w a s t e  is n o t  as we l l  c h a r a c t e r i z e d  a s  
c o m m e r c i a l  was te ,  which was the  original s tudy baseline, a s ignif icant  amount  of 
t h e  s t u d y  a c t i v i t y  h a d  t o  b e  d i r e c t e d  t o w a r d s  d e f i n i n g  t h e  q u a n t i t i e s ,  
cha rac t e r i s t i c s  and potential  concen t r a t  ion processes for  this waste.  



Two other assumptions also played a major ro le  in the study. First, 
maximum use was to  be made of past studies and concurrent ac t i v i t i es  a t  
NASAIMSFC and other contractors, as appropiate. Second, for the early years of 
the program, the Space Shuttle and its re la ted elements were to be the space 
t.ranspor t a t  ion system used for  del iver ing nuclear waste payloads to low Earth 
orbit. 



5.0 BASIC DATA GENERATED AND SIGNIFICANT RESULTS 

This sect ion summarizes  t h e  significant t e c h n i c a l  d a t a  g e n e r a t e d  as a 
p a r t  of t h e  1978 B a t t e l l e  s t u d y  of s p a c e  d i sposa l  of d e f e n s e  n u c l e a r  w a s t e  
(Volumes I I  and 1 1 1  o t  this  final report).  Sect ions 5.1 t h r o u g h  5.5 a r e  s u m m a r i e s  
of d e t a i l e d  d a t a  f o u n d  i n  V o l u m e  11;  Sec t ions  5.6 and  5.7 a r e  condensat ions of  
information f rom Volume I l l .  

S e c t i o n  5.1 p r e s e n t s  t h e  c u r r e n t  baseline and primary a l t e rna t ives  for  
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  o n  d a t a  c o n t a i n e d  in t h e  C o n c e p t  
D e f i n i t i o n  D o c u m e n t  d e v e l o p e d  as a p a r t  o f  t h i s  s t u d y .  S e c t i o n  5.2 conta ins  
m a t e r i a l  d e v e l o p e d  on t h e  d e f e n s e  n u c l e a r  w a s t e  a n d  i t s  c o n t a i n m e n t .  T h e  
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  presented,  and chemica l  processes 
t o  reduce  t h e  mass  of t h e  w a s t e  a r e  p o s t u l a t e d .  T h e  phys i ca l  f o r m s  in w h i c h  
t h e  w a s t e  c o u l d  b e  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  con ta ine r  
design, including shielding, cooling, and 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  o f  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  o f  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  o f  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  as a f u n c t i o n  of  a w a s t e  c o n c e n t r a t i o n  fac tor ,  and  a basel ine 
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  f o r  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  
environments is charac ter ized ,  and some  prel iminary recommendat ions  a r e  made.  

S e c t i o n  5.3 p re sen t s  t h e  resul ts  of two  special  analyses conducted  as a 
p a r t  of this  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 l 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 n i p a c t  c o n d i t i o n s  fo r  a 
nuclear w a s t e  payload e j e c t e d  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. The  second analysis considers  t h e  
problem of an  incomplete and/or  misdi rec ted  OTV E a r t h  e scape  injection burn. 

S e c t i o n  5.4 s u m m a r i z e s  t h e  mater ia l  developed re la t ive  t o  safe ty .  T h e  
f i r s t  pa r t  o t  t h e  sec t ion  describes t h e  physical environment r e s u l t i n g  f r o m  t h r e e  
s p e c i f i c  a c c i d e n t s :  ( I)  a n  on- or  near-pad Space  Shu t t l e  explosion and f i re ,  (2) 
Ea r th  a tmosphe re  r e e n t r y  of t h e  p r o t e c t e d  ( r e e n t r y  s y s t e m )  a n d  u n p r o t e c t e d  
n u c l e a r  w a s t e  c o n t a i n e r ,  a n d  (3) p a y l o a d  e n t r y  i n t o  d e e p  o c e a n .  The  second 
portion of Sec t ion  5.4 presents  t h e  r e su l t s  of a p r e l i m i n a r y  f a u l t  t r e e  a n a l y s i s  
f o r  t h e  s p a c e  d i sposa l  miss ion .  T h e  mis s ion  is d e f i n e d  in t e r m s  of t w e l v e  
d i sc re t e  phases, and a prel iminary f a u l t  t r e e  is p r e s e n t e d  f o r  e a c h  p h a s e .  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  potential  workarounds o r  sys t em 
modificat ions a r e  d e s c r i b e d .  T h e s e  are t h e n  s u m m a r i z e d  as a set of  p o s s i b l e  
m o d i f i c a t i o n s  f o r  t h e  hardware  e l emen t s  (Shuttle,  OTV, etc.) and for  operat ional  
procedures. 

S e c t i o n  5.5 s u m m a r i z e s  t h e  r e s u l t s  o f  a p r e l i m i n a r y  e n v i r o n m e n t a l  
impact  assessment  for  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  d i sposa l  in  
s p a c e .  T w o  a c c i d e n t s  w e r e  e x a m i n e d :  ( I )  r e l e a s e  o f  r a d i o n u c l i d e s  i n t o  t h e  
t r o p o s p h e r e  f o l l o w i n g  a n  on- o r  n e a r - p a d  c a t a s t r o p h i c  f a i l u r e  o f  t h e  S p a c e  
S h u t t l e  v e h i c l e  and (2) re lease  of  radionuclides into t h e  upper a tmosphere  due  t o  
t h e  breach  and burnup of an  unprotec ted  was t e  c o n t a i n e r  d u r i n g  a n  i n a d v e r t e n t  
reent ry .  



Licensing considerations (as developed in Volume Ill) are summarized in 
Section 5.6. Requirements for waste processing facilities, ground transport to  the 
launch s i te and activities that are expected to take place at the launch site are 
presented. 

F l igh t  demonstration test ing (as developed i n  Volume I l l )  is  briefly 
discussed in  Section 5.7. F l igh t  tests tha t  are expected to be requ i red  t o  
evaluate the performance ot payload and safety systems are described. 

Study conclusions are presented in Section 5.8. 

5.1 Baseline Concept De f in i t i on  and Options Summary 

This section summarizes the various options and basel ine m iss ion  
concepts cur rent ly  envisioned for  the nuclear waste disposal in space mission. 
Section 5.1.1 identifies all major mission options available for the space disposal 
of  nuclear waste ( f rom the waste payload fabrication facil ity t o  the final space 
destination), notes the baseline and primary alternatives, and ident i f ies options 
that  are no longer considered viable. Section 5.2.2 summarizes the baseline 
space option concept for nuclear waste management. 

The informat ion included here has been derived f rom the "Concept 
Definition Document for Defense Nuclear Waste Disposal in Spcce", prepared for  
NASAIMSFC by Battelle-Columbus Laboratories, dated October 23, 1978. 

5. I .  l Concept Options 

The baseline concept for  the i n i t i a l  space disposal of nuclear waste 
has been developed by Sattelle and NASAIMSFC from a considerable number o f  
options that  are avai lable a t  each step along the way from the reactor to the 
ultimate space disposal destination. A summary of the various options avai lable 
i s  shown i n  Figure 2. The baseline mission options are shown in  the blocks; 
primary alternatives are indicated by an asterisk, and those options which are no 
longer considered viable have lines drawn through them. 

5.1.2 Overa l l  Baseline Mission P ro f i l e  

The  ma jo r  aspects o f  the baseline mission p ro f i l e  for  the space 
disposal of  nuclear waste are defined in this section. Figure 3 p rov ides  a 
p ic tor ia l  view of  this baseline mission profile, which has been divided into six 
major categories. The mission categories are listed and discussed below: 

( I ) Nuclear Waste Payload Fabrication (DOE) 
( 2 )  Nuclear Waste Ground Transport (DOE) 
(3 )  Payload Preparation at Launch Site (NASA) 
( 4 )  Prelaunch Activities (NASA) 
( 5 ) Booster Operat ions (NASA) 
( 6 )  Upper Stage Operations (NASA). 
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FIGURE 2, MAJOR OPTIONS FOR SPACE DISPOSAL 
OF NUCLEAR WASTE 

The f i r s t  two act ivi t ies are expected to be the responsibility of the Department 
of Energy (DOE) and the last four are expected to be NASA's. 
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5.1.2.1 Nuclear Waste Payload Fabrication (DOE) 

- 

Defense nuclear waste contained a t  various storage sites (Hanford, 
Savannah River,  and Idaho) would be packaged and transported t o  a nuclear 
waste payload fabr ica t ion fac i l i t y .  A t  this fac i l i t y ,  t he  h igh - leve l  waste,  
presently i n  various forms, \would be appropriately treated. The current baseline 
waste fo rm is a calcine. The t reated waste  wou ld  be packaged i n t o  t he  
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f I ight-weigh t container and placed into the space-mission, gamma-radiation-shield 
assembly. 

5.1.2.2 Nuclear Waste Ground Trans~ort (DOE) 

The radiation shielded waste container would be loaded i n t o  a ground 
t ransportat ion shipping cask. This cask, which would provide additional shielding, 
and thermal and impact protection for the waste container t o  comply w i t h  the 
Nuclear Regulatory Commission/Department of Transportation regulations, would 
then be loaded onto a special ly designed ra i l  car fo r  transport ing the waste 
container f rom the waste payload fabrication site to the Kennedy Space Center 
(KSC), Florida launch site for launch into space aboard the Space Shuttle vehicle. 

5.1.2.3 Payload Preparation at  Launch Site 

Once the waste package arr ives a t  the Nuclear Payload Preparat ion 
Fac i l i t y  (NPPF) the shielded waste container would be unloaded in the NPPF 
containment area. Operations in the containment area of the IWPF are expected 
t o  include: payload cool ing? storage, inspection and moni tor ing of the waste 
containers, and incorporation of the radiation shielded waste container i n t o  the 
reent ry  system. In  other areas o f  the NPPF, the reentry, docking and other 
auxiliary systems (e.g., f lo tat ion,  a t t i t ude  control, and avionics subsystems), 
wh i ch  compr i se  t h e  payload reentryfdocking assembly (see Figure 4) ,  are 
refurbished and checked out. Provisions also w i l l  be made t o  include a payload 
ejection system into the pallet which supports the reentryfdocking assembly. 

RADIATION 
SHIELD 

FIGURE 4. ARTIST'S CONCEPT OF A LOADED 
REENTRYIDOCKING ASSEMBLY 

5.1.2.4 Prelaunch Activities 

A f t e r  the nuclear waste payload assembly has been prepared for flight, 
it would be transferred from the NPPF to the Payload Changeout Room (PCR) 
a t  the launch pad by a dedicated special-purpose transporter. Once in the PCR, 



the loaded payload reentry ldocking assembly would be attached to an auxiliary 
cooling system. The entire payload package would then be placed in to  the Space 
Shuttle cargo bay (see Figure 3) where final systems checkout begins. 

5.1.2.5 Booster Operat ions 

Booster operations are those tha t  are required of the Space Shuttle 
vehicle between the time of Space Shuttle Main Engine ign i t ion  and the re turn  
o f  the reusable Space Shutt le vehicle hardware to the launch site. Two Shuttle 
vehicles would be readied for launch for a given disposal mission. For  example, 
Pad A a t  KSC Launch Complex 39 could be used for  launching the Shutt le 
carrying the reusable 0 I V and the 3-axis stabilized Solar O rb i t  Insert ion Stage 
(SOIS). Pad B would then be used to launch the Shuttle vehicle that carries the 
nuclear waste payload. 

The OTV and SOlS wou ld  be launched by Shutt le number I a t  a 
108-degree south azimuth t o  a 333-km (180-n.mi.1 c i rcu lar  o rb i t  inc l ined 38 
degrees to  the equator. Approximately 48 hours later, the nuclear waste payload 
would be launched by the second Shutt le in to  the same o rb i t  as t h e  f i r s t  
Shuttle. A f t e r  the OTV del ivers the nuclear waste payload and SOlS to the 
desired t ra jectory and returns to  a low Ea r t h  orbit ,  the  f i r s t  Orb i te r  would 
rendezvous w i t h  the OTV and return i t  to the launch site for refurbishment for 
a later flight. As soon as it is determined that the waste container is safely on 
i t s  way t o  the proper space destination, the empty payload reentryldocking 
assembly would be recovered, stored and returned t o  KSC on board Orb i ter  
number 2. 

5.1.2.6 Upper Stage Operations 

A f t e r  Shut t le Orb i ter  number I is on o r b i t  w i t h  t h e  OTVISOIS, 
pre l iminary  checkout w i l l  begin whi le the conf igurat ion i s  i n  the cargo bay. 
After this has been accomplished, the Shuttle Orbiter manipulator arms w i l l  be 
used to deploy the OTVISOIS. Following OTVISOIS deployment, Shuttle number 2 
would be launched. When Shuttle Orb i ter  number 2 reaches orbit ,  the nuclear 
waste payload reent ry ldock ing assembly (see Figure 4) would be disconnected, 
removed, and released. Cooling ot the payload would be provided by an aux i l ia ry  
cool ing system located on the reentryldocking assembly. Passive cooling wil l be 
adequate after the container is removed from the reentry system. The OTVISOIS 
w i l l  then rendezvous and dock w i t h  the reent ry ldock ing assembly. The waste 
container would be removed from the reentry system and attached t o  the SOlS 
payload adapter. 

Once the container is at tached t o  the OTVISOIS, separation of the 
reent ry ldock ing assembly occurs and the OTVISOIS backs away w i t h  t h e  
container mounted on the payload adapter. The OTV propulsive burn for payload 
delivery then places the SOlS and i t s  at tached waste payload on the proper 
Ear th  escape trajectory. The SOlS and payload is then released. In approximately 
163 days the payload and the storable l iqu id  propel lant SOIS w i l l  t ravel  t o  i t s  
perihel ion a t  0.86 a.u. about the Sun. The SOIS would then place the payload in 
its final space disposal destination by reducing the aphelion f r om  1.0 to  0.86 



a.u. T o  a i d  in obtaining the  desired orbi tal  l i fet imes,  this  orbi t  could.  be  inclined 
t o  t h e  ec l ip t ic  plane by a t  least  I degree. T h e  recovery burns of t h e  OTV wou ld  
u s e  t h e  r e t n a i n i n g  OTV p r o p e l l a n t  t o  rendezvous wi th  Shu t t l e  Orb i t e r  number I 
for  i ts  subsequent recovery,  refurbishment,  and reuse  on a l a t e r  mission. 

5.2 C h a r a c t e r i z a t i o n  o f  D e f e n s e  Hiah -Leve l  W a s t e  P a y l o a d s  

This  sec t ion  summarizes  t h e  Ba t t e l l e  work t h a t  h a s  b e e n  a c c o m p l i s h e d  
r e g a r d i n g  the  cha rac t e r i za t ion  of de fense  high-level w a s t e  payloads. Sect ion 5.2.1 
discusses t h e  present  and possible cha rac t e r i s t i c s  of t h e  d e f e n s e  w a s t e s .  S e c t i o n  
5.2.2 p r e s e n t s  a brief discussion of t h e  baseline defense  w a s t e  composit ions used 
in space  disposal analysis. Sect ion 5.2.3 discusses p o s s i b l e  w a s t e  f o r m s .  S e c t i o n  
5 .2 .4  p r e s e n t s  d e s c r i p t i o n 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 ,  a n d  n u c l e a r  
shielding analyses which were  per formed in parallel wi th  t h e  was t e  c o n t a i n e r  a n d  
r een t ry  protect ion sys t em design s tudy being per formed by NASAIMSFC. 

5.2.1 D e f e n s e  N u c l e a r  W a s t e  S o u r c e s  a n d  C h a r a c t e r  

D e f e n s e  h i g h - l e v e l  w a s t e  (HLW) h a s  b e e n  a c c u m u l a t i n g  s i n c e  t h e  
1940's. This  was t e  resul ts  f rom t h e  reprocessing of plutonium p r o d u c t i o n  r e a c t o r  
f u e l  a t  t h e  H a n f o r d  a n d  S a v a n n a h  R i v e r  s i t e s  a n d  f r o m  t h e  r e p r o c e s s i n g  of 
s u b m a r i n e  a n d  r e s e a r c h  r e a c t o r  f u e l  a t  t h e  l d a h o  site. A t  t h e  H a n f o r d  a n d  
S a v a n n a h  R i v e r  s i t e s  l i qu id  HLW h a s  b e e n  n e u t r a l i z e d  a n d  s t o r e d  in l a r g e  
in-ground t a n k s .  T h e  r e s u l t  is a w a s t e  c o n s i s t i n g  of  s l u d g e ,  salt c a k e ,  a n d  
r e s i d u a l  l iquor .  A t  t h e  l d a h o  site t h e  l iquid  HLW is calcined t o  a powder and 
s tored  in in-ground bins as a solid. In general ,  defense  HLW will not g e n e r a t e  as 
m u c h  h e a t  o r  r a d i a t i o n  as c o m m e r c i a l  HLW b e c a u s e  of  d i l u t i o n  w i t h  i n e r t  
ma te r i a l s  and relat ively long decay  periods. 

T h e  H a n f o r d  s i t e ,  l o c a t e d  n e a r  R i c h l a n d ,  W a s h i n g t o n ,  h a s  b e e n  
producing plutonium and o the r  special nuclear  m a t e r i a l s  s i n c e  1944. A s  a r e s u l t  
o f  t h e  r e p r o c e s s i n g  o f  i r r a d i a t e d  r e a c t o r  f u e l s ,  HLW c o n s i s t i n g  of f i s s i o n  
products, act inides,  cladding components  a n d  i n e r t  c h e m i c a l  a d d i t i v e s  h a s  b e e n  
a n d  will  c o n t i n u e  t o  b e  genera ted  and accumulated.  Present ly ,  t h e  defense  HLW 
inventory at t h e  Hanford site consists  of: 

6 25 x 10 gallons (bulk) of d a m p  salt c a k e  
6 I I x 10 gallons (bulk) of damp  sludge 
6 I I x 10 gallons of residual liquor 

b 3 x 10 gallons o t  liquid w a s t e  in ac t ive  processing 

2900 capsules  of 9 0 ~ r  or 1 3 7 ~ s .  

B e c a u s e  of t h e  e x t r e m e l y  l a r g e  a m o u n t s  of  i n e r t  m a t e r i a l s  con ta ined  in t h e  
HLW, a radionuclide removal p r o c e s s  h a s  b e e n  p r o p o s e d  w i t h  t h e  o b j e c t i v e  o f  
r e m o v i n g  all long- l ived  n u c l i d e s  f r o m  t h e  s a l t  c a k e  a n d  r e s i d u a l  l iquor .  A 
c o n s i d e r a b l y  s m a l l e r  q u a n t i t y  of HLW would  r e s u l t  p lus  a l a r g e  v o l u m e  o f  
low-level chemica l  w a s t e  which could be  disposed of inexpensively. 



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 
mainly plutonium and t r i t ium.  HLW, consisting of  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 o f  spent reactor fuels. In 
contrast to the Hanford operations, which used several reprocessing methods, a l l  
the Savannah River waste is generated by Purex reprocessing. This waste is 
stored as an alkal ine l iquid w i th  a precip i tated 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 19 gallons of damp salt cake 
3.4 x lo6 gallons of sludge 
5.6 x 10 gallons of residual liquor. 

The large quantity of inert materials in the Savannah River HLW has encouraged 
the use of a proposed salt decontamination process. This process is qui te s imi lar  
to the Hanford radionuclide removal process. 

In contrast to Hanford and Savannah River waste, the ldaho Chemical 
Reprocessing Plant near ldaho Fa l  Is, Idaho, has been converting liquid HLW to 
calcine. Calcining is the high temperature treatment of  l iquid HLW t o  produce 
granular sol id waste oxides and other sol id compounds. ldaho HLW contains 
fission products, actinides, cladding components, and iner t  chemical additives, 
and is produced by several processes. 

A t  the present time, approximately 1500 rn3 o f  calcine have bee? 
produced. As reprocessing and calcine production continue, a to ta l  of  8500 m 
or  1 1,900 M T  o f  calc ine is expected by the year 2000. This mass can be 
reduced further by a proposed calcine dissolution process. 

In summary, Table I presents the volumetric inventories of high-level 
waste (HLW) as they presently exist. These wastes have, on the average, been 
cooled for periods exceeding ten years. 

TABLE I. CURRENT VOLUMETRIC DEFENSE HLW INVENTORIES 

3 
Waste form (1000 rn 

Site Salt Cake Sludge Liquor Calcine 

Hanford 95 
Savannah River 50 
Idaho 0 



A s  m e n t i o n e d  a b o v e ,  t o  f a c i l i t a t e  t e r r e s t r i a l  disposal  of d e f e n s e  
nuclear waste, certain radionuclide concentra t ion p rocesses  h a v e  been  proposed 
a t  e a c h  s i t e  t o  reduce the  amount of the  inert material in the  high-level waste. 
A t  H a n f o r d  a n d  S a v a n n a h  R i v e r ,  t h e  s a l t  c a k e  a n d  l i q u o r  w o u l d  b e  
d e c o n t a m i n a t e d  and  t h e  e x t r a c t e d  rad ionuc l ides  combined  wi th  t h e  insoluble 
por t ions  of t h e  e x i s t i n g  r a d i o a c t i v e  s ludge.  A t  Idaho, t h e  c a l c i n e  would be  
redissolved,  t o  t h e  e x t e n t  possible,  a n d  t h e  rad ionuc l ides  combined witn the  
insoluble portions o t  t h e  calcine. Table 2 provides the  charac te r i s t i c s  of d e f e n s e  
HLW f o r  t e r r e s t r i a l  d isposal  of t h e  Hanford, Savannah River and ldaho wastes. 
Total mass, activity, heating rate,  a s  well as density and specific da ta  a re  given. 

TABLE 2. CHARACTERISTICS OF DEFENSE HLW 
FOR TERRESTRIAL DISPOSAL 

Waste Source 
Hanford Savannah H ~ v e r  

Waste Characterist ics (a) ( 1 990) ( 1985) 
Idaho (b) 
(2000) 

Total Mass, MT 

Total Activity, Ci 7 . 8 ~  10 7 3 . 2 ~  10 8 8 1 . 3 ~ 1 0  -1 .2~10  9 (c> 

Total Heat  Generation 
Ra te ,  kW 460 '~)  1725 1700-4200(~) 

Density, g /cc  0.7- 1.6 0.7- 1.6 1.1-1.6 

Specific Activity, 
Ci/kg 4 .8  85 2 I 6 -2000(~)  

NOTES: (a)  D a t a  based upon ERDA d o c u m e n t s  77-44, 77-4211, and 77-43, 
"Alternatives for Long-Term Management of D e f e n s e  High-Level 
Radioactive Waste" ( 1  977). 

(b) Assuming 8500 m 3  of calcine by t h e  year 2000. 
(c) A s s u m i n g  n o  d e c a y  f o r  a l l  c a l c i n e .  Al though no d a t a  a r e  

a v a i l a b l e  f o r  d e c a y e d  c a l c i n e ,  it c a n  be  e x p e c t e d  t h a t  t h e  
a c t u a l  r a d i a t i o n  and  h e a t  levels ,  by t h e  y e a r  2000, will b e  
approximately I /  10 t o  1/20 of those given above for ldaho waste. 

(d) A s s u m i n g  t h a t  a p p r o x i m a t e l y  213 of t h e  high h e a t - e m i t t i n g  
elements (Cs and Sr) have been removed from this waste. 

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 ad ionuc l ide  c o n c e n t r a t i o n ,  will b e  
required t o  make the  space disposal option more feasible. Table 3 prov ides  w h a t  
is be l i eved  t o  b e  high and low mass inventory es t imates  for space disposal. The 
desired high scenario has been assumed as  t h e  base l ine  fo r  t h i s  s tudy .  F o r  t h e  
base l ine  c a s e ,  380 f l i g h t s  will be  r e q u i r e d  f o r  remova l  of defense  high-level 
waste, assuming a 5.5-MT payload and two Space ShuttlesJpayload. 



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

Site Desired High Desired Low 
M,etric Tons, MT 

Hanf ord 605 2 44 
Savannah River 
ldaho 

TOTALS 

5.2.2 Waste Com~ositions for S~ace  Dis~osai 

The baseline radionuclide compositions of Hanford and Savannah River  
H L W ,  assuming a 5500-kg waste payload, are given in detail in Volume I1 of this 
report. No detailed data for ldaho waste exists at the present time. For  most of  
t h e  analyses r e p o r t e d  here,  the  H a n f o r d  composition was used, since i t  
represents the largest mass and its definition has the highest confidence level o f  
the three. 

5.2.3 Waste Forms for Space Disposal 

As discussed previously, the existing and fu tu re  defense wastes would 
be concentrated. The resulting wastes would be the insoluble sludge components, 
from Hanford and Savannah River, and the insoluble calc ine components f r om 
Idaho. Wastes remaining after the ldaho concentration process can be converted 
to calcine again; however, it is not clear i f  high temperature t reatment of  
Hanford and Savannah River  wastes w i l l  actually yield oxides. For the purpose 
of defining a baseline, it is assumed that calcines can be produced fo l lowing the 
p resen t l y  proposed radionuclide concentrat ion 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 fo rm which may have waste loadings comparable to metal 
matrix forms. High waste loading, thermal stabi l i ty ,  and low dispersibi li t y  w i l l  
be the pr imary  requirements for  a suitable waste form. The baseline waste 
form, at this time, is calcine. 

5.2.4 Containerization 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 cer ta in  defined accident environments. Unlike the transportation regulations 
for terrestrial shipment of nuclear materials, there are no regulatory defi,nitions 
of  either the normal or accident conditions for  space disposal. Consequently, 
before the containerization analysis began, i t  was necessary t o  have the various 
payload environments defined. (Section 5.4.1 summarizes the various accident 



environments that  might  be expected during the space portion of the disposal 
mission.) The emphasis here was placed upon accident environment response, 
although the e f fec ts  o f  normal environments were used to init ially define the 
payload container. Of the accident environments, the most severe chosen fo r  
analysis were: 

a Explosion and f ire on launch pad 
0 Reentry of an unprotected payload container. 

Assuming 5500 k g  o f  waste per payload, the required number of 
payloads for  the three waste sources is shown i'n Figure 5 as a funct ion of 
waste concentrat ion fac tor  (WCF). The concentration for terrestrial disposal is 
defined as having a waste concentration fac tor  of 1.0. The pr imary  container 
design i s  dominated by the character of its contents, the high-level waste. Table 
4 lists the baseline high-level waste payload characterist ics for  each o f  the 
three waste mixes. 

i3.900 
I I I I I ,  I I I I I , , ,  

A = Proposed for terrestrial disposal 

daste Concentration Factor (bJCF]  

FIGURE 5. TOTAL NUMBER OF PAYLOADS AS A FUNCTION OF 
DEFENSE WASTE CONCENTRATION FACTOR (WCF) 



TABLE 4. BASELINE HIGH-LEVEL DEFENSE WASTE 
PAYLOAD CHARACTER1 STICS 

Pcrameter Hanford Savannah River Idaho 

Disposal Reference Date 1990 1985 2000 

Waste Density, g/cc 2.8 2.8 2.8 

Waste Radius, cm 78 

Waste Activity, C i  7x lo5 

Radionuclide Mass, kg 470 660 - 
Inert Mass, kg 5030 4840 

Waste Concentratio 
Factor (WCF) ?a) 27 

Specific activity, 
Ci/kg 1.5~10 

3 
1.2~10 

5 

Heat Genera.tion, 
kW 4.34(b) 25") 

NOTES: (a) The waste concentrat ion fac tor  is defined as the rat io of the 
masses given for each defense waste site, as recommended fo r  
ter res t r ia l  disposal, to the mass of the waste for space disposal 
after further chemical concentration (see Figure 5). 

(b) Based upon ORIGEN computer calculations. 
(c) Based on mass reduction (WCF = 10) and heat generation ra te  

for decayed Savannah River waste. 

5.2.4.1 Shielding Analysis 

The radiat ion shielding thickness required to surround a spherical waste 
container was determined as a function of source strength. Figure 6 shows the 
relationship between the thickness of a particular shield required to maintain the 
dose of 2 rems per hour a t  one m e t e r  f r o m  t h e  sh ie l d  su r f ace  and t he  
concentrat ion fac tor  for  Hanford defense waste. For the baseline case (Hanford 
Waste, WCF = 27), the uranium shielding thickness is 2.85 cm. The baseline 
shielded container design is shown in Figure 7. The expected mass breakdown of 
the baseline waste payload, less the reent ry  system and o the r  suppo r t i ng  
systems, is  given in Table 5. 



FIGURE 6. SHIELD THICKNESS REQUIREMENTS AS A FUNCTION OF 
WASTE CONCENTRATION FACTOR FOR HANFORD WASTE 

FIGURE 7. BASELINE SHIELDED CONTAINER DESIGN 
FOR HANFORD WASTE (WCF = 27) 



TABLE 5. BASELINE CONTAINER AND SHIELDING 
MASSES, ASSUMING HANFORD WASTE 

payload 
component Mass, kg 

Waste 
Container 
Shielding 

Steel Cladding 
Uranium 

Total 11,554 

NOTE: Based on WCF = 27. 

5.2.4.2 Thermal Analysis 

A one-dimensional thermal analysis o f  the high-level waste container 
design was applied to the more cr i t ical environmental conditions. The analysis 
was paramet r i c  w i t h  the Hanford  waste concentrat ion factor  as the major 
variable. A spherical geometry was chosen for the container, as it i s  the current  
baseline. 

The mater ia ls assumed for  waste, container and radiat ion shielding 
systems and the reentry system are listed below: 

a Calcined Waste - maximum density o f  2.8 g/cc for all processed 
defense wastes 

a Stainless Steel Container 
a Depleted Uranium Gamma Shield 
a Reent ry  System - including stainless stee! shells, steel honeycomb 

insulation, and ablat ive material. 

The maximum al lowable temperature o f  the waste form is a cr i t ical 
parameter i n  the thermal  analysis. The baseline fo rm was chosen t o  be a 
c a l c i n e ,  w h i c h  has a f o r m a t i o n  t e m p e r a t u r e  o f  900 C. However ,  f o r  
conservatism, a normal temperature l imi t  of 700 C was assumed t o  main ta in  a 
s t ab le  p roduc t .  F o r  accident conditions, 900 C was taken as the l im i t i ng  
temperature (Tl). 

The actual temperature distributions for the waste payload and reentry 
system for both "deep space" and "launch pad" environments were calculated and 
are shown i n  Table 6 for  various Hanford  waste concentrations. The auxiliary 
cooling requirements are included whenever the waste center temperature l i m i t  
is exceeded. 



TABLE 6. PAYLOAD TEMPERATURE DISTRIBUTIONS FOR 
THE HANFORD DEFENSE WASTE AS A FUNCTION 
OF WASTE CONCENTRATION FACTOR 

Shielding Payload System t lement 
Defense Waste Payload Auxiliary Temperature, C 
Concentration Heat Gener- Cooling Waste Reentry 
Factor(WCF1 ation, k W  Required, kW Center Container Shield System 

Launch Environment at  2 1 C 

2 7 4.34 2.64 700(~) 277 248 48 
(Baseline) 

Deep Space Environment at -273 C 

I 0.16 - -176 -191 - - 
27 4.34 - 544 118 - - 
(Baseline) 

NOTES: (a) For greater WCF values, auxi l iary cooling requirements equal 
heat generation, but waste requires direct cooling. 

(b) Assumed maximum normcl operating limit. 
(c) This condition would be unacceptable; cooling fins, metal  ma t r i x  

waste fo rm or a smaller payload would be required to reduce 
this temperature to the acceptable level. 

Dur ing ground transportation, auxi l iary cooling w i l l  be required for 
shipments lasting more than several hours. The l im i t i ng  parameter fo r  this 
condit ion would be the waste temperature. Dur ing handling at KSC and while 
inside the Shuttle, auxi l iary cooling w i l l  be required for  highly concentrated 
defense waste. In deep space, the unprotected, unshielded payload container 
should be designed to be wi th in  a l l  temperature l im i t s  assuming only passive 
cooling by radiation to  space. 

5.2.4.3 Accident Resoonse Analysis 

The container design was analyzed for its response to various accident 
environment conditions (see Section 5.4.1). As a prel iminary evaluation, two  
major accidents were chosen t o  represent the worst-case extreme abnormal 



e n v i r o n m e n t s .  T h e  f i r s t  acc iden t  is defined as an  explosion of t h e  Space  Shu t t l e  
vehicle on t h e  launch pad. This  acc ident  involves t h e  e f f e c t s  of a s h o c k  w a v e ,  
l i qu id  p r o p e l l a n t  f i r e b a l l ,  a s o l i d  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  
second acc ident  concerns  t h e  p a y l o a d  r e s p o n s e  t o  a n  u n p l a n n e d  r e e n t r y  o f  a n  
unprotec ted  container .  

L a u n c h  P a d  C a t a s t r o p h i c  F a i l u r e  o f  S h u t t l e .  T h e  p a y l o a d  - 
conta iner  is assumed t o  be  in t h e  S p a c e  S h u t t l e  c a r a o  b a y  in p r e p a r a t i o n  f o r  
l aunch .  A s  s u c h ,  i t  wi l l  b e  housed  w i t h i n  a g a m m a  r a d i a t i o n  s h i e l d  and t h e  
r een t ry  system. One  of t h e  impor tant  design t r a d e - o f f s  w h i c h  h a s  a b e a r i n g  o n  
t h e  r e s p o n s e  of  t h e  c o n t a i n e r  during this  acc iden t  s cena r io  is t h e  concep t  of a 
"front-end" r een t ry  pro tec t ion  design versus a c o m p l e t e l y  e n c l o s e d  p a c k a g e  (see 
Figure  4). T h e  ramif ica t ions  of this  design option w e r e  considerd in this cnalysis. 

T h e  s t r e s s  analysis of t h e  c o n t a i n e r  r e s p o n s e  t o  t h e  s h o c k  w a v e  ( s e e  
S e c t i o n  5.4.1.1) t o o k  i n t o  account  t h e  iner t ia  of t h e  loading and ma te r i a l  s t r a in  
r a t e  e f fec ts .  In addition, t h e  compressive s t r e n g t h  of  t h e  w a s t e  a n d  e f f e c t s  of  
m u l t i p l e  s h e l l s  w e r e  inc luded .  T o g e t h e r ,  t hese  modeling assumptions led t o  t h e  
conclusion t h a t  t h e  conceptual  payload conta iner  design can  adequate ly  r e s i s t  t h e  
shock wave  environment. 

T h e  f r a g m e n t  e n v i r o n m e n t  is d e s c r i b e d  in S e c t i o n  5.4.1.1. U s i n g  
dynamic ma te r i a l  s t r e n g t h s ,  t h e  m a x i m u m  e n e r g y  a b s o r p t i o n  c a p a c i t y  of t h e  
c o n t a i n e r  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  contr ibutions f rom wall shear ,  w a s t e  
compression, and shell bending. This  analysis showed t h a t ,  a s s u m i n g  a 20% y i e l d  
e x p l o s i o n  a n d  f o r  t h e  b a s e l i n e  c o n t a i n e r ,  s h i e l d ,  a n d  r e e n t r y  s y s t e m  models  
a s s u m e d ,  t h e  f r a g m e n t  i m p a c t  e n e r g y  is c a p a b l e  of p e n e t r a t i n g  t h e  w a s t e  
c o n t a i n e r .  A l so ,  t h e  f r a g m e n t  v e l o c i t y  wh ich  corresponds t o  an  impac t  energy  
equivalent  t o  t h e  energy  absorpt ion c a p a b i l i t y  of t h e  p a y l o a d  p a c k a g e  is a b o u t  
870 m/s. 

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  5.4.1.1): ( I )  a s o l i d  p r o p e l l a n t  f r a g m e n t  f i r e  a n d  ( 2 )  a s p l i t  s o l i d  
p r o p e l l a n t  r o c k e t  m o t o r  f i r e .  E s s e n t i a l l y ,  t h e  f i r s t  f i r e  e n v i r o n m e n t  is 
cha rac t e r i zed  by t h e  Externa l  Tank (ET) f i r e  ( h y d r o g e n / o x y g e n )  f o r  t h e  f i r s t  5 
s e c o n d s ,  f o l l o w e d  b y  t h e  s o l i d  p r o p e l l a n t  f i r e  e x t e n d i n g  for  an  additional 450 
seconds. T h e  t i m e  history of t h e  r a d i a n t  h e a t  f l u x  r e s u l t i n g  f r o m  t h i s  f i r e  is 
s h o w n  in F i g u r e  8. T h e  second f ire ,  t h e  sp l i t  mo to r  f i re ,  is cha rac t e r i zed  by t h e  
ET f i r e  plus t h e  contr ibution f r o m  t h e  spl i t  motor .  T h e  radiant  h e a t  f l u x  is a l s o  . 
show?  in F i g u r e  8. F o r  t h e  s e c o n d  f ire ,  t h e  f lux is assumed t o  r ema in  at 3000 
kW/m for  15 minutes  be fo re  c o m p l e t e  b u r n o u t  ( s e e  F i g u r e  8). N o t e  t h a t  t h e  
t o t a l  h e a t ,  QT,  r a d i a t e d  f r o m  t h e  spl i t  m o t o r  f i r e  is approximate ly  e ight  t imes  
t h a t  of t h e  s o l ~ d  propellant  f r agmen t  fire. 

T w o  configurat ions w e r e  examined fo r  t h e  r e sponse  of  a c o n t a i n e r  f o r  
t h e  H a n f o r d  w a s t e  t o  b o t h  f i r e s .  T h e  f i r s t  i n c l u d e d  t h e  w a s t e  conta iner  and  
radiat ion shield and neglec ted  t h e  r een t ry  pro tec t ion  and S h u t t l e  s t r u c t u r e .  T h i s  
c o n f i g u r a t i o n  b e i n g  e x p o s e d  t o  t h e  two  defined f i r e s  represents  a conservat ive,  
worst  Case scenario,  re f lec t ing  t h e  design op t ion  of  n o t  c o m p l e t e 1  y s u r r o u n d i n g  
t h e  s h i e l d e d  w a s t e  w i t h i n  t h e  r e e n t r y  s y s t e m .  T h e  s e c o n d  c o n f i g u r a t i o n  is 
identical t o  t h e  f i rs t  e x c e p t  t h a t  r e e n t r y  p r o t e c t i o n  is a s s u m e d  t o  c o m p l e t e l y  
e n c l o s e  t h e  c o n t a i n e r  a n d  g a m m a  radiat ion shield. This  configurat ion r ep resen t s  
t h e  case where  r een t ry  pro tec t ion  is uniform around t h e  conta iner .  
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FIGURE 8. RADIANT HEAT FLUX VS TIME FOR LAUNCH PAD FIRES 

T h e  t r a n s i e n t  m a t e r i a l  r e s p o n s e  t o  b o t h  f i r e s  w a s  a n a l y z e d  b y  t h e  
B c t t e l l e  R E T A C  c o m p u t e r  c o d e .  A s  a d e s i g n  basis, a n  acc ident  limiting w a s t e  
t empera tu re  of 900 C was  assumed. This is s e l e c t e d  as a l e v e l  a t  w h i c h  s o m e  
d e c o m p o s i t i o n  o r  m e l t i n g  of t h e  c o m p l e x  w a s t e  f o r m  m a y  o c c u r .  L i m i t i n g  
t empera tu re s  (T If or  o the r  payload ma te r i a l s  a r e  given below: L 

Material  

was t e  
s tainless  steel 
uranium 
s t ee l  honeycomb 
Min-K, 
ATJ Graphi te  

Limit ing Tempera tu re ,  C Basis - 
decomposit ion 
mel t ing  
mel t ing  
melt ing : 

serv ice  
sublimation 

T h e  p r i n c i p a l  s i m p l i f y i n g  a s s u m p t i o n  of  t h e  a n a l y s i s  w a s  t h a t  m e l t i n g ;  o r  
s u b l i m a t i o n  of m a t e r i a l  w a s  n e g l e c t e d .  Thus ,  t h e  m a t e r i a l  w a s  a s s u m e d  t o  
continue t o  absorb  h e a t  as if i t  remained in p lace  as a pseudo-solid. T h e  e f f e c t  
o f  t h i s  a s s u m p t i o n  w a s  twofold. F i rs t ,  when t h e  ou te r  shell ac tua l ly  r eaches  t h e  
me1 ting or  sublimation t e m p e r a t u r e ,  t h e  h e a t  f l u x  i n t o  t h e  a d j a c e n t  m a t e r i a l  
r e g i o n  wil l  b e  reduced by t h e  la ten t  h e a t  of fusion. The  e f f e c t  of this  hea t  sink 
m e c h a n i s m  is t o  r e d u c e  t h e  t e m p e r a t u r e ,  a t  a n y  g i v e n  t i m e ,  o f  t h e  i n n e r  
r eg ions .  S e c o n d ,  t h e  o u t e r  shell would ac tua l ly  be  removed once  i t  has  l e f t  t h e  
solid s t a t e ,  t h e  resu l tan t  hea t  flux ac t ing  on t h e  inner regions m a y  b e  i n c r e a s e d  
d u e  t o  t h e  absence  of t h e  hea t  capac i ty  e f f e c t  of t h e  ou te r  shell. This  will t end  



to  raise the temperatures o f  inner regions. Consequently, the effects of the 
modeling assumptions are somewhat of fset t ing,  imply ing the need fo r  more 
detailed analysis. . 

In  the context  o f  the above discussion, the results of the analysis (for 
the solid propellant fragment f i re)  indicate that, for  the waste container and 
radiat ion shield assembly, the outer edges of the unprotected shield walls reach 
melting temperatures in the first 15 seconds of the fire (see Figure 9). But, due 
p r ima 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 t o  me l t  (see Figure 
9). 

Stainless 
Steel 

Urani t im 

Waste/Container Ganva Shield 

Gan (0.127 cm) 

s t a - n l e s s  S tee l !  

'dote: -. = ! '  in . :nc  ' - '  t e r o e v ' a t ~ r e  . 

FIGURE 9. THERMAL RESPONSE OF GAMMA RADIATION SHIELDED 
CONTAINER TO SOLID PROPELLANT FRAGMENT FIRE 

In  the case o f  a spl i t  motor fire, temperatures of the outer and inner 
stainless steel containers and the uranium shield all exceeded their mel t ing point 
for  an extended period o f  t ime. It is predicted that, approximately 300 to 500 
seconds after start of the fire, the waste wil l  be exposed directly to the radiant 
heat flux. 



F o r  t h e  c o n f i g u r a t i o n  w h i c h  i n c l u d e d  t h e  r e e n t r y  s h i e l d ,  t h e  s o l i d  
p r o p e l l c n t  f r a g m e n t  f i r e  a n d  s p l i t  m o t o r  f i r e  a n a l y s e s  s h o w  t h a t  t h e  
t empera tu re s  remained below t h e  t e m p e r a t u r e  l imits  for  all materials .  

In summary,  for  t h e  launch pad fires, i t  appears  f eas ib l e  t o  d e s i g n  t h e  
p a y l o a d  t o  s u r v i v e  by d e s i g n i n g  a r e e n t r y  sys tem t h a t  comple te ly  enc loses  t h e  
payload c o n t a i n e r  a n d  r a d i a t i o n  sh i e ld .  W i t h o u t  t h i s  a s s u m e d  i n s u l a t i o n ,  t h e  
p a y l o a d  is n o t  l i k e l y  t o  s u r v i v e  t h e  s p l i t - m o t o r  f i r e .  For  t h e  solid propellant  
f r a g m e n t  f i r e ,  a m o r e  d e t a i l e d  a n a l y s i s  m a y  s h o w  t h a t  p a y l o a d  s u r v i v a l  is 
poss ib le .  It m u s t  b e  k e p t  in mind,  however, t h a t  m e t a l  f r agmen t s  f rom t h e  ET 
explosion m a y  likely damage  t h e  ou te r  insulating su r f ace ,  s u c h  t h a t  t h e  p a y l o a d  
wou ld  r e s p o n d  d i f ferent ly  t o  a f i r e  condition. More analysis is required t o  couple  
these  ef fec ts .  

Reentry Analysis. T h e  conditions postulated for  a n  unplanned r een t ry  
of t h e  was t e  payload a r e  defined in  S e c t i o n  5.4.1.2. A n a l y s e s  w e r e  p e r f o r m e d  
f o r  t h e  t h e r m a l  r e s p o n s e  of t h e  payload for  two  cases: ( I )  t h e  unprotec ted  (no 
reent ry  pro tec t ion  -- bare  conta iner )  c o n t a i n e r  on  a s t e e p  ' r e e n t r y ,  a n d  (2 )  t h e  
u n p r o t e c t e d  c o n t a i n e r  on  a s h a ! l o w  r e e n t r y .  I t  is a s s u m e d  t h a t  t h e  r e e n t r y  
sys tem would be  designed t o  withstand t h e  possible r een  t r y  environments. 

T h e  s t a g n a t i o n  point hea t ing  r a t e s  for  r een t ry  acc ident  condit ions w e r e  
ca lcula ted  by using t h e  Ba t t e l l e  CONTEMP computer  code  and were  inpu t  t o  t h e  
B a t t e l l e  R E T A C  compute r  program. T h e  analyt ical  model was  similar  t o  t h e  o n e  
used for  t h e  launch pad f ire ,  in t h a t  no m e l t i n g  o r  c b l a t i o n  w a s  inc luded .  T h e  
a s s u m p t i o n  of  a spher ica l  ro ta t ing  body during r een t ry  simplified t h e  analysis by 
m a k i n g  t h e  e x t e r n a l  h e a t i n g  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 . ,  
o n e - d i m e n s i o n a l  a n a l y s i s ) .  T h e  t e m p e r a t u r e - t  ime  history for  a two-dimensional 
s t ab l e  body t r a j ec to ry  could be  included at a l a t e r  da t e ,  but t h i s  d e t a i l  w a s  n o t  
warranted  a t  t h e  present  time. 

In s u m m a r y ,  t h e s e  r e su l t s  indica te  t h a t  wi thout  r een t ry  pro tec t ion  and 
assuming a shallow reent ry ,  t h e  w a s t e  conta iner  wa l l  is e x p e c t e d  t o  m e l t  a w a y  
a n d  e x p o s e  t h e  w a s t e  t o  t h e  r een t ry  environment in t h e  upper atmosphere.  More 
detai led analyses a r e  required t o  de t e rmine  how m u c h  w a s t e  m a t e r i a l  would  b e  
d e p o s i t e d  in t h e  a t m o s p h e r e  p r i o r  t o  E a r t h  impact .  The  environmental  impac t  
c o n s e q u e n c e s  of w a s t e  b u r n u p  as a r e s u l t  of a n  u n p l a n n e d  r e e n t r y  o f  a n  
unprotec ted  conta iner  a r e  described in Sec t ion  5.5.2. 

5.2.4.4 Dose Calculations 

T o  p r e d i c t  t h e  r a d i a t i o n  e x p o s u r e  t o  w o r k e r s ,  c r e w  a n d  p r i n c i p a l  
components  of t h e  disposal system, g a m m a  radiat ion dose r a t e  c a l c u l a t i o n s  w e r e  
p e r f o r m e d  us ing  t h e  W e s t i n g h o u s e  ANISN computer  code. T h e  basel ine Hanford 
was t e  (WCF = 27) was  assumed for  t h e  analysis. The  dose r a t e  r e l a t i o n s h i p s  ( s e e  
V o l u m e  I I ,  F i g u r e  3-12) c a n  . b e  u s e d  w i t h  a c c e p t a b l e  d o s e  c r i t e r i a  t o  der ive  
conceptual  designs of s h i e l d i n g  p r o t e c t i o n  f o r  t h e  c r e w  a n d  v a r i o u s  h a r d w a r e  
c o m p o n e n t s .  F o r  t h e  b a s e l i n e  case, a dose  r a t e  of 2 r e m  per  hour o r  lower is 
only a t t a ined  at d is tances  g r e a t e r  than 7 0  m e t e r s  f rom t h e  unshielded container .  
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FIGURE 10. THERMAL RESPONSE OF ROTATING UNPROTECTED WASTE 
CONTAINER DURING SHALLOW UNPLANNED REENTRY 

'lode Rad i U S .  

c I? 

-- 
2 . 2 -  

- 2  -.n 
L . . ,  - - C' 
, . -+  --  ? "  

, . Z L  - -  A .  . :- 

5.3 Mission Analysis 

Two special mission analysis tasks were conducted. The first analysis 
considered the s tab i l i ty  and range of  impact  condit ions ( a t t i t u d e ,  i m p a c t  
veloci ty)  o f  a nuclear waste payload (container plus reent ry  system) ejected 
f rom the Orb i te r  cargo bay under emergency cond i t i ons .  The pay load  i s  
considered t o  be ejected both under near-pad and high-speed flight conditions. 
The results of the analysis concluded that: ( I )  the reentry system, as cur rent ly  
defined by NASAIMSFC, has adequate stability in the hypersonic regime, ( 2 )  for 
ejection off  the launch pad, the reentry system should be designed t o  withstand 
impact on the a f t  structure (see Figure 4) at  velocities of -40 m/s, and (3) for 
ejection at hypersonic speeds, the reentry system should be designed fo r  impact  
on the nose structure at velocities 100 mls. 



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 incomplete 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 i o n  
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  
return to  t h e  Shut t le  orbi t  by a second OTV is feasible a r e  identif 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  E a r t h  e scape  o r  t o  a higher 
Ea r th  orbi t  is cons ide red .  A b r i e f  s u m m a r y  of t h e  r e s u l t s  of t h i s  a n a l y s i s  is 
presented below. 

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 veloc i ty  increment  is represented  
by t w o  a n g l e s ,  as s h o w n  in F i g u r e  I I .  T h e  a n g u l a r  e r r o 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 veloci ty increment  vec to r  
and t h e  ac tua l  OTV vector .  This  plane is inclined a t  t h e  a n g l e  6 w i t h  r e s p e c t  
t o  t h e  local horizontal plane. 

Local 
i e r t i c a i .  

intended OTV !mpulse Vector 
(Coincides wi th  !ni t i a l  C i rcu lar  
O m i t  Ye loc i ty  'Yec:or) 

FIGURE I I. DEFINITION OF ANGLE ERROR PARAMETERS 

Figure  12 is a m a p  of t h e  E , A V  d o m a i n  a n d  s u m m a r i z e s  t h e  r e s u l t s  
of  t h i s  analyosis. If t h e  OTV p o i n t i n g  e r r o r  w e r e  constrained t o  t h e  horizontal 
plane ( Ci = 0 ), t h e  p e r m i s s i b l e  a n g u l a r  e r r o r  ( E ) c o u l d  b e  in e x c e s s  of  9 5  
d e g r e e s  b e f o r e  a n  u n a c c e p t a b l y  low p e r i g e e  wou ld  b e  produced. A t  t% o t h e r  
e x t r e m e ,  if t h e  OTV i m p u l s e  lies in t h e  v e r t i c a l  p l a n e  ( 6 = + 90  ), t h e '  
p e r m i s s i b l e  p o i n t i n g  e r r o r  is reduced considerably. Fur thermore ,  i f t h e  va lue  of 
6 is random, half of all cases will have  a n  absolute m a g n i t u d e  b e t w e e n  4 5  a n d  

9 0  d e g r e e s ;  and ,  f rom Figure  12, t h e  perigee cons t ra in t  boundoary for  6 = + 45 
is seen  t o  b e  very  near  t h e  ver t ica l  plane boundary ( 6 = - + 90 ). 

In t h e  r e g i o n  b e l o w  t h e  S = + 90' l i ne ,  t h e  nuc lea r  w a s t e  payload 
always will e i t he r  en t e r  an  hel iocentr ic  o r E t  or  r e m a i n  in a n  E a r t h  o r b i t  f r o m  
w h i c h  i t  c a n  b e  r e c o v e r e d ,  r e g a r d l e s s  of  t h e  magni tude  of t h e  erroneous OTV 
impulse. 
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FIGURE 12. EFFECT OF OTV IMPULSE ERRORS FROM INITIAL 
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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 t h  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 rcu lar  333-km (180-n.mi.) o rb i t  fo r  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 in  F igure  12, i f  the or ig inal  impulse magnitude is less 
than about 1.9 km/sec, and i f  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 f i rst OTV or the SOIS. For in i t i a l  e r ror  impulses f rom 1.9 
t o  2.9 kmlsec, it would be necessary to vent the propellants from the original 
stages to reduce the recovered mass. I f  the in i t ia l  OTV stage is discarded, the 
vented SOlS and payload package could be recovered up to  init ial error .impulses 
of 3.29 kmlsec; whereas only the payload i t se l f  could be recovered fo r  er ror  
impulses f rom 3.29 t o  about 3.5 1 kmlsec ( i f  the value of E were sufficiently 
large to cause the payload to  remain i n  Earth orbit). 

I f  t h e  magn i t ude  o f  t h e  f i r s t  OTV impulse exceeds 3.5 kmlsec, 
recovery by a second OTV is not possible. For error angles ( E ) less than about 
26 degrees. the nuclear payload would escape in to  a hel iocentr ic  orbit. For 
greater E magnitudes, up to  the hyperbol ic path boundary o f  F igure  12, the 
payload would e i ther escape or be placed in  a hyperbolic orbit wi th a perigee 



be low 185 km ( 1 0 0  n.mi.), d e p e n d i n g  on  t h e  m a g n i t u d e  a n d  sign of 6. If 6 
were  positive (ascending flight pa th  angle),  t h e  p a y l o a d  wou ld  n o t  p a s s  p e r i g e e  
b e f o r e  e s c a p e ;  b u t  n e g a t i v e  v a l u e s  o f  6 i n t r o d u c e  t h e  p o s s i b i l i t y  of d i r ec t  
impact  or  a veloci ty loss a t  p e r i g e e  w h i c h  c o u l d  c o n v e r t  t h e  h y p e r b o l i c  o r b i t  
into an elliptical orb i t  with an unacceptably low perigee. 

As  indicated in F i g u r e  12, a r e g i o n  f o r  h i g h - v e l o c i t y  i m p u l s e  e r r o r s  
e x i s t s  a b o v e  t h e  h y p e r b o l i c  pa th  boundary, where  t h e  payload would be injected 
into an elliptical Ea r th  orbi t  f rom which i t  could not b e  r e c o v e r e d  b y  a s e c o n d  
OTV. In t h e  unlikely event  t h a t  t h e  erroneous AV and E were  suff icient ly la rge  
t o  e n t e r  t h i s  r e g i o n ,  it m a y  b e  poss ib l e ,  as a n  a l t e r n a t i v e ,  t o  r e - b o o s t  t h e  
payload t o  e scape  ve loc i ty  with t h e  second OTV. 

Based on t h e  d a t a  summarized  in F igure  12, t h e  f o l l o w i n g  c o n c l u s i o n s  
h a v e  b e e n  r e a c h e d .  R e s c u e  of a fai led payload in E a r t h  orb i t  can  b e  conducted  
by a s e c o n d  OTV u n d e r  a w i d e  r a n g e  of  i m p u l s e  e r r o r s  p r o v i d e d  t h a t  t h e  
m a g n i t u d e  of  t h e  a n g u l a r  e r r o r  c a n  b e  h e l d  t o  u n d e r  % 30 degrees  f rom t h e  
nominal. If t h e  m i s d i r e c t e d  OTV burn  c a n  b e  d e t e c t e d  a n d  t e r m i n a t e d  e a r l y  
e n o u g h ,  t h e  s e c o n d  OTV c a n  recover t h e  payload, t h e  fai led OTV and t h e  SOIS. 
If t h e  burn proceeds f u r t h e r ,  i t  m a y  b e  p o s s i b l e  t o  r e c o v e r  t h e  p a y l o a d ,  t h e  
v e n t e d  OTV a n d  SOIS; t h e  p a y l o a d  a n d  v e n t e d  SOIS; o r  t h e  p a y l o a d  a l o n e ,  
depending upon t h e  veloci ty increment  impar ted  by t h e -  f i rs t  OTV. If t h e  a n g u l a r  
e r r o r  c a n n o t  b e  h e l d  t o  % 3 0  d e g r e e s  or  less, then  a misdirected burn must  be  
t e rmina ted  a lmost  immedia te ly  or else run t h e  risk of possibly i n j e c t i n g  i n t o  a n  
E a r t h  o r b i t  t r a j e c t o r y  w i t h  a p e r i g e e  low e n o u g h  t o  r e su l t  in a n  ea r ly  E a r t h  
reentry.  

5.4 Safety Assessment 

In a n y  p o t e n t i a l  e n g i n e e r i n g  p r o j e c t  i nvo lv ing  t h e  s a f e t y  of human 
beings, i t  is cus tomary  (and, u sua l ly ,  r e q u i r e d  l e g a l l y )  t o  p e r f o r m  a n a l y s e s  t o  
s h o w  t h a t  t h e  p r o j e c t  wil l  n o t  c o m p r o m i s e  human s a f e t y  beyond an  accep tab le  
level. In t h e  d i sposa l  of n u c l e a r  w a s t e  p r o d u c t s  in s p a c e ,  l a r g e  a m o u n t s  of  
h i g h - l e v e l  w a s t e  w o u l d  b e  p l a c e d  n e a r  v e r y  l a r g e  a m o u n t s  o f  p o t e n t i a l l y  
explosive propellants  and oxidizers, be  a c c e l e r a t e d  t o  v e r y  h igh  v e l o c i t i e s ,  a n d  
b e  s u b j e c t  t o  t h e  possibi l i ty of encounter ing  very  high t empera tu re s  in t h e  case 
of r een t ry  or propellant  fire. Due  t o  t h e  e x t r e m e ,  if h igh ly  un l ike ly ,  p o t e n t i a l  
c o n s e q u e n c e s  o f  a c c i d e n t s ,  e x h a u s t i v e  analyses of dangerous environments,  and 
methods  of safe ly  coping with these  e v e n t s  and conditions must  be a c c o m p l i s h e d .  
T h i s  c a n  o n l y  b e  d o n e  o v e r  a l o n g  p e r i o d  o f  t i m e  as t h e  sys t em concep t  and 
d e s i g n  e v o l v e s .  T h e  w o r k  r e p o r t e d  h e r e  r e p r e s e n t s  t h e  f i r s t  s t e p  in s u c h  a 
sequence. 

S e c t i o n  5.4.1 s u m m a r i z e s  t h o s e  a c c i d e n t  e n v i r o n m e n t s  t h a t  a r e  
expec ted  t o  produce t h e  mos t  s e v e r e  c o n d i t i o n s  e x p e r i e n c e d  by  n u c l e a r  w a s t e  
p a y l o a d s .  T h e  r e s u l t s  of  t h i s  s e c t i o n  w e r e  used  t o  d e t e r m i n e  t h e  e f f e c t s  of 
t hese  s e v e r e  acc ident  environments on t h e  design of t h e  p a y l o a d  c o n t a i n e r  ( s e e  
S e c t i o n  5.2.4.3). Sec t ion  5.4.2 presents  a brief discussion of possible acc iden t s  or  
combinat ions of events  t h a t  could i e a d  t o  r e l e a s e  of  t h e  n u c l e a r  w a s t e .  F a u l t  
t r e e  m e t h o d o l o g y  w a s  used ,  b u t  p r o b a b i l i t i e s  w e r e  n o t  a s s igned  t o  individual 
e v e i t s  because  of t h e  lack of d a t a .  S u b j e c t i v e  e s t i m a t e s  h a v e  b e e n  m a d e  f o r  



the most l i ke ly  fa i lure paths and possible "workarounds" that could lessen their 
likelihood. Section 5.4.3 deals w i t h  some suggested changes t o  the baseline 
mission and hardware that could produce a higher degree of safety. 

5.4.1 Major  Accident Environment Character izat ion 

The f i r s t  step in  def in ing accident environments was to identify the 
more severe accidents. A prel iminary screening of possible events that  could 
occur during ground handling, prelaunch, launch, and orbital operations led to the 
identification of a list of accidents. The three major accident environments that  
were chosen t o  be evaluated were: ( I )  Space Shuttle vehicle explosion and fire, 
(2) reentry of the container with and without reentry protection, and (3) payload 
sinking t o  the bottom of the ocean. The environments that the payload would be 
expected to experience due to these three events are summarized below. 

5.4.1.1 Space Shutt le Explosion and F i r e  

Various types of accidents can occur w i th  the Space Shutt le vehicle 
which lead t o  a catastrophic explosion and fire. For example, the vehicle could, 
during the early phase of the launch (l iftoff), t ip over, fall back or col l ide w i t h  
t he  launch tower ,  r e s u l t i n g  i n  a moderate (10-20%) explosive yield. The 
capability of employing a destruct system is planned where hazardous payloads 
are f lown i n  the Space Shuttle. When it would be used, the explosive yield (Y) 
would be quite low (1%). A high ve loc i ty  surface impact of the vehicle could 
lead t o  a high explosive y ie ld (20% < Y < 160%), i f  the destruct system would 
ei ther not be used or would f a i l .  The  s p e c i f i c  t h e r m a l  and mechan i ca l  
environments generated by these postulated events can be categorized into four 
areas: ( I )  a hydrogen-oxygen fireball, ( 2 )  a blast wave (shock wave) caused by 
the detonation o f  the hydrogen-oxygen propellants, (3) high velocity fragments 
f rom the E x t e r n a l  Tank sk in  r e s u l t i n g  f r o m  the  de tona t ion ,  and ( 4 )  a 
ground-based solid propellant fire. These four environments are discussed below. 

Space Shutt le HydrogenIOxygen F i reba l l  Environment. I f  the f u l l y  
I oaded ( l iquid hydrogenll iquid oxygen) Space Shuttle External Tank (ET) were to 
explode on the launch pad, the nuclear waste payload could be exposed t o  a 
short-term severe thermal environment. The basic fireball model employed for 
this analysis is that of Bader. Figure 13 presents a schematic that  defines the 
assumed f i reba l l  features and f i reba l l  development w i t h  time. Time t = 0 is 
when the init ial explosion begins. The features of the modeled f i rebal l  stem and 
possible residual f i r e  are also shown i n  Figure 13. The resulting relationship 
between temperature and time is provided i n  Figure 14. This f igure indicates 
that  a l l  propel lant is predicted t o  be consumed in  about 6.6 seconds and the 
extreme thermal environment resulting from the fireball is expected t o  last I ess 
than 10 seconds. During actual conditions, air entrainment would be expected to 
lower the temperature and heat flux values. A residual f i re is assumed t o  occur. 
I t  i s  not clear, however, how long this f i re wil l continue. The postulated solid 
propellant f i re (from the Space Shuttle Solid Rocket Boosters) may last f rom 7 
t o  15 m inu tes  and would provide higher temperatures and fluxes than the 
"residual fire". 
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Space Shuttle Solid Propellant Fire Environment. An early f l ight 
failure may result in the  payload separating from t h e  Space S h u t t l e  O r b i t e r  a n d  
fa l l ing  t o  t h e  launch pad. It is possible tha t  the  payload will then be subjected 
to  a f i re  involving solid propellant f rom t h e  Solid R o c k e t  B o o s t e r s  (SRBs). T w o  
c a s e s  h a v e  been  examined :  o n e  in which t h e  SRBs h a v e  d i s i n t e g r a t e d  a n d  
fragments of unconfined burning propellant a r e  scat tered on t h e  launch pad ( s e e  
F i g u r e  151, and  a second  c a s e  w h e r e  t h e  SRB h a s  b e e n  split lengthwise by a 
linear-shaped destruct  charge but is otherwise in tact  (see Figure 16). 
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FIGURE 15. FRAGMENT MODEL FOR SPACE SHUTTLE 
SOLID PROPELLANT FIRE 

H e a t i n g  of t h e  pay load  is c o n s i d e r e d  t o  b e  d o m i n a t e d  by radiation 
f r o m  t h e  burning p r o p e l l a n t .  T h i s  is j u s t i f i e d  b y  t h e  h i g h  r a d i a n t  f l u x  
c o r r e s p o n d i n g  t o  the high effect ive  temperature  and t h e  near unity emissivity of 
t h e  flame. 

F o r  t h e  f r a g m e n t  f i r e ,  a s  t h e  p r o p e l l a n t  f r a g m e n t  burns ,  i t s  s i z e  
decreases and t h e  normalized s e p a r a t i o n  i n c r e a s e s .  M'i t h  F i g u r e  17 a n d  in i t i a l  
c o n d i t i o n s  of R ,  r ,  a n d  D ( s e e  F igure  IS), the  t ime  history of the  radiant flux 
a t  the  payload surface may be determined. Since t h e  maximum web  t h i c k n e s s  of 
t h e  SRB p r o p e l l a n t  g r a i n  i s  1.04 m, R o  = 1.0412 ( w h e r e  R O  is t h e  fragment 
radius at t = O), and the  maximum duration of a solid p r o p e l l a n t  f r a g m e n t  f i r e  
will be  T = (1.04/2)/(0.01 15) = 452 seconds o r  about 7.5 minutes. 

For t h e  split motor fire, t h e  resulting h e a t  f l u x e s  t o  t h e  pay load  a r e  
shown in F i g u r e  18. B e c a u s e  the  geometry  does not change with time, the  heat  
flux remains constant until t h e  propellant within t h e  motor is consumed.  With a 
m a x i m u m  w e b  t h i c k n e s s  of 1.04 m and a burn r a t e  of 0.001 15 m/s, t h e  f i r e  is 
expected to  last 904 seconds or about 15 minutes. 



FIGURE 16. SPLIT MOTOR MODEL FOR SPACE 
SHUTTLE SOLID PROPELLANT FlRE 

FIGURE 17. MAXIMUM HEAT FLUX AS A FUNCTION 
OF TIME (FRAGMENT FlRE MODEL) 
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FIGURE 18. MAXIMUM HEAT FLUX AS A FUNCTION OF 
DISTANCE (SPLIT MOTOR F IRE MODEL) 

O v e r ~ r e s s u r e  R e s u i t i n a  f r o m  S o a c e  S h u t t l e  E x t e r n a l  Tank  - - 2 

Explosion.  The ET could explode, as a result  of  various on-pad or ascent 
accidents or malfunctions. Also, the ET can be destructed deliberately by the . . 
linear-shaped charge that is placed along the ET on the side opposite to  the 
Orbiter, should f l i gh t  control lers determine that  an off-course vehicle would 
endanger the local populat ion or ground features. Depending upon the event, 
varying degrees o f  explosive y ie ld can result. The explosive yield is defined as 
percentage o f  TNT equivalent. For  example, i f  a given ET explosion would 
produce a 100% yield, that  means that  the to ta l  weight of propellants would 
produce the same effect as the same weight of TNT. 

The center o f  explosion (COE) for the Space Shuttle case is taken t o  
be the center of the intertank structure, between the liquid hydrogen and l iqu id  
oxygen tank of the ET. Given the position of this assumed COE and the position 
of the nuclear waste payload, the distance from the COE to the payload surface 
was calculated to be 21.6 m (70.8 ft). 

Procedures outlined in the CPIA-194 Hazards of Chemical Rockets and 
Propellants Handbook (Volume I) were used t o  calculate the .overpressures tha t  



w o u l d  r e s u l t  f r o m  t h e  inc iden t  and  r e f l e c t e d  shock  waves .  T h e  r e s u l t s  a r e  
presented in Figure 19 for five different explosive yields. 
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FIGURE 19. OVERPRESSURES AS A RESULT OF 
S P A C E  SHUTTLE ET BLAST WAVE 

S p a c e  S h u t t l e  F r a g m e n t  Envi ronment .  An explosion of t h e  External 
Tank (ET) could result in the  payload being i m p a c t e d  by f r a g m e n t s  of t h e  ET. 
T h e  f lux  of f r a g m e n t s  by v e l o c i t y  and  size was calculated for explosive yields 
(based on t h e  mass of hydrogen and oxygen in t h e  ET) of 1 ,  20 and  160 p e r c e n t  
T N T  e q u i v a l e n t .  T h e s e  y i e l d s  c o r r e s p o n d  t o  hypothes ized  poss ible  f a i l u r e  
sequences, with the  highest yield occurring f r o m  a high-veloci  t y  i m p a c t  of t h e  
S p a c e  S h u t t l e  o n t o  an unyielding surface. Figure 20 shows the  results for a 20% 
explosive yield. The fragments have been grouped i n t o  s i z e  r a n g e s  t o  p e r m i t  a 
single presentation of the  results. 

C o n c l u d i n g  . R e m a r k s .  The worst-case accident environments that  a r e  
e x p e c t e d  f o r  an  on-  ad explosion and  f i r e  h a v e  b e e n  c h a r a c t e r i z e d .  T h e  
enLi ronments  d e f i n e d  h e r e  ' f o r  t h e  S p a c e  S h u t t l e  a r e  much more severe than 
those tha t  have previously been defined for the  Titan I l l  launch vehic le .  T h e  use  
of a d e s t r u c t  s y s t e m ,  when  f ly ing  n u c l e a r  w a s t e  payloads, or  other hazardous 
payloads, would greatly reduce t h e  s e v e r i t y  of t h e  a c c i d e n t  env i ronments .  T h e  
d a t a  deve loped  in th i s  s e c t i o n  h a v e  been used t o  evaluate the  response of the  
reentry system to  t h e  on-pad Shutt le explosion and f i re  ( s e e  S e c t i o n  5.2.4.3 f o r  
summary of results). 



FIGURE 20. FRAGMENT VELOCITY DISTRIBUTION ASSUMING 20% 
YIELD FOR SPACE SHUTTLE FRAGMENT ENVIRONMENT 



5.4.1.2 R e e n t r y  o f  C o n t a i n e r  W i t h / W i t h o u t  R e e n t r y  P r o t e c t i o n  

Various types of low probability malfunctions c o u l d  o c c u r  w h i c h  m i g h t  
l e a d  t o  t h e  a tmospher ic  r een t ry  of t h e  loaded r een t ry  sys tem or t h e  unprotec ted  
nuclear was t e  container .  T h e  p r o t e c t e d  s p h e r i c a l  c o n t a i n e r  ( p o s i t i o n e d  in t h e  
r e e n t r y  s y s t e m  - s e e  F i g u r e  4 )  m a y  r e e n t e r  a f t e r  a n  emergency e jec t ion  f rom 
t h e  S p a c e  S h u t t l e  c a r g o  b a y  ju s t  p r i o r  t o  a c h i e v i n g  o r b i t ,  o r  t h e  c o n t a i n e r  
w i t h o u t  r e e n t r y  p r o t e c t i o n  ( h a v i n g  b e e n  r e m o v e d  and a t t a c h e d  to t h e  payload 
adapter  of t h e  OTV/SOIS configuration) m a y  r een te r  a f t e r  a c r i t i c a l l y  i n a c c u r a t e  
OTV b u r n  c o u p l e d  w i t h  t h e  o c c u r r e n c e  of o t h e r  m a l f u n c t i o n s .  These  r een t ry  
e n v i r o n m e n t s  h a v e  b e e n  c h a r a c t e r i z e d  by  e m p l o y i n g  t h e  B a t t e l l e  CONTEMP 
c o m p u t e r  c o d e .  T h e  r e s u l t s  of  t h e  r e e n t r y  c a l c u l a t i o n s  for  t h e  t w o  cases  a r e  
presented in V o l u m e  I 1  of  t h i s  r e p o r t ,  w h e r e  v a r i o u s  p a r a m e t e r s  a r e  p l o t t e d  
v e r s u s  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  p r e s s u r e s  a n d  s t a g n a t i o n  t e m p e r a t u r e s .  T h e s e  d a t a  w e r e  u s e d  t o  
d e t e r m i n e  t h e  r e s p o n s e  of  t h e  pay load  in t h e  r een t ry  environment (see Sec t ion  
5.2.4.3 for  discussion of consequences). 

5.4.1.3 P a y l o a d  E n t r y  i n t o  D e e p  O c e o n  

T h e  in t ac t  r een t ry  of  a w a s t e  p a y l o a d  ( c o n s i d e r e d  t o  b e  t h e  l o a d e d  
r e e n t r y  s y s t e m )  wou ld  l i k e l y  r e s u l t  in  a n  o c e a n  i m p a c t .  Should  t h e  f lo ta t ion  
sys tem fail ,  t h e  r e e n t r y  s y s t e m  w i t h  t h e  l o a d e d  c o n t a i n e r  wou ld  s i n k  t o  t h e  
o c e a n  f l o o r .  T h e  m o s t  s e v e r e  i m m e d i a t e  e n v i r o n m e n t  would b e  t h e  ve ry  high 
externa l  pressure exe r t ed  on t h e  payload. T h e  r e l a t ionsh ip  b e t w e e n  t h e  f r a c t i o n  
o f  o c e a n  d e p t h  g r e a t e r  t h a n  a c e r t a i n  v a l u e  as a f u n c t i o n  o f  o c e a n  d e p t h  
pressure f o r  a ground t r ack  resulting 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  ( 1 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  a p p r o x i m a t e d .  T h e  o c e a n  p r e s s u r e s  a r e  
indicated in F igure  21.2The maximum ocean  depth  and pressure poss ib l e  a r e  10.9 
krn a n d  1 1 ,000 N / c m  (16 ,000  psi), respectively. This  environment was  not  used 
in t h e  payload design sec t ion  (5.2.4.3) t o  eva lua t e  t h e  p a y l o a d  r e s p o n s e .  F u t u r e  
work should include such analysis. 

5.4.2 P r e l i m i n a r y  H a z a r d  A n a l y s i s  

A p r e l i m i n a r y  h a z a r d  a n a l y s i s  w a s  conducted t o  identify those  even t s  
and sequences  of even t s  mos t  likely t o  lead t o  a r e l e a s e  of r a d i o a c t i v e  w a s t e .  
T h i s  p r e l i m i n a r y  a n a l y s i s  w a s  c o n s i d e r e d  to b e  t h e  f i r s t  in a se r i e s  of s t eps  
tha t ,  ove r  a period of s e v e r a l  y e a r s ,  wou ld  r e s u l t  in a f i n a l  e s t i m a t e  of r i s k  
a s s o c i a t e d  w i t h  s p a c e  d i sposa l  of  n u c l e a r  w a s t e .  A s  a f i r s t  s tep ,  t h e  resu l t s  
achieved in t h e  c u r r e n t  e f f o r t  a r e  q u a l i t a t i v e  r a t h e r  t h a n  q u a n t i t a t i v e .  T h e  
r e s u l t s  a r e ,  n o n e t h e l e s s ,  v a l u a b l e  as i n d i c a t i o n s  of t h o s e  p o r t i o n s  of  t h e  
conceptual ized sys tem t h a t  should be  s tud ied  m o r e  t h o r o u g h l y  t o  d e l i n e a t e  t h e  
s ignif icant  risks involved in t h e  disposal of nuclear w a s t e  in space. 



F r a c t i o n  of Ocean Depth G r e a t e r  
t h a n  I n d i c a t e d  Value  

FIGURE 2 1. DISTRIBUTION OF OCEAN DEPTH (PRESSURE) 
FOR A 38' INCLINATION SPACE DISPOSAL 
ORBIT (I s t  ORBITAL PASS) 

5.4.2.1 Mission Phase Definition 

To fac i l i t a t e  the presentation o f  fau l t  t ree information (see Section 
5.4.2.31, the baseline mission has been par t i t ioned in to  a number of  phases, as 
shown i n  Table 7. These phases are not  identical t o  those discussed in  the 
baseline mission profile in Section 5.1.2, but have been chosen t o  separate the 
baseline mission in to  port ions in which the hazards can be clearly defined. The 
discussion of these phases is given i n  detai l  i n  Volume 11, Section 5.2 of this 
report. 

5.4.2.2 Failure Probability Data 

None of the launch systems (e.g., Shuttle, OTV, and SOIS) f o r  i n i t i a l  
and follow-on nuclear waste disposal missions have been flown. Thus, there are 
no demonstrated reliability data available. After four or f i ve  years of operation ' 

of the Shuttle, the necessary data base should exist to assess its reliability. 



TABLE 7. DEFINITION OF MISSION PHASES 

Phase 
Number Description of Phase 

Payload Processing and Storage a t  Launch Si te  
On-Pad, Prelaunch Operations 
lgnition t o  Clearing of Tower 
Clearing of Tower t o  SRB Burnout 
SRB Burnout t o  ET Drop 
ET Drop t o  Achieving Orbit 
Achieving Orbit t o  Rendezvous 
Rendezvous and Docking with OTVISOIS 
OTV lgnition t o  Burnout 
OTV Jett ison t o  SOlS lgnition 
SOlS Burn 
Stay in Planned Orbit 

T h e  p r o j e c t e d  OTV and  SOlS a r e  b o t h  s t a g e s  t h a t  r e l y  on p roven  
technology. The OTV is a hydrogen-oxygen upper  s t a g e  t h a t  has  t h e  b e n e f i t  of 
o v e r  a d e c a d e  of C e n t a u r  and  S a t u r n  e x p e r i e n c e  t o  d r a w  upon. T h e  SOlS 
employs technology similar t o  t h e  Titan Transtage and t h e  Space S h u t t l e  O r b i t a l  
Maneuver ing  and  R e a c t i o n  C o n t r o l  S y s t e m s  c o m p o n e n t s  (e.g., tanks, engines, 
etc.). This technology is qui te  reliable and available now. T h e r e  should b e  little 
d i f f i c u l t y  in des igning,  developing, and demonstrating safe,  reliable upper stages 
for the  space disposal mission. 

Design of t h e  w a s t e  container, reentry and docking systems is a t  such 
a preliminary conceptual level tha t  estimations of reliability a r e  n o t  a p p r o p r i a t e  
a t  th i s  t i m e .  As these designs mature, generation of reliability d a t a  will become 
more feasible. 

5.4.2.3 Fault Trees 

T o  o b t a i n  a qualitative indication .of the  relat ive importance of various 
potential system failures, preliminary fault  t rees  were  c o n s t r u c t e d  and  a n a l y z e d  
f o r  e a c h  phase  of t h e  mission ( s e e  T a b l e  7). It is p r e s e n t l y  n o t  f eas ib le  t o  
assign probabilities to  each fault  event. Additionally, f o r  t h o s e  phases  involving 
S p a c e  S h u t t l e  e lements ,  the fault  t rees  were terminated when a Shutt le e lement  
failure was encountered. Analysis below this level  is c u r r e n t l y  being c o n d u c t e d  
by t h e  S p a c e  S h u t t l e  pr ime contractor.  An example of one of the  fault  t r ees  is 
represented by Figure 22, for Phase 3. 
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FIGURE 22. PHASE 3 FAULT TREE (IGNITION 
TO CLEARING OF TOWER) 

E a c h  of t h e  f a u l t  t r e e s  f o r  t h e  12 mission phases was examined for 
those single-point and multiple-point f a i lu res  c o n s i d e r e d  m o s t  l ikely t o  l ead  t o  
c a t a s t r o p h i c  r e s u l t s  --- t h e  r e l e a s e  of n u c l e a r  w a s t e  f r o m  c o n t a i n m e n t .  
Elementary cr i ter ia  have been used in choosing t h e s e  m o s t  l ikely  f a i l u r e  pa ths .  
F o r  e x a m p l e ,  a p a t h  t h a t  involves only two  failure events was considered more  
l ikely 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 ix  f a i l u r e  e v e n t s  t o  o c c u r  
sequen t ia l ly .  O n c e  t h e  m o s t  l ikely  e v e n t  sequences were  determined, potential 
ways of avoiding these paths (or of decreasing the  possibility of t h e i r  o c c u r r i n g )  
w e r e  examined .  Poss ible  workarounds were  suggested for reducing the  possibility 
of nuclear waste  release. However, t h e  feasibility of these workarounds  w a s  n o t  
examined in any detail. 



5.4.3 Svstem Modi f ica t ion Reauirements 

As the design o f  a system for  disposing of nuclear waste in  spade 
matures, modi f icat ions t o  enhance the safety, eff ic iency and economy of the 
disposal system wil l  be advanced and considered. This section br ief ly  summarizes 
some proposed modi f icat ions that  are suggested for the ground, payload, Space 
Shuttle and upper stage systems. 

Ground systems include the NPPF, ground transporter and the route i t  
travels from the NPPF to the launch pad. A considerable number o f  safety and 
design considerations for  these systems have, been ident i f ied  (see Volume 11, 
Section 5.3). The ones that have most signif icance are: ( I )  provide for  t i gh t  
secur i ty  t o  pro tec t  against intrusive acts, (2) provide for adequate failsafe 
containment, and (3) minimize handling heights. 

The baseline payload system is potent ia l ly  vulnerable to  inadvertent 
reentry and Shutt le explosion fragment environments. The results f rom the 
reent ry  thermal analysis (see Section 5.2.4.3) indicate that, i f  some reentry 
protection were applied directly to the container, i t  might  survive the reent ry  
environment and not burn up i n  the atmosphere. This reentry protection might 
take the form of a layer o f  non-reusable mater ia l  such as insulation, and an 
ablat ive covering the outside of the container. Another approach to minimizing 
the chance for release is to select a waste fo rm that  w i l l  resist dispersion 
and/or min imize the amount o f  inhalable part ic les produced i n  an accident 
environment. 

There are several significant modifications that may need to be made 
to the Space Shuttle system to decrease the hazards associated w i t h  the boost 
phase o f  the mission. One potential modification is placement of an energy and 
fragment absorbing shield between the payload and the l i ke ly  locus o f  t he  
External  Tank explosion. A shield could have the e f f ec t  of slowing down or 
stopping the high-speed fragments. Another possible modi f ica t ion would be the 
proposed incorporation of a payload ejection device, that would eject the nuclear 
waste package from the Space Shuttle Orbiter cargo bay prior t o  a catastrophic 
event . 

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, t o  suggest that  they exhib i t  cer ta in  safety features, including: (I). 
multiple redundant communications and control systems, (2) communications l inks 
that  would permi t  remote manual control, and (3) a system to  monitor the OTV 
injection burn. The need for a rescue vehicle has also been confirmed. 

5.5 Environmental Impact  Assessmen t 

The speci f ic  object ive of the current environmental assessment was to 
study the health consequences posed by two accidents which are believed to  be 
potent ia l ly  the most hazardous and to identify 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 Shuttle failure with a breach of defense 
nuclear waste containment, and ( 2 )  the reentry and upper atmospheric burnup of 



a defense waste payload. Analysis was performed for both Savannah River and 
Hanford waste, assuming the baseline given in Section 5.2. 

An  in -dep th  "c red ib le "  environmental assessment o f  the baseline 
disposal concept is not possible until more work i s  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 i n  choosing among containment designs and concepts, waste forms, and 
operational procedures. 

5.5.1 On- or  Near-Pad Catastrophic Space Shutt le Fa i lure  w i t h  
Helease of Defense Nuclear Waste Mate r ia l  

The on- or near-pad catastrophic Space Shuttle failure could result in 
the release of defense nuclear waste. The assessment presented here is based 
upon the use of: ( I )  the NASAIMSFC Mul t i layer  Diffusion Model (MLDM) to  
provide time-integrated doses to individuals downwind f rom the event; and ( 2 )  
BNWL's DACRIN Code, which provided the dose factors. A release of 55 kg of 
defense nuclear waste was arbitrarily assumed for the calculat ion ( I % of the 
5500 kg o f  waste for  each payload). However, heal th e f fec ts  are presented 
parametrically for 1, 10 and .loo% releases. Calculat ions were performed fo r  
both the Hanf ord and Savannah River waste. Three different meteorologies were 
employed (Sea Breeze, Fa l l  and Spring) along w i t h  t h r e e  a c t i v i t y  med ian  
aerodynamic diameters (AMAD) for the radioactive particle dimensions (0.2, 1.0 
and 5.0 pm). The area used to calculate the population dose was l imi ted t o  100 
km f rom the Kennedy Space Center, Florida, launch pad (Launch Complex 39). 
Inhalation of resuspended particles and ingestion of contaminated food and water 
was ignored. 

Dose commitments to  individuals as a result of releases of Savannah 
River waste are shown in Figure 23 as a function of years a f te r  release. Doses 
t o  to ta l  body, bone, lung, l iver  and kidney are presented for activity median 
aerodynamic diameter (AMAD) particles of I pm and the Spring meteorological 
case. These data are for an individual 20 km downwind, at a location such that 
he inhales air containing the highest concentrat ion of radionucl ides that  have 
dispersed t o  the ground level. It can be seen from the figure that the lung dose 
is delivered during the first 5 years following accidental release, whereas doses 
t o  other organs continue to rise as the radionuclides are transported through the 
body. The highest individual l i fetime dose commitment is 300 mi l l i rem for  the 
I ung . 

Results presented in  Volume II of this report' indicate that the 70-year 
lung dose commitment for  Savannah River  waste is greater than  t h a t  f o r  
H a n f o r d  b y  a f a c t o r  o f  r ough l y  100. However ,  t h e  70-year bone dose 
commitment is greater than that of Hanford by only a factor of 4. 



Years A f t e r  I n i t i a l  Dose 
FIGURE 23. INDIVIDUAL DOSE COMMITMENTS FOR RELEASE OF 

SAVANNAH RIVER RADIOACTIVE WASTE AS A RESULT 
OF ON- OR NEAR-PAD SPACE SHUTTLE CATASTROPHIC 
ACCIDENT 
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(c )  55-kg release - - - 
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T h e  e f f e c t s  of p a r t i c l e  s i z e s  and  m e t e o r o l o g i c a l  conditions on total 
body, lung and bone dose were also determined.  V a r i a t i o n s  in a s s u m e d  p a r t i c l e  
s i z e s  h a v e  m o r e  of a n  e f f e c t  on I u n g , d o s e s  t h a n  a n y  o t h e r  organ.  The lung 
doses increase with decreasing part icle size and doses  t o  o t h e r  o r g a n s  d e c r e a s e  
w i t h  d e c r e a s i n g  p a r t i c l e  size. The cri t ical  lung doses obviously could be  reduced 
by choosing a waste  form tha t  would not allow t h e  formation of small r e s p i r a b l e  
p a r t i c l e s .  D o s e s  a l s o  c o u l d  b e  s i g n i f i c a n t l y  r e d u c e d  by employ ing  launch 
constraints dealing with meteorological conditions. The most important p a r a m e t e r  
would be  wind d i rec t ion .  F o r  e x a m p l e ,  i f  wind is f r o m  t h e  west, radioactive 
fallout from an on-pad a c c i d e n t  would b e  t r a n s p c r t e d  ou t  over  t h e  A t l a n t i c ,  
avoiding an accu te  exposure to  local populations. 

v 



Populat ion doses were calculated f rom time-integrated concentration 
and population data. The range was limited to 100 km because o f  the f o l l o t ~ i n g  
three reasons: ( I )  the MSFCIMLDM, when used beyond 100 km, would create 
considerable uncertainty, (2) population data were available only out t o  100 km, 
and (3) data indicate that most of the acute dose would be expected inside the 
100-km distance. 

Tab le  8 p rov ides  t he  70-year popu la t i on  dose commitments i n  
man-rems, calculated for Hanford and Savannah River  wastes, for  organs and 
tissues such as total body, kidneys, liver, bone and lung for three meteorological 
conditions, and for three particle sizes. 

TABLE 8. 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 

Condition/ Value Lung Bone Total Body Kidneys Liver 
Waste - - - - - - - - - man-rems - - - - - - - - - - - - - - 

Spring Meteorology Case 

Savannah River 0.2 23,000 2,400 370 300 660 
1 .O 13,000 2,100 370 220 440 
5.0 6,000 2,600 520 210 360 

? 

Hanf ord 0.2 200 6 20 1 30 46 95 
1 .O l I 0  610 130 29 59 
5.0 5 3 830 190 19 40 

Fall Meteorology Case 

Savannah River 0.2 20,000 2,100 330 270 590 
1 .O 12,000 1,900 330 200 GOO 
5.0 5,400 2,300 470 190 3 20 

Hanford 0.2 1 80 
1 .o 100 
5.0 47 

Sea Breeze Meteorology Case 

Savannah River 0.2 260 
1 .O 150 
5.0 69 

Hanf ord 0.2 2.3 
1 .O 1.3 
5.0 0.6 1 



T o  d e t e r m i n e  t h e  l eve l  o f  r i s k  for  the above scenarios, l inear, 
non-threshold, heal th e f f e c t s  r i s k  f a c t o r s  deve loped i n  t h e  1977 D r a f t  
Environmental Impact  Statement for Management o f  Commercially Generated 
Radioactive Waste were employed. The ranges o f  heal th e f fec ts  for  a given 
organ or tissue were then determined from the ranges of population doses listed 
in Table 8, combined with the health risk factors, as shown i n  Table 9. Table 9 
presents the ranges o f  health effects for different release percentages, particle 
sizes, meteorological conditions, and waste mixes. 

TABLE 9. RANGES OF EXPECTED HEALTH EFFECTS FOR 
ON-PAD SHUTTLE FAILURE WITH RELEASE OF 
DEFENSE NUCLEAR WASTE MATERIAL , 

Ranaes of Expected,,, 
Predicted ~ e a l t h  ~ f f e c t s  \ D l  

Incidence I , Percent Release 
T v ~ e  of Risk 

b 
Der 10 man-rem (a) I 10 1 00 

Cancer deaths from: 

Total body exposure 
Lung exposure 
Bone exposu.re 

Specific genetic effects 
to  all generations from: 

Total body exposure 50 0- I 0- I 0- 3 

NOTES: (a) H e a l t h  r i s k  f a c t o r s  f rom 1977 D r a f t  Environmental Impact  
S t a t e m e n t  f o r  Management  o f  C o m m e r c i a l l y  G e n e r a t e d  
Radioactive Waste. 

(b) Data have been rounded off  to nearest whole number. 

The on-pad Space Shuttle failure and postulated release o f  55-kg ( I %  
release) o f  respirable-sized part ic les o f  defense nuclear waste, dispersed by a 
slow burn of the Space Shuttle SRB propellant, would be expected t o  resul t  in  
less than one eventual cancer death and less than one eventual genetic defect 
to individuals outside the launch site area, based on the assumptions and analysis 
herein. 

5.5.2 Reentry and Burnup of Defense Nuclear Waste Payload 

This assessment is based on a model designed t o  provide est imates o f  
wor Id populct ion doses due t o  inhalat ion o f  radioactive particles injected into 
the upper atmosphere (above 21 km) by the reent ry  and burnup o f  a defense 
nuclear waste payload. The model proposed by the ICRP Task Group on Lung 
Dynamics, as modified by ICRP Publication 19, was employed, as i t  provides the 



best avail able basis for  estimating internal radiation doses to human organs and 
tissues due to the inhalation of radioactive particles. As in the previous section, 
the ac t i v i t y  median aerodynamic diameters (AMAD) for the radioactive particles 
were chosen to be 0.2, 1.0, or 5.0 pm. Also, the HASL model for  atmospheric 
transport was employed for  this analysis. Inhalat ion of  radioact ive particles 
descending into surface air is expected to account for  the principal component 
of world population dose due to a reent ry  and burnup accident. External dose 
due to submersion in contaminated air and to radiation f rom part ic les deposited 
on environmental surfaces was ignored. The internal doses due to inhalation of 
resuspended particles and ingestion o f  contaminated food and water were also 
ignored. 

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  wor Id population doses. The world population dose estimates given 
may be reduced appropriately i f  only a f rac t ion  o f  t h e  ,waste pay load  i s  
converted i n to  small radioactive particles and i f  only a fraction of the particles 
are less than 10 urn in  diameter. 

Current  ICRP recommendations concerning "dose limits for individual 
members of the public" indicate that the dose to lungs should not exceed " 1.5 
rems i n  a year" whi le the dose t o  bone should not exceed "3 rems in a year". 
Although the mean annual maximum individual dose ra tes  t h a t  have been 
estimated here for individuals (0.00 14 rem/year and 0.002 rem/year, respectively) 
are not precisely comparable to the ICRP limits, the dif ferences do jus t i f y  the 
conclusion that  even the worst postulated reent ry  burnup accident would not 
expose any individual to a ' l i fetime dose greater than the l ifetime dose indicated 
by current recommendations concerning dose limits. 

Estimates of  the wor ld populat ion doses ( in m i l l i on  man-rems) are 
summarized i n  Table 10 for  the lung, bone, kidney, liver, and total body. Also 
indicated are data for  d i f fe rent  par t i c le  sizes and in jec t ion lat i tudes. The  
highest population doses are given for  Savannah River waste i n  an injection 
lat i tude band between 35 t o  45' N .  The lung and bone doses are the most 
significant of the five organ doses. 

T a b l e  I I g ives  t h e  number  o f  heal th e f fec ts  expected f rom the 
maximum and minimum estimates of world population doses presented i n  Volume 
I I  of this report. With respect to expected numbers of health effects due to the 
reentry and burnup of a nuclear waste payload, lung and bone appear t o  be the 
c r i t i ca l  organs. The expected number of cancers due to  lung exposure, based on 
the minimum and the maximum population dose estimate, is between 0 and 376 
lung cancers, and between 4 and 266 bone cancers i n  a wor ld population of 
about 3.34 billion, While the magnitude of the expected health e f fec ts  indicated 
by this assessment is not catastrophic, the carefu l  consideration of  measures 
which would prevent or significantly reduce the burnup i n  the upper atmosphere 
and the production o f  part ic les less than 10 u m  in diameter is extremely 
desi rable. 



TABLE 10. SUMMARY OF WORLD POPULATION DOSES FOR TOTAL 
BURNUP OF DEFENSE WASTE PAYLOADS 

AMAD 
Condition/ Value Lung Bone Total Body Kidneys Liver 
Waste ( pm) - - - - - - - mil l ion man-rems - - - - - - - - - - - - 
Injection at  35 to  45' - N 

Savannah River 0.2 69.1 80.4 1.69 3.7 1 2.86 
1 .O 38.8 84.2 1.71 3.73 1.79 
5.0 18.5 122 2.42 5.37 1.27 

Hanf ord 0.2 1.54 32.1 0.637 0.970 0.552 
1 .O 0.863 34.1 0.666 0.969 0.342 
5.0 . 0.413 50.2 0.969 1.39 0.234 

Injection at  5' N to  5' - S 

Savannah River 0.2 37.1 43.1 0.904 1.99 1.54 
1 .O 20.8 45.2 0.916 2.00 0.963 
5.0 9.95 65.7 1.30 2-88, 0.681 

Honf ord 0.2 0.825 17.2 0.341 0.520 0.296 
1 .O 0.463 18.3 0.357 0.520 0.183 
5.0 0.221 26.9 0.520 0.746 0.125 

Injection a t  35 to 45' - S 
Savannah River 0.2 10.2 11.9 0.250 0.550 0.424 

1 .O 5.74 12.5 0.253 0.552 0.266 
5.0 2.75 18.1 0.359 0.795 0.188 

Hanf ord 0.2 0.228 4.75, . 0.094 0.144 0.082 
1 .O 0.128 5.05 0.099 0.143 0.051 
5.0 0.061 7.43 0.144 0.206 0.035 

NOTE: Data i n  Volume II - Tables 6- 19 and 6-20 - assume a'ddi t iona l  organs 
and injection latitudes. 



TABLE I I. RANGES OF EXPECTED HEALTH EFFECTS 
FOR PAYLOAD REENTRY BURNUP 

Konges of t xpec ted(b) 
Predicted Health Effects 
lncipence 

(a) 
Percent Release 

Type of Risk per 10 man-rem I 10 100 

Cancer deaths from: 

Total body exposure 50 
Lung exposure 5 
Bone exposure 2 

Specific genetic effects 
to all generations from: 

Total body exposure 50 

NOTE: (a) H e a l t h  r i s k  f a c t o r s  f r o m  1977 D r a f t  Environmental Impact 
S ta temen t  f o r  Management  o f  C o m m e r c i a l l y  G e n e r a t e d  
Radioactive Waste. 

(b) Data have been rounded off to nearest whole number. 

5.6 Licensing Requirements 

This section discusses the licensing and policy questions which must be 
answered before proceeding with the space disposal option. The primary areas o f  
concern in developing the space disposal option are: 

Development and construction of the waste treatment and payload 
fabrication preparation facilities 

Development and construction of the launch site facilities (NPPF) 

e Development o f  standards, criteria, and regulations for the space 
disposal option 

Ma jo r  p o l i c y  decisions required t o  a l low the space option t o  
proceed. 

The interact ion of  these major areas is shown in Figure 24. The requirements 
for environmental impact  statements and NRC licenses are included in  the 
figure, since an NRC license is expected to be required for certain aspects of 
all systems of HLW disposal. 
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5.6.1 Waste Treatment and Payload Fabrication Faci l i t ies 

The waste treatment and payload fabrication faci l i t ies include the 
system for recovery of the liquid wastes from storage, concentration of the 
waste to an allowable or economic specific activity, solidification of the waste, 
and loading of the waste in  a specified container. This system would be much 
like the systems anticipated to be used in fuel reprocessing plants. Since these 
faci l i t ies must be integrated wi th  each other, i t  is expected that they will be 
contained in a single building or complex of buildings and be licensed as a single 
system. The c r i te r ia  for the payload would be specified by the environmental 
and technological considerations of the disposal operation. 

Since the defense HLW is  stored at DOE sites, i t  is expected that the 
waste treatment and payload fabrication faci l i t ies would be bui l t  a t  the site 
where the waste is located. The facilities would be owned by DOE and likely be 
operated by a DOE contractor. Currently, such DOE-owned contractor-operated 
f a c i l i t i e s  do not require NRC operating licenses or construction permits; 
however, this discussion is concerned with the types of licenses which may be 
required. 

Since the waste treatment and payload fabrication facilities are much 
like a fuel reprocessing plant, such facilities would be licensed under regulations 
wr i t ten i n  10 CFR 50." Additional requirements not presently contained in the 
regulations could be added as an additional Appendix to  10 CFR 50. Also, i f  
safeguard requirements are needed, these are written in 10 CFR 73. 

The facilities would go through the standard licensing process, wi th  a 
construction permit f i rs t  being obtained, and finally, an operating license. Both 
preliminary and f inal safety analysis repor ts  would be requ i red  and the  
appropriate reviews would be carried out by the NRC. Specific procedures would 
be dependent on the regulations in force at the time of application. 

5.6.2 Overland Shipment 

The overland shipment of the waste payload containers from the waste 
treatment and payload fabrication facilities to the launch site are not addressed 
in  any detail here. Regulations for radioactive materials shipments currently 
exist and shipping containers, casks, can be licensed under the appl icable , 

regulations, 10 CFR 7 1. It should be noted, however, that the NRC does not 
currently license DOE casks, but DOE casks are b u i l t  t o  NRC l icensing 
requirements. It is expected that the NRC will, at some time in the future, 
license al l  shipping containers for radioactive materials. The licensing and 
development of a shipping cask w i l l  take 3 t o  5 years. Although this type of 
license is  a standard one, the changing regulations are requiring new types of 
testing to  prove the integr i ty of casks. The primary requirement will be the 
need to know what the cask contents will be. 

*NOTt: Ex i s t i ng  U n i t e d  States Nuc lear  Regu la tory  Commission (NRC) 
regulations are quoted frequently in  this section. 10 CFR 50 refers to  
Chapter 50, Title 10, Code of Federal Regulations - Energy. 
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5.6.3 L a u n c h  S i t e  F a c i l i t i e s  a n d  O ~ e r a t i o n s  

T h e  launch faci l i t ies  include t h e  Nuclear  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 ) ,  a g r o u n d  t r a n s p o r t  s y s t e m ,  a n d  S p a c e  S h u t t l e  s y s t e m  i n c l u d i n g  t h e  
mission opera t ions  and recovery s y s t e m .  T h e r e  a r e  t w o  v i e w s  on t h e  l i c e n s i n g  
a s p e c t s  of  t h e  l a u n c h  s i t e  f a c i l i t i e s  a n d  o p e r a t i o n s .  The  f i r s t  (Option I) is t o  
view t h e  launch s i t e  fac i l i t ies  and opera t ions  as a to ta l  s y s t e m ,  a s  o n e  wou ld  a 
r e a c t o r  o r  f u e l  r e p r o c e s s i n g  f a c i l i t y .  T h e  s e c o n d  ( O p t i o n  11) is t o  v i e w  t h e  
launch fac i l i t ies  as a site w i t h  a r a d i o a c t i v e  m a t e r i a l s  l i c e n s e  a n d  t h e  S p a c e  
Shu t t l e  as a t ranspor t  vehicle carrying a licensed t ranspor ta t ion  payload. 

T h e  licensing of t h e  launch site f a c i l i t i e s  a n d  o p e r a t i o n s  as a s y s t e m  
( O p t i o n  I) wil l  r e q u i r e  a new t y p e  of N R C  license. T h e  launch s i t e  fac i l i t ies  d o  
not present  a  u n i q u e  p r o b l e m ,  b u t  t h e  l i c e n s i n g  of  a s p a c e  f l i g h t  m i s s i o n  is 
unique .  P r e v i o u s l y ,  n u c l e a r  p a y l o a d s  f l o w n  o n  s p a c e  m i s s i o n s  h a v e  n o t  been 
licensed, but have been approved by t h e  president ,  a f t e r  e x t e n s i v e  r e v i e w s  h a v e  
e n s u r e d  a d e q u a t e  s a f e t y .  T h i s  p r o c e d u r e  is no t  expec ted  t o  be  used for  space  
disposal of nuclear waste. A l icense for  s p a c e  d i sposa l  m i s s i o n s  wou ld  h a v e  t o  
r e q u i r e  c o m p l i a n c e  w i t h  s p e c i f i c a l l y  d e f i n e d  p r o c e d u r e s  a n d  wou ld  l imit  t h e  
abi l i ty of t h e  c r e w  t o  h a n d l e  u n a n t i c i p a t e d  p r o b l e m s .  H o w e v e r ,  s p a c e  f l i g h t s  
c o u l d  b e  s i m u l a t e d  a h e a d  of  t i m e  s o  t h a t  p r o p e r  spec i f ic  procedures could b e  
implaced. In a d d i t i o n ,  t h e  mis s ion  c o u l d  b e  p r a c t i c e d  us ing  s i m u l a t e d  w a s t e  
conta iners  and ac tua l  s p a c e  f l ight  t o  t e s t  all operations. 

T h e  specif icat ions and regulat ions for  t h e  N P P F  and its o p e r a t i o n s ,  a n d  
t r a n s p o r t i n g  t h e  p a y l o a d  a t  t h e  l a u n c h  s i t e  c o u l d  b e  h a n d l e d  by  c u r r e n t  
regulations. A m o r e  d i f f i cu l t  p r o b l e m  is  e n c o u n t e r e d  w h e n  a n  a n a l y s i s  of  t h e  
l a u n c h  s y s t e m  is a t t e m p t e d .  T h e  q u e s t i o n  a r i s e s  as t o  w h e t h e r  t h e  l a u n c h  
vehicle and was te  payload can  b e  analyzed together  as one  system. 

C u r r e n t  r e g u l a t i o n s  require t h e  rad ioac t ive  mater ia l  containing package  
to  withstand t h e  postulated acc ident  cond i t ions .  Mi t i g a t i o n  of a c c i d e n t  e f f e c t s  
d u e  t o  t h e  p r e s e n c e  o r  s t r u c t u r e  of  t h e  t r a n s p o r t  vehicle is not  allowed. F o r  
example,  t h e  absorpt ion of impact  by t h e  v e h i c l e  is n o t  a l l o w e d  t o  r e d u c e  t h e  
level of impact  t h a t  would be  seen  by t h e  cask  if t h e  vehicle were  not  present .  

Option I m a y  b e  t h e  l e a s t  c o n t r o v e r s i a l  b e c a u s e  m o r e  of t h e  t o t a l  
o p e r a t i o n  wou ld  b e  i n c l u d e d  unde r  d i r e c t  N R C  l icense control.  Also, this  would 
be  a two-phase licensing process with a review p r i o r  to  a n y  s i g n i f i c a n t  t e s t i n g  
s i m i l a r  t o  a c o n s t r u c t i o n  p e r m i t  and  then  a final review before  opera t ion  wi th  
ac tua l  w a s t e  mater ia l  a f t e r  cold tes t ing  of t h e  system. However, th is  d o e s  i m p l y  
t h a t  n e w  a n d  s e p a r a t e  launch fac i l i t ies  will b e  required for  HLW transpor t  than 
a r e  a l r eady  avai lable for  o the r  Space  Shu t t l e  operations. 

T h e  l i c e n s i n g  o f  a site f o r  p o s s e s s i o n  a n d  h a n d l i n g  of  r a d i o a c t i v e  
mater ia l  and t h e  licensing of a  conta iner  for  s h i p p i n g  m a t e r i a l s  ( O p t i o n  11) a r e  
t h e  m e t h o d s  c u r r e n t l y  used  in  t h e  r e g u l a t i o n s .  O p e r a t i o n s  a t  t h e  N P P F  a r e  
expec ted  t o  be  s impler  t h a n  t h o s e  c a r r i e d  o u t  in ' m a n y  h o t  cells. T h e  g r o u n d  
t r a n s p o r t  a t  t h e  l a u n c h  s i t e  w o u l d  b e  a l l o w e d  u n d e r  t h e  s p e c i a l  n u c l e a r  
ma te r i a l s  license g ran ted  under 10 C F R  70. V e h i c l e s  a n d  c o n t a i n e r s  f o r  l a u n c h  
s i t e  g r o u n d  t ranspor t  by a l icensee a r e  not licensed. T h e  l icensee must ,  however, 
comply with t h e  radioact ivi ty re lease  and exposure regulations of 10 C F R  20. 



By looking a t  the Space Shuttle as a simple transport vehicle, such as 
a plane or truck, the current  procedure, as applied, would be t o  license the 
payload fo r  shipment i n  the Shuttle. Obviously, a new set o f  design criteria 
\r/ould have to be set up so that the payload and its contents would per form as 
intended under ant ic ipated accident conditions such as a launch accident or 
unplanned reentry. The payload would be licensed under 10 CFR 7 1, which would 
have been amended to satisfy the criteria for space transport. 

The licensing process would have to  be examined closely since the 
types o f  licenses involved i n  Option II do not normally involve the degree of 
public participation as is involved in  10 CFR 50 licenses. An  ext ra  e f f o r t  would 
be needed rega rd ing  p o l i c y  and env i r onmen ta l  i m p a c t  t o  assure publ ic 
participation in the decision-making process, or the license proceeding would 
have to assure such participation. 

The development of criteria for the launch faci l i ty and operation could 
be a major factor i n  determination o f  the economic feasib i l i ty  of  the space 
option. These c r i t e r i a  may include specific limits on allowed radioactive release 
due to accidents and limits on the variation of  the u l t ima te  solar orb i t  of the 
waste payload. The level o f  r isk w i l l  surely be a very important factor. The 
criteria on mission operations wil l have to  be set up so that  the consequences 
f rom most credible accidents w i l l  be extremely small. The possible impact of 
criteria on the design of system and mission operations should be examined early 
i n  the program so tha t  potent ia l  design concepts can be examined. Therefore, 
criteria should be developed as soon as possible. 

5.6.4 Major Policy Questions 

Several major pol i c y  decision points wil l occur during the development 
of  the space option. The f i r s t  of these is a decision t o  proceed w i t h  t h e  
research and development required for the space option. I f  this decision is 
positive, the research required to develop the waste treatment processes for  the 
concentration, sol i d i f  icat ion, and payload fabrication should proceed. Also, the 
standards, criteria, and regulations should be drafted. In conjunction w i t h  this, a 
d ra f t  environmental impact  statement for  the program should be prepared. A 
conceptual study of  the space option should be made as well  as conceptual 
designs of  the total payload system to be carried into space on board the Space 
Shuttle. 

Based on the in format ion obtained, the actual construction of waste 
treatment and payload facil it ies could begin. The prel iminary design of  NPPF 
could be prepared t o  comply w i t h  the cri ter ia already set up. A final program 
EIS on space isolat ion would be prepared and internat ional  issues would be 
ident i f ied and resolved. The discussion and resolution of international questions is 
crit ical since final disposal would not be on U.S. territory. One solut ion may be 
t o  make space disposal operations an international venture; that is, to allow all 
nations to use this method for radioact ive waste disposal. Testing of  systems 
such as reentry, dockings, and rescue systems m l~s t  be carried out. These tests 
would allow a quantification of risk and consequences. 



T h e  n e x t  decis ion would b e  t o  develop and tes t  the complete mission 
opera t ion .  R e q u i r e d  launch s i t e  f a c i l i t y  c o n s t r u c t i o n  would begin and  f i n a l  
t e s t i n g  would be  c o m p l e t e d .  T h e s e  would lead t o  the  final approval of routine 
space disposal operations. 

5.7 F l i g h t  T e s t  R e q u i r e m e n t s  

T h e  unique n a t u r e  of the space disposal mission and the  expected high 
public concern over possible r e l e a s e  o f  n u c l e a r  m a t e r i a l  will l ike ly  lead t o  a 
r e q u i r e m e n t  for  e x t e n s i v e  t es t ing .  T h i s  t e s t i n g  is e x p e c t e d  t o  t a k e  s e v e r a l  
forms, including ground-based tests, flight tests  of s p e c i f i c  h a r d w a r e  i t e m s  and  
an  all-up f l i g h t  t e s t  of the  ent i re  space disposal mission. The tes t  approach and 
requirements a re  interrelated with t h e  l icensing a p p r o a c h  discussed in S e c t i o n  
5.6. 

Two c o n c e p t s  d o m i n a t e  t h e  p roposed  t e s t  philosophy. First ,  the  t e s t  
p rogram should b e  a s  e x t e n s i v e  as practical t o  maximize public confidence and 
s y s t e m  s a f e t y .  This  a p p r o a c h  will l ikely  r e s u l t  in a costly t e s t  program, but, 
within reasonable limits, costs must be secondary t o  sys tem s a f e t y  in t h e  s p a c e  
disposal  mission. Therefore, an extensive se t  of ground-based tests and a number 
of more complex flight tes ts  a r e  expected. 

T h e  second  c o n c e p t  govern ing  t e s t i n g  is t h a t  t h e r e  is no a p p a r e n t  
reason why any actual  nuclear waste would need t o  b e  flown in s p a c e  p r io r  t o  
t h e  beginning of actual operations. Most tests of the  container survivability with 
a waste payload would be conduc ted  on t h e  ground. N e c e s s a r y  f l igh t  t e s t s  of 
loaded c o n t a i n e r s  could  be conducted using simulated waste with an appropriate 
t racer  material  to  monitor any release and dispersion. 

T h r e e  c a t e g o r i e s  of t e s t s  a r e  an t i c ipa ted :  ground-based tests, flight 
tests  of specific i tems and all-up system flight tests. A number of s p e c i f i c  t e s t  
r e q u i r e m e n t s  fo r  e a c h  c a t e g o r y  a r e  identified below. Additional test i tems a r e  
expected t o  be identified as  the  program develops. 

5.7.1 Ground-Based T e s t s  

A s  d i s c u s s e d  in S e c t i o n  5.6, Licensing R e q u i r e m e n t s ,  t h e  p r i m a r y  
l icensinq e m p h a s i s  is e x p e c t e d  t o  be on insur ing t h e  s u r v i v a b i l i t y  of t h e  
c o n t a i n e r  under  a wide  r a n g e  of p o t e n t i a l  a c c i d e n t  condi t ions .  A number of 
t h e s e  a c c i d e n t  cond i t ions  c a n  b e  s i m u l a t e d  in ground tests and  c o m p l i a n c e  
t h e r e b y  d e m o n s t r a t e d .  B a s e d  o n  t h e  d a t a  of Volume 1 1 ,  g round  t e s t s  t o  
demonstrate container survival under t h e  following conditions would be expected: 

Ground f i r e s  f r o m  t h e  SRM ( b o t h  f r o m  propellant fragments and 
split motor cases) 

B l a s t  w a v e  o v e r p r e s s u r e  and  b las t  f r a g m e n t  i m p a c t s  f r o m  ET 
explosion 

Ground and  w a t e r  i m p a c t s  t o  s i m u l a t e  t e r m i n a l  conditions from 
reentry and abort. 



Preliminary ground-based testing of subscale payload models for various 
portions of the reentry environment con and should be conducted. Such tests 
could give preliminary evidence of payload survival and could be used to define 
the l ikely severest cases to allow actual f l ight tests to be reduced to the  
minimum needed. 

A second set of expected ground-based tests would be aimed at the 
waste material rather than the containment systems. Resistance to dispersion 
and formulation of inhalable particles are expected to  be major criteria for 
selection of the final waste form. An extensive set of ground-based tests are 
expected t o  be conducted as a p a r t  o f  th is  se lec t ion  process, and to  
demonstrate that the final waste form has the desired characteristics. 

A f inal set of expected ground tests concerns the transportation and 
handling of the nuclear waste prior to launch. I t  i s  expected that tests w i l l  be 
required to demonstrate payload intact survival under these various conditions 
(e.g., ground transport delay combined with loss of primary cooling, dropping of 
the payload in the NPPF). 

5.7.2 Flight Tests of Selected Systems 

A number o f  spec i f i c  subsystems w i l l  need to be f l ight  tested 
separately prior to an overall flight demonstration of the entire waste disposal 
system. Three systems will need to receive specific attention: payIoad/container 
survival, payload exchange mechanisms operation, and remote rendezvous/docking. 

I f  the  cu r ren t  baseline two-Shuttle launch prof i le for the waste 
disposal mission holds, an on-orbit payload exchange between the Orbiter and the 
OTV wil I be required. I f  the reentry protection system and associated shielding 
is to be removed prior to OTV burn (which has been assumed in  al l  the options 
considered in this part icular study), a mechanism for removal of these systems 
will be required. In both of these cases, demonstration of the operation of these 
mechanisms under space conditions wil l be required. 

The final set of special flight tests would be of the remote rendezvous 
and docking capabilities. Since the reuse plans al l  are based on the use of a 
second OTV, the OTV and a simulated payload would be the primary test items. 
The tests would require at least two Shuttle launches, one for the OTV and one 
for the payload. The required rescue mission could take p lace i n  e i ther  
near-Earth or distant locations. Both cases need to be demonstated. Near-Earth 
rendezvous and docking would l i ke ly  use a man-in-the- loop system w i t h  
cont inuous contro l .  Distant rendezvous and docking would have t o  use an 
on-board autonomous system with limited ground override capabilities. 

5.7.3 All-Up Test Flight 

Prior to f inal operating license approval, i t  is expected that an all-up 
flight test of the entire spqce disposal system will be required. The test would 
be designed t o  demonstrate the nominal disposal mission profile. However, i t  is 
likely that the system will also have to demonstrate i ts abi l i ty to discover and 



cor rec t  unexpected system problems. In the case of the all-up fl ight test, this 
would l i ke ly  take the f o rm  of several planned simulated system f a ~ l u r e s  or 
anomalies (e.g., an i n i t i a l l y  misoriented OTV burn which would need t o  be 
detected and terminated, with the OTV reoriented for  a proper in jec t ion burn). 
These fa i lures would be known t o  the program test managers, but not to the 
flight control personnel responsible for  conducting the test f l igh t .  Successful 
demonstration of the mission profile while overcoming the unexpected anomalies 
would be a major step in satisfying NRC and other regulatory requirements and 
in  increasing publ ic confidence in space disposal. One such flight (if successful) 
would be expected to be required. 

5.7.4 Test Schedule  

The schedule for  test ing is corre lated w i t h  the licensing and overall 
decision schedule shown in  Figure 24. The primary test period wi l l  be during the 
7-10 year period following the decision to begin major development of the waste 
disposal system. Some of the ground-based testing would need to  occur pr io r  t o  
this period, and the all-up f l i gh t  tests would be conducted in  the 3-5 year 
period of f inal  development pr io r  t o  in i t i a t i on  of disposal operat ions. The  
expected schedule is shown below in Figure 25. The nominal date of proceeding 
with the R&D has been 1979, but is subject to change depending upon budgetary 
constraints. 

DECISIONS 
PROCEED WITH PROCEED WITH PROCEED WITH APPROVAL FOR 
MAJOR R&D DEVELOPMENT FINAL DEVELOPMENT OPERATIONS 

I I I I 
I I I I 

I I 
I 

I I 
I I 

TIME 2-3 YEARS - 7- 10 YEARS --&- 3-5 YEARS 
I 

1 I 1 I 

TESTS 

GROUND TESTS 1 3  

SPECIFIC FLIGHT 
TESTS u 

ALL-UP FLIGHT 
TESTS 

FlGURE 25. EXPECTED TEST SCHEDULE 



5.8 Conclusions 

The more  s i g n i f i c a n t  conc lus ions reached during this study are 
summarized below: 

The mas2 ofi defense wastes stored at  the three repositories is 
lcrge (1 0 - 10 kg each, following preiiminary preparation). 

The Hanford wastes exist i n  several forms, t ~ h i l e  the Savannan 
River and Idaho wastes are more uniform. 

The  da ta  on H a n f o r d  and Savannah R i v e r  wastes are more 
complete than for Idaho. For space disposal purposes, the Hanford 
and Savannah River wastes are expected to be roughly similar. 

e Chemical processes for concentration of defense wastes have been 
postulated but  the supporting data base is limited and is generally 
based on laboratory experiments. 

The postulated concentrat ion processes would reduce the number 
of required Shuttle f l ights t o  a manageable level ( -  100 t o  400 
f l ights  for  disposing of the projected year 2080 inventory). Even in 
concentrated form, defense wastes are considerably more d i lu te  
t han  p r o j e c t e d  commercial wastes, resul t ing i n  radioact iv i ty ,  
neutron emissions and heat outputs that  are two  t o  three orders 
of magnitude less than for commercial waste. 

There are a number o f  waste forms that  would be suitable fo r  
space disposal. Based on the study results to date, it appears that 
minimizing waste release under accident conditions wil l be a major 
consideration in waste form selection. 

Development o f  a suitable container appears t o  be feas ib le .  
Thermal control  and shielding are manageable and not a major 
design problem. Minimizing waste release under credible accident 
conditions must be a major consideration. 

Ot the various accident conditions examined, the fragments due t o  
t x t e r n a l  Tank explosion and the thermal environment during 
reentry of an unprotected container present the greatest problems. 
Provision of  suf f ic ient  addit ional pro tect ion to ensure container 
survival under these two  conditions w i l l  be necessary and i s  
probably feasible but has not been examined in detail. 

Kecovery ot a payload following an incomplete or misdirected OTV 
~nse r t i on  burn is teasible provided that the perigee of the resulting 
orbit is high enough to allow time t o  conduct the mission w i th  a 
second OTV. This condition can be met i f  grossly misoriented (off 
by 30 error or more) OTV burns can be avoided or terminated 
easily. Under some conditions the failed OTV and the SOIS can be 
returned also. Under extreme conditions, boosting of the payload 
t o  a higher Ear th  orb i t  for  la ter  recovery is feasible even when 
Shuttle orbit return is not. 



M a n y  of  t h e  f a i l u r e  m o d e s  iden t i f i ed  have  o n e  o r  m o r e  potential  
w o r k a r o u n d s  in t e r m s  o f  b a c k u p  s y s t e m s ,  d e s i g n  c h a n g e s  o r  
a p p r o a c h e s ,  and procedures. In part icular ,  workarounds for  both t h e  
inadvertent  r een t ry  and ET explosion have b e e n  i d e n t i f i e d .  F u t u r e  
de ta i led  design ac t iv i t ies  m a y  t~ell  uncover additional workarounds. 

The  environmental  impacts  f o r  t w o  c r e d i b l e  a c c i d e n t s  h a v e  b e e n  
e x a m i n e d  in d e t a i l .  T h e  hea l th  risk f r o m  re l ease  of nuclear  w a s t e  
mater ia l  in t h e  upper a tmosphe re  is g r e a t e r  than  t h a t  f r o m  on-pad  
f a i l u r e .  T h e  on-pad risk c a n  be reduced fu r the r  by imposing launch 
cons t ra in ts  based on meteorological  conditions. 

T h e  i m p o s i t i o n  o f  l a u n c h  c o n s t r a i n t s  b a s e d  on 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 o u l d  r e s u l t  in d e l a y s  of  t h e  l a u n c h  of t h e  S h u t t l e  
c a r r y i n g  t h e  n u c l e a r  w a s t e  pay load .  If t h i s  S h u t t l e  is launched 
second (as in t h e  cu r ren t  base l ine) ,  t h i s  d e l a y  c o u l d  s i g n i f i c a n t l y  
a f f e c t  t h e  chances  of mission success. 

Under t h e  worst  case p o s t u l a t e d  c o n d i t i o n s ,  a t o t a l  r e l e a s e  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  b e  a 
significant accident .  T h e  consequences would b e  s p r e a d  w o r l d w i d e .  
M e a s u r e s  t o  r e d u c e  t h e  p r e c e n t a g e  r e l e a s e  o r  t he  pe rcen tage  of 
inhalable par t ic les  would mi t iga t e  expected  adverse  e f fec ts .  

T h r e e  S R & T  d e v e l o p m e n t  a c t i v i t i e s  t o  s u p p o r t  n u c l e a r  w a s t e  
d i sposa l  in s p a c e  wi l l  b e  r e q u i r e d .  T h e s e  are in t h e  a r e a s  o f  
n u c l e a r  w a s t e  c h a r a c t e r i z a t i o n ,  was t e  form thermal  response and 
r e m o t e  rendezvous and docking. A f o u r t h  p o t e n t i a l  a r e a  i n v o l v i n g  
l o n g - t e r m  m a t e r i a l s  b e h a v i o r  in t h e  s p a c e  environment may  also 
be  required. 

A p r e l i m i n a r y  a p p r o a c h  t o  t h e  l i c e n s i n g  of s p a c e  d i sposa l  of 
n u c l e a r  w a s t e  h a s  b e e n  d e v e l o p e d .  T h e  r e c o m m e n d e d  a p p r o a c h  
wou ld  i n v o l v e  NRC licensing of t h e  w a s t e  preparat ion faci l i ty,  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 )  a t  K S C ,  a n d  t h e  
nuclear  was t e  payload. 

A p r e l i m i n a r y  t e s t  p l a n  cover ing  ground tests, special  flight t e s t s  
and an  all-up sys tem flight test has  been  developed. S p a c e  d i s p o s a l  
is e x p e c t e d  t o  r e q u i r e  e x t e n s i v e  d e v e l o p m e n t  and demonst ra t ion  
tes t s ,  some  of which  wil l  n e e d  t o  b e  s t r u c t u r e d  t o  d e m o n s t r a t e  
sys t em abi l i ty  t o  d e t e c t  and c o r r e c t  failures. 



6.0 STUDY LIMITATIONS 

The study ground rules (see principal assumptions - Section 4.0) define 
most of the l imi ta t ions for this study. In  this concept definition phase of the 
space disposal program, many of  the inter facing systems and data bases are 
constantly changing. Results based upon data such as these are necessarily 
limited by the point at which these data were fixed. Also, results are l im i ted  by 
t he  many assumpt ions t h a t  need t o  be  made, such that  the problem is 
manageable. More sophisticated studies and analysis are expected i n  fu ture  
efforts. 

For the character izat ion of  defense high-level waste pay1 oads, the 
results are especially. limited by the def in i t ion of  the waste to  be carr ied and 
disposed of  i n  space. A considerable amount o f  work remains to  establish a 
more complete and j u s t i f i e d  da ta  base f o r  t h e  defense nuc lear  waste.  
Containment analysis, whi le providing prel iminary results, is l im i ted  to  the 
degree that the waste composition and fo rm are defined and by cer ta in  model 
assumptions. It is hoped that  fu ture  e f fo r t s  w i l l  provide the proper data and 
more complete modeling, such that  containment systems can be designed t o  
match the waste that actually wi l l  be available for space disposal. 

The safety assessment was l i m i t e d  s i g n i f i c a n t l y  by  t h e  lack  o f  
re l i ab i l i t y  data for containment systems, the Space Shuttle vehicle, and upper 
stages. The fau l t  trees developed can be used t o  establish overal l  r isk once 
reliabil ity and consequence data become available. 

The env i r onmen ta l  i m p a c t  assessment o f  t he  ma jo r  acc iden t s  
considered did not  include the e f fec ts  o f  atmospheric resuspension of fallout 
particles. Also, the predicted radiation doses for the on-pad fa i lu re  are l im i ted  
by the fact that doses were only calculated out to 100 km from the launch pad. 

Any analysis is limited by the assumptions made. The reader is urged 
t o  read the detai led t ex t  o f  the report  (Volume II) to  ensure knowledge of all 
the assumptions that have been made during this study. 



7.0 IMPLICATIONS FOR RESEARCH AND TECHNOLOGY 

This  s e c t i o n  s u m m a r i z e s  i n f o r m a t i o n  c o n t a i n e d  in Volume I l l  t h a t  
r e ! a t e s  t o  t h e  supporting research and technologies required for the  space option 
of defense nuclear waste disposal. 

A 3-year R&D d e v e l o p m e n t  p lan f o r  s p a c e  disposal has been defined 
which i d e n t i f i e s  t h e  va r ious  design and  t echnology  d e v e l o p m e n t  a c t i v i t i e s  
r e q u i r e d  pr ior  t o  a dec i s ion  t o  p r o c e e d  w i t h  deve lopment .  As a part  of tha t  
plan, a general listing of areas requiring either technology d e v e l o p m e n t ,  t e s t i n g  
o r  bo th  w a s  deve loped  ( s e e  " C r i t i c a l  Technology ExperimentsITesting Plan" of 
Appendix B of Volume Ill). T h e  requ i red  t echnology  d e v e l o p m e n t s  which will 
h a v e  t o  b e  u n d e r t a k e n  a s  a p a r t  of t h e  s u p p o r t i n g  r e s e a r c h  a n d  technology 
(SR&T) program for space disposal of nuclear waste  a r e  summarized below. 

A d i s t i n c t i o n  n e e d s  t o  b e  m a d e  between technology developments and 
design problems. Many of the  elements of the  space disposal sys tem (OTV, SOIS, 
c o n t a i n e r ,  docking s y s t e m ,  e tc . )  d o  n o t  c u r r e n t l y  exist, and would need t o  be 
designed, developed and  t e s t e d .  However ,  none of t h e s e  d e v e l o p m e n t s  would 
n e c e s s a r i l y  require the  creation of any new technology. As an example, t h e  OTV 
and SOlS would use hydrogenloxygen and storable liquid propellants, r e s p e c t i v e l y .  
T h e  t echnology  for both of these propellants is well developed and systems using 
them have been built and flown operationally (e.g., C e n t a u r  f o r  H 10 Viking 
f o r  s t o r a b l e  propellants). This discussion concentra tes  on those arehs wfiere such 
technology is not presently available and needs  t o  b e  deve loped  as p a r t  of t h e  
overall program. 

It  has  been  s t a t e d  that  space disposal of nuclear waste is primarily an 
engineering problem, b a s e d  l a rge ly  on e x i s t i n g  technology.  Th is  s t a t e m e n t  is 
s u b s t a n t i a t e d  by t h e  m a t e r i a l  of t h i s  discussion.  Only  f o u r  primary a reas  of 
technology development h a v e  been  i d e n t i f i e d ,  and  f o r  o n e  of t h e s e ,  i t  is n o t  
c e r t a i n  a t  t h i s  t i m e  t h a t  i t  is needed.  T h e  t h r e e  a r e a s  w h e r e  t echnology  
development is definitely needed are: 

0 Waste concentration processes 
Waste form thermal response 

( Remote  automated rendezvous and docking. 

The fourth a rea  where new technology may be needed is t h e  long- term behav ior  
of materials  in a deep space environment. 

7.1 Waste Concentration Processes 

T h e  s t a t u s  o f  d e f e n s e  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  p r o c e s s e s  is 
discussed in detail in Section 3 of Volume 1 1 .  D e f e n s e  nuc lea r  w a s t e  c u r r e n t l y  
e x i s t s  in l a r g e  q u a n t i t i e s  of d i lu te  materials  in s torage at three  different s i tes  
in the  United S ta tes .  P r e l i m i n a r y  t r e a t m e n t  p r o c e s s e s  h a v e  been  d e f i n e d  f o r  
t h e s e  w a s t e s  which would b e  s u i t a b l e  f o r  terrestr ial  disposal, but which would 
n o t  g i v e  a d e q u a t e  c o n c e n t r a t i o n  f o r  s p a c e  d i s p o s a l .  U n l e s s  a d e q u a t e  
c o n c e n t r a t i o n  c a n  b e  a c h i e v e d ,  t h e  n u m b e r  o f  f l i g h t s  r e q u i r e d  m a y  b e  



prohibitive. Processes for further concentration have been defined, but are based 
on laboratory scale experiments and have not been verified as applicable in the 
scale envisioned. Fu r the r  definit ion and demonstration of these proposed 
processes is  required. 

7.2 Waste Form Thermal Resoonse 

Preliminary definit ion of potential defense nuclear waste forms has 
been accomplished (see Section 3 of Volume 11). Some of these forms are well 
developed (e.g., calcine) while other forms have received less attention (e.g., 
compartmented calcine and metal matrix). A t  the present time, a final choice 
of waste form cannot be made. Preliminary accident analyses indicate that the 
defense waste payload may be subjected to severe thermal environments, which 
could lead to release of nuclear waste. The environmental ef fects of these 
accidents could be reduced significantly i f  the waste form were resistant t o  
dispersion under these severe thermal environments and if the waste form were 
such that the dispersed material contained a minimum number of inhalable 
particles. Further development of the characteristics of these forms is  required, 
particularly regarding thermal and dispersion characteristics. 

7.3 Remote Automated Rendezvous and Dockina 

Various portions of the contingency plans for space disposal of nuclear 
waste would require a remote rendezvous and docking capability (e.g., rescue of 
a payload from an unplanned orbit). NASA has never conducted an automated 
rendezvous and docking. However, the Soviets have conducted numerous 
automated dockings in near Earth orbits, and some proposed NASA planetary 
missions (e.g., Mars surf ace sample return) could require distant automated 
rendezvous and docking. Although some of the hardware elements required for 
this operation may already exist (e.g., transponders, aircraft- type search radars), 
a complete demonstrated technology will be necessary. 

7.4 Long-Term Behavior o f  Materials in a Deep Space Environment 

The state of knowledge of materials behavior under long-term space 
exposure is currently quite limited. Some knowledge of behavior over short 
periods ot t ime (5-10 years) has been gained through operational spacecraft 
experience and special events such as the reexamination of Surveyor by the 
Apollo astronauts. Further such experience is expected from the Long Duration 
Exposure Fac i l i t y  (LDEF). No data exist for the lengths of times discussed for 
solar orbit residence of nuclear waste (100,000 to  1,000,000 years). It is not 
c lear  t ha t  a program to develop materials resistant to  a long-term space 
environment is required. I f  it is shown that early release of waste material in 
solar orbit would constitute a significant risk to  the Earth environment, a 
program to develop such materials would be needed to  help ensure overal l  
system safety. 



8.0 SUGGESTED ADDITIONAL EFFORT 

Pr ior  t o  any development or implementa t ion  decision on s p a c e  d i s p o s a l  
of  n u c l e a r  w a s t e ,  c e r t a i n  c r i t i c a l  problems will have  t o  be  addressed by NASA 
and DOE. T h e  general  a r e a s  requiring e f f o r t  a r e  d e f i n e d  in V o l u m e  I l l  of  t h i s  
r e p o r t .  S o m e  s p e c i f i c  r ecommenda t ions  concerning t h e  technical  a r e a s  discussed 
in this  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  
composition (part icularly for  Idaho calcine)  is needed (DOE)* 

e 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  is required for  all t h r e e  w a s t e  sources  (DOE) 

T h e  c h a r a c t e r i s t i c s  and behavior of compar tmenta l ized  ca lc ine  and 
meta l  ma t r ix  under c r e d i b l e  a c c i d e n t  c o n d i t i o n s  as a m e a n s  f o r  
reducing radionuclide r e l ease  should b e  examined fu r the r  (DOE) 

T h e  b e h a v i o r  of t h e  w a s t e  c o n t a i n e r  i n  t h e  b l a s t  f r a g m e n t  
e n v i r o n m e n t  a n d  p o t e n t i a l  m e a n s  of additional pro tec t ion  need t o  
b e  s tudied in m o r e  detai l  (NASA) 

T h e  p o s s i b i l i t y  o f  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  
inadver tent  r een t ry  by addit ion of a layer  of a b l a t i v e  m a t e r i a l  t o  
t h e  ou te r  wall should be  considered (NASA) 

e Methods 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  b u r n  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) 

e F a i l u r e  modes  potential ly leading t o  External  Tank explosion should 
be  examined fur ther  and any  p o t e n t i a l  w o r k a r o u n d s  o r  m i t i g a t i o n  
measures  defined (NASA) 

Q u a n t i t a t i v e  re l iab i l i ty  d a t a  need t o  be  developed for  all e l emen t s  
of t h e  s p a c e  disposal mission (NAS-A) 

M e t h o d s  f o r  r e d u c i n g  t h e  n u m b e r  of  inhalable par t ic les  produced 
d u r i n g  a n  on-pad 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  hea l  t h  e f f e c t s  from 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 probabil i ty of success and s a f e t y  of 
launching t h e  was t e  payload f irs 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). 

C o m p l e t e  s y s t e m s  s t u d i e s  f o r  t h e  s p a c e  disposal concept  need t o  
be accomplished (NASAIDOE). 

*Parenthe t ic  notat ion a f t e r  e a c h  recommendation indicates pr ime agency  
responsibility. 
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B.R. 

C3 
CANOU 

cm 

COE 

CPIA 

DOE 

DOT 

EIS 

ERDA 

ET 

FSAR 

gal 

HLW 

HTGR 

ICRP 

km 

KSC 

LMFBR 

LWR 

APPENDIX A 

ACRONYMS AND ABBREVIATIONS 

astronomical unit 

activity median aerodynamic diameter 

burn rate 

degrees centigrade 

twice the energy per unit mass 

Canadian deuterium uranium reactor 
3 

cubic centimeters (cm 

Code of Federal Regulations 

Curies 

micro-Cur ies 

centimeters 

center of explosion 

Chemical Propulsion Information Agency 

U.S. Department of Energy 

U.S. Department of Transportation 

environmental impact statement 

U.S. Energy Research and Development Administration 

Space Shuttle's External Tank 

final safety analysis report 

grams 

gallons (U.S.) 

high-level waste 

hydrogen-oxygen 

high- temperature gas-cooled reactor 

International Commission on Radiological Protection 

kilogram 

kilometer 

Kennedy Space Center, Florida 

kilowatt 

liquid metal fast breeder reactor 

light water reactor - 
meters 



MLDM 

MSFC 

NASA 

NEP 

NPPF 

NRC 

OTV 

P 

PCR 

PSAR 

rem 

R&D 

RETAC 

SEP 

Sols 
SRB 

SRM 

SSP 

STS 

A V  

W 

micrometers 

meters per second 

metric tons 

Mu1 tilayer Diffusion Model (MSFC's) 

NASA's Marshall Space Flight Center, Huntsville, Alabama 

Newtons 

Newtons per square centimeter 

National Aeronautics and Space Administration 

nuclear electric propulsion 

Nuclear Payload Preparation Faci l i ty 
s9 

Nuclear Regulatory Commission 

Orbit Transfer Vehicle 

pulmonary 

Payload Changeout Room 

preliminary safety analysis report 

roentgen equivalent, man 

research and development 

Reentry Thermal Analysis Code 

solar electric propulsion 

Solar Orbit Insertion Stage 

Solid Rocket Booster (Shuttle) 

Solid Rocket Motor (Shuttle) 

solar sail propulsion 

Space Transportation System 

change in velocity 

Watt 

WCF waste concentration factor 
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APPENDIX B 

METRICJENGLISH CONVERSION FACTORS 

Tc ccnv~rt into . multiply by 

. .  . . . . .  atmospheres latm) pounds per square inch (psi) 14.70 

. . .  . . . . .  atmospheres (atm? pounds per square ft [psf) 2116.5 

. . .  . . . . . .  calories (cal) British thermal units (Btu) 3.9685 x 

calories per y a m  British thermal units per . . . . . . . . .  f cal/g) . . . . . . . . . .  pound (Btullb) 1.80 

centimeters I cm) . . . . .  inches ! in) . . . . . . . . . .  0.3937 

centimeters (cm) . . . . .  feet (ft) . . . . . . . . . . .  3.281 x 10-2 

centimeters (cm) . . . . .  yards ( y d )  . . . . . . . . . . .  1 . OS4 x 10-2 

cubic centimeters fcm2) . .  cubic inches ($1 . . . . . . .  0.0610 

. . . . . . . .  cubic meters [m3) . . .  cubic feet (ft3) 35.32 

. . . . . . . . .  cubic meters (m3) . . . . .  gallons (gal ) 264.2 

. . . . .  degrees Centigrade lot). degrees Fahrenheit (OF) 1.8 C + 32* 

. . . . . .  . . . .  degrees Kelvin (OK) degrees Rankine (OR) 1.8 

grams rg' . . . . . . . . .  pounds I lb) . . . . . . . . . .  2.205 x 10-3 

. . . . . . . . . .  . . . . . .  kilograms 14g1 pounds (Ib) 2.205 

. . . . . . .  . . . . . .  l:ilometers I km\ statute miles [mi) 0.5214 

. . . .  . . . . . .  kilometers [km) nautical miles (n.mi.). 0.540 

3281 ' . . . . . . . . . . .  . . . . . .  kilometers (km) feet (ft) 

. . . . .  . . . . . .  kilowatts rkW) Btu per hour (Btu/hr) 3413 

. . . . . . . . . .  . . . . . . . .  meters (m) inches (in) 29.37 

. . . . . . . . . . .  . . . . . . . .  meters (m) feet (ft) 3.281 

. . . . . . . . . . .  . . . . . . . .  meters fm\ yards 'yd) 1.094 

*NOTE: Multiply hy 1.8 and then add 32 . 



To conver t  i n t o  . 
. meters per  second fm/s) . .  f e e t  per  second ( f t / s )  . . . . .  

met r i c  tons (MT) . . . . .  pounds ( l b )  . . . . . . . . . .  
m e t r i c  tons (MT! . . . . .  tons (T)  . . . . . . . . . . . .  
m i  cro-meters ( u m! . . . .  meters (m) . . . . . . . . . . .  

. . . . . . .  Newtons N )  . . . . . . .  pounds f o r c e  ( l b f )  
2 Newtons per crn2 fN/crn ) . . pounds per  square i nch  ( p s i )  . . 

m u l t i p l y  by 

3.281 




