
JSC INTERNAL NOTE NO. 75-ER-1 

SPACE DISPOSAL OF NUCLEAR WASTES 

NOVEMBER 1975 

FUTURE PRGGRAMS OFFICE 

ENGINEERING AND DEVELOPMENT DIRECTORATE 

National Aeronautia and Space Administration 

LYNDON B.  JOHNSON SPACE CENTER 
Houston, Texas 

https://ntrs.nasa.gov/search.jsp?R=19790071900 2020-03-11T18:05:08+00:00ZCORE Metadata, citation and similar papers at core.ac.uk

Provided by NASA Technical Reports Server

https://core.ac.uk/display/85231316?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


JSC - 10674 

JSC INTERNAL NOTE NO. 75-ER-1 

SPACE DISPOSAL OF NUCLEAR WASTES 

PREPARED BY 

William F. Perlich 

APPROVED BY 

Hubert P. Davis 
Manager, Future Programs Office 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

LYNDON 6 .  JOHNSON SPACE CENTER 

HOUSTON, TEXAS 77058 

November 6, 1975 



TABLE OF CONTENTS 
SECTION PAGE . 

1 . 0 INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

STUDY DESCRIPTION ......................................................... 1 

NUCLEAR WASTES .................... ... ................................... 1 
Waste Components ....................................................... 2 
Disposal Requirements ..................................................... 2 
Disposal Processing ...................................................... 2 

................. ..................................... 9isposal Packages .. 3 

................................................... WASTE DISPOSAL PROGRAMS 3 

.............................................. Baseline Program Description 4 
................................................... General Program Factors 4 

.......................................................... Waste Processing 4 
............................................ General Vehicle Consideratians 5 

........................................ Vehicle Procurement and Operations 5 
Vehicle Flights ....................................................... 6 

............................................................... Vehicle R&D 6 
Operations Facility Requirements .......................................... 6 
Existing Facility Availability ........................................... 6 

...................................................... Solar Orbit Missions 6 

Solar System Escape - Chemical Propulsion ................................. 7 
...................................... Solar System Escape - Ion Propulsion 7 

............................................... Electrical Energy Surcharge 7 

VEHICLE DESIGNS ........................................................... 7 
..................................................... Nuclear Waste Payload 7 

............................................. Design for Earth Re-encounter 7 
.................................................... Thermal Considerations 8 

............................................ Pre-partitioning Waste Storage 8 
Radiation Shielding ....................................................... 8 
Boosters ............................................................... 9 
Chemical llpper Stages . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  9 
Ion Upper Stage ........................................................... 10 

Ion Stage Design .......................................................... 10 
..................................................... Transportation System 11 

iii 



SECTION 
TABLE OF CONTENTS (Can't) 

P4GE .. 

5.4.3 Payload Considerations .................................................... 11 
5.4.4 Uaste Heat Utilization .................................................... 12 

.......................................... 6.0 ADDITIONAL PROGRAM CONSIDERATION 12 
.............................................. 6.1 Unpartitioned Waste Disposal 12 

6.2 Booster Exhaust Pollution ................................................. 12 
.................... ................................. 6.3 Vehicle RSD Sharing ,. 13 

.............................................. 6.4 Fusion Reactor Trdnsmutation 13 

7.0 CONCLUSIONS AND RECOMMENDATIONS ........................................... 13 

.................................................................. 8.0 GLOSSARY 14 

9.0 REFERENCES ............................................................... 15 

TABLES I through VIII ........................................................... 17 

FIGURES I through 13 ............................................................. 25 

APPENDIX A: FCT COST AND PERFORMANCE DATA ....................................... 38 



SPACE DISPOSAL OF NUCLEAR WASTES 

1.0 INTRODUCTION. The l a r g e  increase i n  Un i ted  Sta tes  e l e c t r i c a l  power gene ra t i on  
b y  nuc lear  f i s s i o n  reac to rs  i s  p r o j e c t e d  t o  r e s u l t  i n  a  t o t a l  o f  about 1.2 b i l l  i o n  
k i l o w a t t s  o f  f i s s i o n  power genera t ing  c a p a c i t y  and 200,000 cumulat ive m e t r i c  t ons  o f  
spent  f u e l  (raw nuc lear  waste) by the year  2000 (Reference d . ) .  I n  a d d i t i o n ,  a  r e l a -  
t i v e l y  constant ,  b u t  con t i nu ing ,  waste genera t ion  r a t e  of  about 13,300 m e t r i c  tons  
p e r  year  a f t e r  t he  year  2000 i s  es t imated i n  Reference a.  

Present  nuc lear  waste d isposa l  techniques o f  sur face storage and cont inuous mon i to r -  
i n g  appear u n r e a l i s t i c  as a  f i n a l  d isposa l  s o l u t i o n  due t o  t he  l a r g e  waste q u a n t i t y ,  
ex t remely  l ong  r a d i o a c t i v e  l i f e ,  and env i ronmer~ta l  i n c o n i p a t i b i l i t y  o f  many o f  t h e  
waste components. Consequently, o t h e r  methods o f  d isposa l  such as t ransmuta t ion  o f  
dangerous products t o  benign elements, t r a n s p o r t a t i o n  o f  t he  dangerous products t o  
space, and var ious ,  spec ia l ,  geo log i ca l  d isposa l  techniques have been under cons ide r -  
a t i o n  as a  permenent s o l u t i o n  t o  t he  problem. 

A program f o r  space d isposa l  of  nuc lear  waste products  i s  def ined i n  t h i s  study, and 
t o t a l  program c o s t  est imates f o r  a  number o f  t he  most p e r t i n e n t  t r a n s p o r t a t i o n  systems 
a r e  produced as an end product .  These cos ts  are summarized i n  Table 11. 

2.0 STUDY DESCRIPTION. Th i s  s t u d y , i s  composed o f  t h ree  general p a r t s :  a  considera-  
t i o n  -ear power waste genera t ion  and waste d isposa l  f a c t o r s ,  a  study o f  space 
t r a n s p o r t a t i o n  veh i c les ,  and the  i n t e g r a t i o n  o f  these and o t h e r  f a c t o r s  i n t o  a  t o t a l  
program d e f i n i t i o n  and c o s t  es t imate .  

The f i r s t  s tudy p o r t i o n ,  presented i n  Sect ion  3, cons i s t s  o f  t he  rev iew, update, 
expansion, and d e r i v a t i o n  o f  new data r e l a t e d  t o  t he  generat ion,  processing, and hand- 
l i n g  of nuc lear  waste ma te r i a l s .  Th is  e f f o r t  addresses such known and s i g n i f i c a n t  
f a c t o r s  as waste composi t ion,  p a r t i t i o n i n g ,  environmental sa fe t y ,  d isposa l  r e q u i r e -  
ments and the  impact o f  these f a c t o r s  upon hardware design, miss ion  con f i gu ra t i on ,  
ope ra t i ons  and u l t i m a t e  program cos ts .  

Another study p o r t i o n ,  presented i n  Sect ion  5, cons i s t s  o f  the d e f i n i t i o n  and concep- 
t u a l  design o f  the space t r a n s p o r t a t i o n  v e h i c l e  system. Th is  i s  approached i n  terms 
of  i n d i v i d u a l  v e h i c l e  elements as fo l l ows :  ( 1 )  Booster t o  low Ear th  w b i t  - Shu t t l e ,  
350,000 pound pay1oadlSSME unmanned booster ,  and 160,000 pound payload SSME unmanned 
booster ;  (2 )  Nuclear waste payload - design f a c t o r s  and se lec ted  c o n f i g u r a t i o n ;  
(3 )  Chemical upper stage - FCT, new Cryo stage, SRM, and p e r t i n e n t  combinations; 
(4) i o n  upper stage - two s i zes  p lus  va r i ous  chemical stages f o r  Van A l l e n  b e l t  
t r a n s i t .  The i o n  v e h i c l e  design i s  based on SEPS technology and hardware. 

F i n a l l y ,  Sec t ion  4 o u t l i n e s  a  base l i ne  program, es tab l i shes  and i n t e g r a t e s  the var ious  
c o s t  f a c t o r s  f rom t h e  o the r  two study sec t i ons  and i d e n t i f i e s ,  analyzes, and i n t e g r a t e s  
o t h e r  programmatic cons ide ra t i ons  (such as v e h i c l e  K&U an0 procurement, operat ions,  
f a c i l i t y  requirements and m iss ion  c o n f i g u r a t i o n s ) .  

A l l  t h ree  p o r t i o n s  i n t e r a c t  i n  con ten t  and ove r lap  i n  t ime o f  accomplishment; they a re ,  
however, presented i n  t h i s  sequence f o r  read ing  c l a r i t y .  

3.0 NUCLEAR WASTES. A  t y p i c a l  nuc lear  waste space d isposa l  program (Sect ion  4.1) i s  
u t i l i z e d  i n  t h i s  s tudy t o  exp lo re  the impact o f  var ious  space v e h i c l e  design approaches 
This program i s  based on prev ious  nuc lear  power genera t ion  and waste d isposa l  s tud ies ,  
updated and expanded as requ i red ,  and sumnarized i n  t h i s  sec t i on .  



3.1 Waste Components. Nuclear power generating capacity in the United States is 
projected to increase to 1.2 billion kilowatts by the year 2000, resulting in the 
generation of 200,000 metric tons of irradiated (or spent) fuel, including 1,270 
metric tons of actinides (Reference d.). Reference a. agrees closely, predicting 
about one billion kilowatts of power, 9,000 metric tons of fission products, and 
1,200 metric tons of actinides. These actinides nay be reduced to 300 metric tons 
by removal of essentially ail uranium isotopes, and to 100 wtric tons if additional 
in-pile transmutation to short lived components (Reference b.) proves feasible. 

3.2 Disposal Requirements. The final, long term solution to the radioactive waste 
disposal problem is anticipated by ERDA (formerly AEC) to be implemented no earlier 
than the year 2000 (Reference i . )  and to consist of one or more of three general 
approaches (References i , and d. ) : 

a. Waste deposit in selected seabed areas such as geologically stable ocean 
f;oor regions, subduction zones, deep sea trenches, or high sedimentation areas. 

b. Transmutation of highly toxicilong-lived components into less undesirable 
isotopes. 

c. Extraterrestial disposal 

In implementation of the latter two options, partitioning (or separation) of the long- 
lived from the short-lived waste fractions i; necessary (Reference d.). In this case, 
long-lived is roughly considered as possessing important radioactivity after 1000 
years. Thus, in the space disposal program, the actinides and possibly samarium, 
technetium, tin, and iodine fission products and nickel contaminant would be separated, 
solidified, encapsulated, and transported to a permanent deposit in space (References 
c. and d.). The remaining short-lived fractions would be candidates for some form of 
geological disposal or for surface storage and monitor until radiologically safe. In 
this study, as in Reference a. and as suggested in References c, and d., only parti- 
tioning to isolate the actinides as a group and to recover usable uranium is assumed 
necessary. The final waste for space disposal thus consists of the actinides (except 
uranium) plus either 1.0 percent or 0.1 percent of the total fission products, depend- 
ing upon degree of partitioning. 

Space options include transportation to high Earth orbit, planetary or lunar orbit, 
solar orbit, solar impact, and solar systew escape. Based on the considerations 
detailed in Reference a., solar system escape is selected as the prime candidate for 
space disposal; however, the solar orbit option is also included due to its relatively 
low AV requirements and consequent better compatibility with the Space Shuttle and 
Full Capability Tug combination. 

3.3 Disposal Processing,. Since the intent of this study is to show the cost differ- 
ential chargeable to space disposal, processing functions comon to present practices 
(References d. and i . )  are not included. These common functions (Reference d.) include 
partial uranium recovery, solidification and encapsulation, surface storage (partition- 
ing may require some interim aqueous storage to reduce solvent or ion-exchange media 1 

radiation damage), and considerabie handling. Actinide partitioning, partial transmu- 
tation, and additional handling are new functions required for space disposal. 

Partitioning is the biggest factor due to the need for new facilities and high opera- 
tional costs. Previous estimates originating in Reference c. and noted in Reference a. 
indicate a total cost per metric ton of irradiated fuel as follows: 

a. All actinides plus 1.0 percent of the fission products $lOK 

b. Actinides less U plus 1.0 percent of the fission products $15K 
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c .  Ac t in ides  l e s s  U p l u s  0.1 percent  o f  the f i s s i o n  products = $20K 

These f i gu res  were updated by Reference h, t o  be $30K, $35K, and %OK, respec t i ve l y ,  
d i v i d e d  equa l l y  between f a c i l i t y  and operat ions costs.  For the a n t i c i p a t e d  program, 
est imated R&D costs  are n e g l i g i b l e  a t  about $3M t o  $5M (Reference d.), and are 
assumed t o  be inc luded i n  the previous f i gu res .  I t  i s  impor tant  t o  note  t h a t  the re  
i s  considerable quest ion about the optimum approach, l a r g e  sca le  f e a s i b i l i t y ,  and 
even t h e o r e t i c a l  p o s s i b i l i t y  o f  some o f  the p a r t i t i o n i n g  f a c t o r s  (References c  . and h . ) .  
Therefore, the exact  nature, ex tent ,  and c o s t  o f  the p a r t i t i o n i n g  process and f a c i l i t i e s  
i s  o n l y  a consensus o f  op in ion  among knowledgeable and experienced personnel, This un- 
c e r t a i n  s i t u a t i o n  i s  no t  expected t o  improve i n  the near fu tu re ,  s ince p a r t i t i o n i n g  R&O 
has been terminated due t o  ERDA budget cu ts  (Reference i . ) .  

Th is  study assumes t h a t  subs tan t ia l  ( t w o - t h i r d s )  po r t i ons  o f  the waste ac t<n ides a re  
transmuted by cont inua l  r e c y c l i n g  i n  commercially-owned f i s s i o n  reactors  (Reference d . ) .  
Th is  i s  sliown i n  the  s i m p l i f i e d  diagram ~f Figure  1. Thus, there i s  no requirement 
f o r  new, expensive, t ransmutat ion f a c i l i t i e s  and the major expense, a f t e r  p a r t i t i o n i n g ,  
i s  a  s i g n i f i c a n t  increase i n  handling, a  moderate f u e l  enrichment f o r  L i g h t  Water 
Reactors, and an R&D cost  o f  $75M f o r  a c t i n i d e  recyc le  engineer ing (Reference d.).  
Since these charges are small  compared t o  p a r t i t i o n 5 n g  and s ince the p a r t i t i o n i n g  c o s t  
est imate i s  poor l y  def ined and sub jec t  t o  considerable m o d i f i c a t i o n ,  t h i s  study assumes 
t h a t  t ransmutat ion costs are contained w i t h i n  p a r t i t i o n i n g  cos t  uncer ta in t i es ,  and 
there fore ,  are n o t  a d d i t i o n a l l y  def ined o r  inc luded. 

T o t a l  d i f f e r e n t i a l  processing costs f o r  space disposal  are the re fo re  taken as 545K 
and $GOK/metric ton  o f  f u e l ,  l ess  a  c r e d i t  o f  $5K/metric ton  o f  f u e l  f o r  uranium 
recovery. This r e s u l t s  i n  an $8.0B and $11 .DB t o t a l  program cost  est imate f o r  1.0 
percent  and 0.1 percent  f i s s i o n  p r o d ~ c t s ,  respec t i ve l y .  

3.4 Disposal Packages. Both a c t i v e l y  c o n t r o l l e d  and e s s e n t i a l l y  passive types o f  
payload packages were considered i n  t h i s  study.  I n  general ,  the former provides a  
l i g h t e r  design, w i t h  a  waste t o  t o t a l  package weight  r a t i o  o f  about 8 t o  10 percent  
as compared t o  the passive r a t i o  o f  3-1/2 percent t o  7-1/2 percent .  The l a t t e r  
d e s ~ g n ,  developed i n  Reference a., has been selected f o r  t h i s  study because o f  i t s  
h igher  inherent  r e l i a b i l i t y  and lower c o s t  r e s u l t i n g  from i t s  passive re -en t ry  and 
hard landing features .  See Sect ion 5.1 f o r  a d d i t i o n a l  cons idera t ions o f  the packaging 
design which i s  shown i n  Figure 2 .  

The design cons is ts  of a  c e n t r a l  aluminum-copper m a t r i x  w i t h  l i t h i u m  hydr ide p a r t i c l e s .  
This ma t r i x  provides the s o l i d i f i e d  and encapsulated a c t i n i d e  wastes w i t h  mechanical 
support,  e f f i c i e n t  heat removal, and some r a d i a t i o n  sh ie ld ing .  Spher ical  tungsten and 
l i t h i u m  hydr ide s h e l l s  around the  m a t r i x  complete the r a d i a t i o n  sh ie ld ing ,  and innec 
and outer  s t a i n l e s s  s tee l  impact s h e l l s  prov ide a  passive, hard land ing  c a p a b i l i t y .  
Th is  c a p a b i l i t y  has been demonstrated by t e s t i n g  which revea ls  no s t r u c t u r a l  f a i l u r e  
du r ing  payload and re in fo rced  concrete block impacts a t  v e l o c i t i e s  t o  320 meters per  
second (1050 FPSJ. The sper i ca l  waste conta iner  w i t h i n  a  pass ive ly  s tab le  re -en t ry  
veh ic le  and a b l a t i v e  heat s h i e l d  forms the t o t a l  payload package. Although not  men- 
t i oned  i n  Reference a . ,  i t  i s  noted t h a t  a small r a d i o  and poss ib l y  sonar beacon and 
associated power source i s  requ i red i n  the waste package f o r  l o c a t i o n  and recovery i n  
the event o f  a  mal funct ion dur ing launch o r  upper stage propu ls ion.  The beacon 
and power source should be as l o n g - l i v e d  as poss ib le  t o  prov ide recovery a f t e r  long 
delayed Earth re-encounter, such as might  occur a f t e r  a  propu ls ion f a i l u r e  which places 
the waste package i n t o  a  h igh  Ear th  o r  one A.U. sun o r b i t .  The weight  pena l ty  o f  such 
a  recovery qystem i s  n e g l i g i b l e  compared t o  the t o t a l  waste package. 

4.0 WASTE DISPOSAL PROGRAMS. This sect ion app l ies  var ious space t ranspor ta t i on  
systems developed i n  Section 5  t o  a  standardized and t y p i c a l  waste disposal  program 
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based on the  preceeding s e c t i o n s ' s  cons ide ra t ions .  Resul ts  c o n s i s t  of a space program 
c o s t  e s t ima te  f o r  each veh ic le  system s e l e c t e d  f o r  cons ide ra t ion .  

4 .1  Baseline Prosram Descr ip t ion .  The program basel ined f o r  t h i s  s tudy ,  a s  der ived 
from Section 3 and 5 cons ide ra t ions ,  c o n s i s t s  of processing a1 1 expended fuel  gener-  
a t e d  up t o  the  year  2000 and t r anspor t ing  t h e  r e s u l t a n t  100,000 KG of accumulated 
a c t i n i d e s  and 0.1 percent  o r  1 .0  percent  of the  t o t a l  f i s s i o n  products t o  e i t h e r  
s o l a r  system escape o r  t o  s o l a r  o r b i t .  The program i s  designed t o  reach completion 
i n  the  year  2010 t o  al low a t  l e a s t  10  yea r s  of p r e - p a r t i t i o n i n g  aqueous s to rage  o f  t h e  
waste ma te r i a l .  Sect ions  3.1 through 3 . 3  d i scuss  these  f a c t o r s  in  d e t a i l .  Figure 3 
presen t s  a proposed a c t i n i d e  d isposal  r a t e  which e s t a b l i s h e s ,  i n  conjunction with pay- 
load s i z e ,  the  required  ldunch r a t e  f o r  each t r a n s p o r t a t i o n  system. Note t h a t  t h e  
prosram s t a r t  d a t e ,  in  conjunction with the  end d a t e ,  al lows a reasonable build-up t o  
a s teady disposal  r a t e  of 6-2/3 metric tons  per yea r .  This corresponds t o  the  s teady-  
s t a t e  a c t i n i d e  genera t ion  r a t e  a n t i c i p a t e d  a f t e r  about 2000, and al lows disposal  of 
accumulated wastes and t r a n s i t i o n  i n t o  a continuing program disposal  r a t e  a f t e r  2010 
without a peak in  vehic le  f l i g h t  r a t e s .  The end point  of the  17-year base l ine  s tudy  
program simply e s t a b l i s h e s  the  point  a t  which non-recurring c o s t s  a r e  amortized. 

4 .2  General Program Factors .  In determining program c o s t s  chargeable t o  space 
d isposal  of nuclear  wastes,  the  fol lowing equation incorpora tes  the  p e r t i n e n t  c o s t  
f a c t o r s  and has been used f o r  each t r a n s p o r t a t i o n  system: 

Cost = Process + (Veh. Proc . )  (No. F l t s . )  + Veh. R&O + (Ops.) (No. Fl t s . )  

E l e c t .  Energy 

Process i s  the  t o t a l  f a c i l i t i e s  and opera t ions  waste processing c o s t  chargeable t o  
space  d i s p o s a l .  

Veh. Proc. i s  the  summation of vehic le  procurement c o s t s  withi t :  each space t r ans -  
por t a t ion  system. 

No. F l t s .  i s  the  t o t a l  f l i g h t s  required  t o  t r a n s p o r t  the  waste a c t i n i d e s  of the  
program. 

Veh. R&O i s  a sunmation of development c o s t s  f o r  t h e  space t r anspor ta t ion  system. 

. i s  the  summation of per f l i g h t  opera t ional  c o s t s .  

E l e c t ,  E n e r u  i s  the  t o t a l  energy developed by the  nuclear r e a c t o r s  producing the  
waste f o r  space d i s p o s a l .  Dividing by t h i s  quan t i ty  g ives  the  c o s t  in  terms of an 
e l e c t r i c i t y  surcharge .  The program c o s t  ma:? be reduced s l i g h t l y  i f  the  surcharge i s  
l ev ied  a t  an e a r l y  da te  and placed in  an i n t e r e s t  generat ing t r u s t  fund. Conversely, 
the  c o s t  may be increased i f  t h e  surcharge i s  delayed and money borrowed f o r  the  
waste disposal  program. This s tudy assumes a surcharge app l i ca t ion  near the  d isposal  
program s t a r t  d a t e  and n e g l i g i b l e  i n t e r e s t  b e n e f i t s  o r  p e n a l t i e s .  See Section 4 .2 .4 .  

4 .2 .1  Waste Processing.  As indica ted  in  Section 3.3, t o t a l  space d isposal  processing 
charges ,  which a r e  equated t o  p a r t i t i o n i n g  charges ,  a r e  based s o l e l y  on the  i r r a d i a t e d  
f u e l  quan t i ty .  This i s  not  s t r i c t l y  c o r r e c t ,  s ince  the  waste flow r a t e  d i r e c t l y  impacts 
t h e  f a c i l i t y  s i z e  and c o s t .  The flow r a t e ,  however, i s  expected t o  s t a b i l i z e  a t  about 
20,000 KG of a c t i n i d e s  (excluding uranium and r e s u l t i n  in  6,670 KG f o r  space d isposal  
a f t e r  t ransmutat ion)  per year  a f t e r  2000 (Reference a . 7 ,  and the  est imated charge of 
58.0B and $11 . O B  a s  appl ied  t o  the  waste accunlulated by the  yea r  2000, appears reason- 
a b l y  compatible with the  flow r a t e  and appropr ia te  a t  t h i s  time a s  a f i r s t  e s t ima te .  



4.2.2 General Vehicle Considera t ions .  Cost cons ide ra t ions  t h a t  a r e  comon t o  each 
type  and s i z e  o f  vehic le  include the  s i n g l e  u n i t  procurement c o s t ,  t h e  development 
cost ,  and most elements of the  opera t ions  c o s t .  Table 1 surmarizes est imated values  
fo r  each veh ic le  considered i n  t h i s  sumnary r e p o r t .  Very b r i e f l y ,  t hese  f i g u r e s  were 
der ived a s  fo l lows:  

Vehicle Procurement and Operations.  These two items a r e  discussed together  s i n c e  a 
s i g n i f i c a n t  por t ion  of reference source c o s t  da ta  i s  i n  terms of t o t a l  r ecur r ing  c o s t s .  
These sources inc lude  the  fol lowing: 

a .  Outlook f o r  Space s u m a r y  r e p o r t  (Reference j.) and assoc ia ted ,  unpublished 
suppor t ing  s t u o i e s  f o r  recurr ing  booster  c o s t s .  

b. 1971 S h u t t l e  recurr ing  c o s t  of 410.5M; ve rba l ly  acquired from JSCIBW. 

c .  Expendable FCT s i n g l e  u n i t  procurement c o s t  of $11 .OM; v e r b a l l y  acquired 
from MSFCIPF02. 

d.  1972 Centaur launch c o s t  of $5.8M from Reference a .  

In  applyiog these  sources,  a l l  c o s t s  were t r a n s l a t e d  t o  FY 1475 d o l l a r s  on the  b a s i s  
o f  10  percent ,  8 percent ,  5 percent ,  and 5 percent  i n f l a t i o n  during the  four  pre-  
ceeding yea r s .  In a d d i t i o n ,  211 c o s t s  were separa ted  f o r  t h i s  s tudy i n t o  veh ic le  
procurement and t o t a l  (ground and f l i g h t )  opera t ing  c o s t s  by de f in ing  and sepa ra t ing  
t h e  procurement c o s t  based on previous in-house s t u d i e s .  This sepa ra t ion  allows 
b e t t e r  adapta t ion  of cos t s  t o  f i t  and account f o r  each v e h i c l e ' s  individual  conf igura-  
t i o n  p e c u l a r i t i e s .  

Regarding Reference j .  and support ing s t u d i e s ,  level  111 booster  (400K pound payload) 
des igns  and es t ima tes  by Withee/Jones crf General Dynamics, Kelly/Goodman of Grumman, 
and T i sch le r ,  a  p r iva te  consu l t an t ,  were found t o  be p a r t i c u l a r l y  pe r t inen t  f o r  the  
new 315K and 160K boosters .  These a r e  shown in  Table 111 and Figure 4 .  Note t h a t  
f o r  the space nuclear  waste d isposal  program, t h e  r e l a t i v e l y  s teady and p red ic tab le  
launch schedule e s s e n t i a l l y  e l imina tes  the  need t o  maintain an inventory f o r  the  
t r a n s p o r t a t i o n  v e h i c l e s .  Ins t ead ,  d i r e c t  shipment from manufacturer t o  launch a rea  
1s assumed, and only a small port ion of the  annual c a p a b i l i t y  maintenance c o s t  i s  
Included i n  opera t ions  to  al low f o r  b r i e f  pe r tu rba t ions  of the  launch schedule. 

Table I  shows c o s t s  f o r  s i n g l e  vehic le  procurement: however, cons iderable  savings 
a r e  a n t i c i p a t e d  i n  the  l a rge  quan t i ty  production of propulsion veh ic le s  on a predeter -  
mined schedule.  This s lv ing  i s  presented in  Appendix A f o r  t h e  FCT, and i s  appl ied  
a s  t h e  same percentage saving t o  a l l  predominently cryogenic s t ages  and the  new 
b o o s t e r s ,  I n  a d d i t i o n ,  one-half of the  percentage saving i s  appl ied  t o  SRM v e h i c l e s ,  
w i th  the  smal ler  value a t t r i b u t e d  t o  the  more near ly  o f f - the - she l f  s t a t u s  of the  
s o l  i d s ,  r e s u l t i n g  i n  a l e s s  favorable  " learning curve." 

F i n a l l y ,  the  requirement f o r  add i t iona l  S h u t t l e  veh ic le  purchases i s  somewhat i n d e t e r -  
lninent s ince  i t  depends not only on number and time of waste disposal  f l i g h t s  r equ i red ,  
bu t  a l s o  on q u a n t i t y  and schedule of o the r  space packages competing f o r  t r a n s p o r t a t i o n .  
For the  17-year program ou t l ined  i n  4 .1 ,  however, s o l a r  o r b i t ,  which requ i res  a t o t a l  
of only  125 and 183 f l i g h t s  (Table 11) f o r  0.1 percent  and 1.0 percent  f i s s i o n  product 
payloads,  r e s p e c t i v e l y ,  can be acco~nmodated within the  present  S h u t t l e  complement. 
On t h e  o the r  hand, 524 and 885 f l i g h t s  required f o r  s o l a r  system escaPe (SS,) r e a u i r e  . . 
a s e t  of S h u t t l e  vehic les  f o r  exclus ive  waste disposal  use .  To t h i s  end, 3 and 5 
v e h i c l e s  a t  $320M each (derived from S250M i n  1971 d o l l a r s  - Reference, JSC/BW) a r e  
included in  the  S h u t t l e  SSE program. 



Vehic le  F l i g h t s .  Payload s i z e  f o r  each t r a n s p o r t a t i o n  system es tab l i shes  t h e  a c t i n i d e  - 
l o a d  and, consequent ly ,  t he  t o t a l  number o f  f l i g h t s  t o  c a r r y  t h e  100,000 KG o f  program 
generated a c t i r i i d e s .  These f i i g h t s ,  shown i n  Table 11, a re  d i v i d e d  by 15 ( t o t a l  p ro-  
gram l e n g t h  l e s s  two years f o r  b u i l d u p )  equ i va len t  program years  a t  t he  steady s t a t e  
l e v e l  t o  d e r i v e  t h e  steady s t a t e  f l i g h t  schedule o r  miss ions  per  yea r .  

Veh ic le  R&D. The lump sum R&D c o s t  es t imate  f o r  each v e h i c l e  i s  shown i n  Table I. The 
es t ima te  f o r  l a r g e  boosters was de r i ved  by mod i f y i ng  non- recur r ing  c o s t  f i g u r e s  f rom 
Reference j. and from Table I I I / F i g u r e  4 t o  r e f l e c t  i n d i v i d u a l  v e h i c l e  c o n f i g u r a t i o n  
v a r i a t i o n s .  Table I 1 1  i s  a  copy o f  est imates de r i ved  by  the Outlook f o r  Space Working 
Group V Forecasters i n  support  o f  data presented i n  Reference j. Again, designs and 
est i inates by i.iithee/Jones, Kel ly/Gosdwin, and T i s c n l e r  proved t o  be most p e r t i n e n t .  

I n  t he  case o f  t he  upper stages, t h e  Cryo v e h i c l e  es t imate  i s  based upon, and e x t r a -  
po la ted  from, A p o l l o  and Centaur exper ience;  and the  i o n  stages are based upon SEPS 
study data .  I n  b o t h  cases, t he  a v a i l a b i l i t y  o f  proven hardware and technology i s  
a n t i c i p a t e d .  

4.2.3 Operat ions F a c i l i t y  Requirements. New miss ion  c o n t r o l  and launch requirements 
w i l l  be determined by the frequency and l e n g t h  o f  waste d isposa l  f l i g h t s ,  u t i l i z a t i o n  
of  e x i s t i n g  f a c i l i t i e s  by competing space programs, and unique v e h i c l e  o r  miss ion  
requirements.  A numer i ca l l y  r i g o r o u s  cos t  es t imate  o f  new f a c i l i t i e s  thus requ i res  
es tab l ishment  of  a v a i l a h l e  f a c i l i t i e s  throughout  t he  program's t ime p e r i o d  and t h e  
d e t a i l e d  and reasonably dccurate design and cos t  es t imate  o f  new f a c i l i t i e s  f o r  each 
t r a n s p o r t a t i o n  system. Such an e f f o r t  i s  beyond the scope o f  t h i s  study, b u t  w i l l  be 
r e q u i r e d  once a  d e t a i l e d  program study has been i n i t i a t e d .  

Broad cos t  impact f a c t o r s  have been i d e n t i f i e d ,  however, and t h e i r  probable impact on 
t h e  prograni p r e d i c t e d  i n  general terms, Th is  .gives a  f a i r l y  use fu l  i n d i c a t i o n  o f  
f a c i l i t y  cos t  t rends and r e l a t i v e  magnitudes f o r  t h e  va r i ous  v e h i c l e  c o n f i g u r a t i o n s .  
These cons ide ra t i ons  a re  as f o l l o w s :  

E x i s t i n g  F a c i l i t y  A v a i l a b i l i t y .  Based on present  NASA p lann ing ,  i t  appears reasonable - 
t o  assume a  moderate a v a i l a b i l i t y  of p resent  and author ized launch and miss ion  c o n t r o l  
f a c i l i t i e s .  Q u a n t i t a t i v e l y ,  t h i s  i s  assumed t o  t r a n s l a t e  t o  two S h u t t l e  o r  unmanned 
launches per  month and no more than a  few days ( p o s s i b l y  5 )  o f  i n t e n s i v e  t rack ing ,  
c o n t r o l ,  and mon i to r  per  month. Ro la t i ve  t o  t he  cos t  magnitude o f  t he  base l i ne  p ro -  
gram, the cos ts  of launch and miss ion  c o n t r o l  f a c i l i t y  m o d i f i c a t i o n s  and expansions 
w i t h i n  these u t i l i z a t i o n  r a t e s  appear t o  be s i l la l l ,  and a re  t h e r e f o r e  no t  inc luded.  

So la r  O r b i t  M iss ions .  Expansion of  e x i s t i n g  launch f a c i l i t i e s  can probably handle t h e  
s o l a r  o r b i t  miss ions,  a l though the  h ighes t  launch r a t e  o f  24.4 S h u t t l e  veh i c les  pe r  
year  ( f o r  12.2 miss ions per  year  as i n d i c a t e d  i n  Table 11) exceeds the 2 per month 
l i m i t  j u s t  de f i ned .  ~ % & 4 & & & & t # & & + + ~ - ~ ~ R Q i 8 ~ n ~  -- . . ra@&+aylea6ceq-clires 
W k t i K F d w n & v ~ r ,  

S i g n i f i c a n t  new miss ion  c o n t r o l  f a c i l i t i e s  a re  probably n o t  requ i red ,  e i t h e r ,  s i nce  
each miss ion  r e q u i r e s  o n l y  two r e l a t i v e l y  s h o r t  per iods  o f  i n tense  t rack ing ,  mon i to r ,  
and c o n t r o l .  These per iods  occur throughout  launch ope ra t i ons  and du r ing  s o l a r  o r b i t  
i n s e r t i o n ,  about 6 nionths a f t e r  launch. F a c i l i t y  u t i l i z a t i o n  requirements a re  es t imated 
a t  3 and 2  days fcr S h u t t l e  o r  unmanned v e h i c l e  launch, r e s p e c t i v e l y ,  and 1  day f o r  
s o l a r  o r b i t  i n s e r t i o n .  I t  i s  a n t i c i p a t e d  t h a t  each v e h i c l e  can be p laced i n t o  a  l ow  
a c t i v i t y  mode du r ing  the 6-month coast  per iod ,  and t h a t  ground mon i to r  can be accom- 
p l i s h e d  on an i n t e r m i t t e n t  and p o s s i b l y  automat ic  bas is  w i t h  a  ve ry  low increase i n  
f a c i l i t y  u t i l i z a t i o n .  Thus, t he  h ighes t  u t i l i z a t i o n  ainsunts t o  about 4 days per month. 
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Solar System Escape - Chemical Propulsion. For chemical propulsion out of the solar 
system, new launch facilities of sisnificant maanitude a m e a r  to be required for all 
bbt two vehicles, the new 160K boosier t 2 FCT and the new 315K booster + 2 Cryo + 
2 SRE.1, each vehicle with the 0.1 percent fission product payload. These vehicles 
have launch rates of about 1-3/4 and 1-1/2 per month, respectively. 

Intensive mission control is estimated to be required for 2 and 1 days during Shuttle 
and unmanned vehicle launch, respectively; and for one additional day during inflight 
trajectory co-rection. Again, it is anticipated that each vehicle can be placed into 
a low activity mode with intermittent and perhaps automatic ground monitor between 
launch and trajectory correction maneuvers. Thus, no new mission control facilities 
appear necessary for the two vehicles just identified. Of the remaining vehicles, 
one requires no new facilities and five require moderate to extensive additions to 
existing facilities. 

Solar System Escape - Ion Propulsion. Transportation systems incorporating an ion 
propulsion staqe all have low launch rates and require no siqnificant new launch 
facilities.   he ion stage mode of operation, however, is continuous thrusting over 
very long periods, such as several years. Thus extensive, new, dedicated mission 
control facilities will be required to handle the long term control of each vehicle 
and the resultant high vehicle density. This density will range from 11 to 35 
siaiultaneous vehicle operations depending upon launch rates and assuming a 2-year 
operating time for each vehicle. See Section 5.4 for additional ion stage discussion. 

4.2.4 Electrical Energy Surcharge Estimating Basis. For a surcharge to pay for the 
space disposal of nuclear waste, total cost of the 17-vear baseline proqram is divided 
by the quantity of electrical power associated with the specified actinjdes and gulti- 
plied by 1000 to convert dollars to mills. Total electrscal energy is 73.4 X 10 KWH, 
as derived from the Reference a. estimate of 0.409 X 10' KG actinides (excluding 
uranium isotopes) generated per KWH. 

5.0 VEHICLE DESIGNS. This section describes the booster and upper stage space trans- 
portation vehicles which are considered most appropriate for meeting program cost and 
performance objectives. Table II gives nine vehicle system configurations, each with 
payloads of actinides plus 0.1 percent and 1.0 percent of the original fission pro- 
ducts. These were not all of the configurations studied, but were selected for this 
report to show particular vehicle sizes, combinations, or designs of particular inter- 
est or to demonstrate important points of consideration. In addition, particular 
vehicle designs were selected to achieve good compatibility among the largest number 
of vehicles and systems. 

5.1 Nuclear ilaste Payload. Section 3.4 gives a general description of the nuclear 
waste payload package and identifies its design source. Selection of a payload con- 
figuration has a large impact upon propulsion vehicle requirements and designs, and 
hence upon total program costs. This section, therefore, identifies and discusses 
speclfic factors leading to the payload design selection. 

A1 l but one of these factors, (i.e., pre-partitioning storage), ultimately leads to a 
trade-off between waste disposal reliability (or Earth environment safety! and program 
cost. Since the entire point of the space disposal program is the final and complete 
isolation of the extremely long-lived and dangerous waste products from the Earth's 
environment, it is self-defeating to significantly compromise reliability for cost. 
Therefore, such trade-off decisions within this study are biased toward safety. 
Significant system study effort will be needed to treat all aspects of mission comple- 
tion reliability and to define abort procedures. 

5.1.1 Desiqn for Earth Re-encounter. Table IV, derived from Reference a., shows the 
weight distribution for several waste package sizes and percentages of fission products. 
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Note t h a t  the  combination of core  ma t r ix ,  r e -en t ry  heat  s h i e l d ,  and double impact 
s h e l l s  form about one-half of the  t o t a l  package weight .  This combination i s  designed 
t o  mainta in  s t r u c t u r a l  i n t e g r i t y  throughout Earth atmosphere re-ent ry  ( inc lud ing  both 
low and high .velocity and e n t r y  angle modes) and a f t e r  su r face  impact with rock o r  
concre te  a t  a sea level  v e l o c i t y  of 300 meters per  second (944 FPS). This v e l o c i t y  
i s  based on atmospheric en t ry  a t  1 1  W1 per second (36,090 F P S ) .  Thus, by n ~ a i n t a i n i n g  
t h e  s t r u c t u r a l  and hea t  s h i e l d  conf igura t ion  throughout the  propulsion phases, cons id-  
e r a b l e  p ro tec t ion  i s  provided a g a i n s t  a  veh ic le  f a i l u r e  causing widesprecd a c t i n i d e  
d i s t r i b u t i o n  in  the  atmosphere or  ocean. This holds t r u e  even a f t e r  e x t r e ~ e  pcr inds  
o f  time such a s  n igh t  r e s u l t  from propulsion f a i l u r e  near Earth escape v e l o c i t y .  
Although the  weight penal ty  i s  h igh,  such p ro tec t ion  appears necessary and comensur-  
a t e  with t h e  progr,n s a f e t y  philosophy, and has accordingly been r e t a i n e d  i n  the  s tudy.  

5.1 . 2  m a 1  Considera t ions .  Tiif waste package i s  d e s i p e d  f o r  pass ive  thermal con- 
t r o l  u t i l i z i n g  radiat.ive heac  d i s s i p a t i o n  in  space and rad ia t ion  plus natura l  convec- 
t ive /conduc t ive  coo:inu while on Ear th .  In both c a s e s ,  the  h ighly  conductive co re  
ma t r ix  provides e f f i c i e n t  heat  ren:oval from the  package cen te r  and a package s i z e  
l i m i t a t i o n  of 6,400 KG (14,080 pounds) reduces the  p r o b a b i l i t y  of the rmal - s t ruc tu ra l  
f a i l u r e  with a la-ding and bur ia l  in s o f t ,  lovi heat  conduct!vity s o i l .  This s i z e  
r e s u l t s  i n  about 34 K:J of heat  per 0.1 percent  f i s s i o n  product package, assuming 
10-year p r e - p a r t i t i o n i n g  waste s torage  a s  descr ibed in  the  next  s e c t i o n .  These tem- 
p e r a t u r e  contro l  techqiques a r e  incorporated i n  t h i s  s tudy t o  maintain a reasonable 
l e v e l  of s t r u c t u r a l  i n t e g r i t y .  

5 .1 .3  P re -pa r t i t ion ing  Waste Storaqe .  As mentioned ; n  Sect ion  3 . 3 ,  aqueous s u r f a c e  -- 
s t o r a g e  of the  waste niay be required p r i o r  t o  p a r t i t i o n i n g  t o  contro l  so lvent  o r  ion- 
exchange nedia danvige. Such s torage  a l s o  reduces the  weight penal ty  f o r  r ad ioac t ive  
s h i e l d i n g  and allows a more e f f i c i e n t ,  l a r g e r  package s i z e  due t o  lower waste heat  
l e v e l s .  The 10-year s to rage  period and r e s u l t i n g  thermal energy level  a s  ca lcu la ted  
in  Reference a .  has been assumed in  t h i s  s tudy .  Figure 1 0 ,  which i s  a l s o  derived 
froni Reference a .  i n f o r n a t i o n ,  shows typ ica l  power dens i ty  decay with time f o r  waste 
from two types of f i s s i o n  r e a c t o r s .  Heat c h a r a c t e r i s t i c s  of t h i s  s t u d y ' s  waste packages 
appear  t o  f a l l  c l o s e s t  t o  tile lovier, LbiR curve.  Note t h a t  e l in i ina t ion  or s i g n i f i c a n t  
reduct ion  of the  waste s torage  period r e s u l t s  in an extreme inc rease  in  the thermal 
energy d e n s i t y ,  This e s s e n t i a l l y  excludes the  pass ive ,  high r e l i a b i l i t y  design 
approach,  s ince  extens ive  and a c t i v e  thermal cooling i s  required  while i n  space,  
dur ing ati:iospheric re-ent ry ,  and on the  su r face  while await ing recovery.  Since l o s s  
of a c t i v e  cooling r e s u l t s  in packase des t r i ic t ion  and a c t i n i d e  r e l e a s e ,  the  10-year 
i'iaste s torage  period a n d  passive design approach appears t o  be mandatory. 

5 . 1 . 4  Radiation Shie ld ing.  The rad ia t ion  s h i e l d  provides personnel p ro tec t ion  during 
prelaunch handling,  during manned booster  launch,  and a f t e r  Earth landing following 
c e r t a i n  modes of t r anspor ta t ion  f a i l u r e .  Since the  prohabil i t y  of vetricle f a i l u r e  and 
landing in  a populated area  i s  extremely low, removal of the  r ad ia t ion  s h i e l d  in  low 
Earth o r b i t  may provide an acceptable  r i s k  means o f  g r e a t l y  increas ing the  a c t i n i d e  
payload. Such a concept r e t a i n s  the  r e -en t ry  s h i e l d  and impact s h e l l  a s  protec t ion  
a g a i n s t  uncontrolled and widespread d i s t r i b u t i o n  of the  a c t i n i d e s .  

Table I V  shows t h a t  the  r ad ia t ion  s h i e l d ,  composed of a l i t h ium hydroxide and a tungsten  
s h e l l ,  accounts f o r  roughly 40 t o  50 percent  o f  the t o t a l  payload package weight. Of 
t h i s ,  the tungsten component, providing high d e n s i t y  gama  s h i e l d i n g ,  accounts f o r  about 
90 percent  of the  t o t a l  s h i e l d  weight. Since the  l i th ium hydride s h e l l  i s  l ightweight  
and provides importdnt neutron sh ie ld ing  f o r  any event  exceot package s t r u c t u r a l  f a i l u r e ,  
i t  i s  recommended t h a t  i t  be re ta ined throughout each mission.  Thus, the  p o s s i b i l i t y  
e x i s t s  f o r  a  s u b s t a n t i a l  increase  i n  a c t i n i d e  weight per package, perhaps a s  much as  
3 t o  5 t imes,  provided t h a t  s a f e t y  cons ide ra t ions  permit the payload t o  be redesigned 
f o r  tungsten  she1 l reinoval. 



The trade-off of the tungsten shell removal or retention prior to upper stage flight 
is again one of cost versus safety, and additional study is required to resolve six 
major considerations: 

a. Radiation Shield Design: Since an early, upper stage propulsion failure 
would strand the payload in Earth orbit, the shield must be designed for replacement 
prior to actinide package recovery as well as for removal during normal operations. 
This requirement applies to both manned and unmanned modes of shield manipulation. 

b. Re-entry Shield: Establish the design and program impact of the new heat 
shield package configuration. 

c. Operational Impact: Establish the increase in operations and crew/ground 
control training for manipulation and handling of the highly radioactive package 
during shield removal and possible replacement. 

d. Reliability: What is the increase in failure probability and what are the 
modes and probable consequences of a failure due to the increased hardware and 
operational complexity? 

e. Environmental Safety: Assuming a failure during any part of the mission 
and successful re-entry and Earth landing, what is the probable effect on the Farth's 
environment and inhabitants of a randomly ~iaced, concentrated, long-lived, high level 
source of gamma radiation? 

f. Tungsten Shield Recovery: Is it cost effective to recover individual shields 
by single purpose Shuttle flights? What are the design and operational factor; associ- 
ated with storage of a number of shields in Earth orbit and subsequent Shuttle recovery? 

I n  view of the major effort required to resolve these considerations, study 
assumes that the waste package shielding will be retained throughout each mission. 

5.2 Boosters. Figures 5, 6, and 7 show the Shuttle and two unmanned boosters of 
160K and 315K pounds to low Earth orbit payload capability, selected for presentation 
within :his report. The two unmanned vehicles both utilize Shuttle SRM, SSME, and 
modified propellant tank hardware and the Shuttle's hardware recovery concept. This 
minimizes developinent, production, and new GSE costs and allows as direct a comparison 
as possible of the program impact from two upper stage designs and various payload sizes. 
Since the design characteristics of all three vehicles are based on established Shuttle 
program hardware, expected performance and program factors are known or easily pred~cted. 
Design activity other than shown in the figures was not accomplished within the scooe 
of this study. 

Another version of a Shuttle derived, heavy-lift launch vehicle (HLLV) is shown in 
Figure 8 and described in Reference k. It provides about 1SOK psund payload to low 
Earth orbit capability, and has a 5 SRM first stage, one SRM second and third stage, 
and Earth-storable liquid propellant fourth stage (inadvertantly omitted from the 
drawing) configuration. Serial operation is used for all four stages. This vehicle 
was not included in Table 11, however, since it provided no performance advantage and 
appeared less reliable than the sele~ted 16OK booster due to 4 stage complexity. 

5.3 Chemical Upper Stages. Figures 5 through 8 show various upper stage configiira- 
tions which are all combTnations oi two basic, cryogenic propellant vehicles plus 
tailored sizes of SRM's. 

The "full capability" cryogenic propellant space tug (FCT) with a performance capa- 
bility as shown in Figure 9 and Appendix A was considered because of its potential 
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availability and because of its size and performance compatibility with payloads, 
launch systems, and mission requirements. Note that only an expendable version o f  
the tug is utilized in this report. This decision was based upon calculdtions show- 
ing a significant cost advantage in a~plying the full capability to the payload 
deployment missio~~ rather than reserving enough capability for return of the tug to 
low Earth orbit and Shuttle recovery. This wes true, even assuming only half the 
cost of a Shuttle flight for FCT recovery. The new Cryo stage largely utilizes 
existing hardware components and is based on proven techniques and designs. This 
vehicle was primarily sized for Shuttle/SSE operation in a two Shuttle per mission 
mode; however, it also demonstrates excellent compatibility with transportation 
systems utilizing the new 315K booster in SSE missions. 

As mentioned, SKM selections are sized to provide necessary velocity increments 
within available system weight allotments. These stages are extrapolated from off- 
the-shelf catalog units and from the large, Shuttle, solid booster motors. Although 
they are not strictly off-the-shelf, the cost differential for amortizing development 
costs over large quantities of motors is very small and is not included as a factor. 

5.4 ION UPPER STAGE 

5.4.1 Ion Stage Design. The large ion stage design shown in Table V and Figure 12, 
is based upon a considerably modified version of the SEPS mercury propellant vehicle 
and the Jupiter orbiter and Saturn missions described in Reference e. Major differ- 
ences, in addition to the twelve-fold increase in total weight, include the elongated, 
open, 1 ightweight structure; the four panel, longitudinally stowed solar array; a 
%foot parabolic antenna; increased low thrust and RCS propellant supplies; and 
improved niercurylel ectron bombardment ion thrusters, estimated as available by the 
early 1990 need date. It is considered important to predict ion thruster improve- 
ments hecause of the high level of effort and rapid advances currently being made in 
the state-of-the-art. This prediction, derived from information in References f. 
and g., results in the following thruster parameters: 45 cm size; 80 percent effici- 
ency; 6,400 sec. specific impulse; 20,000 hour (2.28 year) life; and perhaps most 
important to this progra.n, an extremely high reliability throughout the specified 
life period. 

Ion thrusters utilizing propellants other than mercury may be available by the program 
need date and may prove superior because of propellant availability or environmental 
compatibility. It is specifically noted that the 55 to 95 tons per year required for 
the basic program constitutes a significant portion of the total world's production. 
Mercury propulsion appears valid for this study, however, for the following reasons: 

a. Earth environment contamination is expected to be very small due to the high 
orbit for ion thrust initiation and the short thrust duration within close proximity of 
the Earth. Contamination from this 10,000 N.M., and outward orbit was considered by 
applying the same basic factors as presented in Reference e. 

b .  Mercury propulsion performance and hardware characteristics are better 
defined than for other systems (such as argon) and are believed to be reasonably 
representative, within the requirements of this study, of other ion propulsion types. 

This study's design approach consisted of calculating the SEPS vehicle's propellant 
requirements for low thrust Solar jystem Escape (SSE/ and modifying, extending, and 
replacing portions of the design to accommodate the larger payload and unique mission 
and hardware i.equirements and limitations. One such limitation is the total allowable 
propulsion period. This is determined from GNhC and propulsion system re! iabil i ty and 
life characteristics, and is estimated at no more than 2.0 years with the required high 
reliability. The increase in allowable pro~ulsion time from the 1.18 years of the 
SEPS SSE mission to 2.0 years allows a 40 percent relaxation in the average thrust 
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( o r  e l e c t r i c  power) t o  mass r a t i o .  One p e r t u r b a t i o n  t o  t h i s  approach i s  t h e  decrease  
i n  a v a i l a b l e  s o l a r  energy a t  extended s o l a r  d i s t a n c e s  beyond normal SEPS o p e r a t i o n s ,  
w h i c h  r e s u l t s  i n  a  nominal  i n c r e a s e  i n  t o t a l  p r o p u l s i o n  t i m e  beyond t h e  i n d i c a t e d  
l i m i t .  Th rus te r s  a r e  t h e  c r i t i c a l  l i f e  : i m i t e d  components, however,  and may be s h u t  
down and reserved  as spares as t h e  i n c i d e n t  s o l a r  energy d e c l i n e s .  The re fo re ,  t h i s  
i s  n o t  a  s e r i o u s  impac t  t o  t h e  t o t a l  m i s s i o n ,  b u t  shou ld  be d e f i n e d  i n  d e t a i l  d u r i n g  
l a t e r  i t e r a t i o n s  o f  t h i s  s tudy .  

The des i gn  shown i n  Tab le  V and F i g u r e  12, wh ich  i s  s i z e d  f o r  o p e r a t i o n  w i t h  t h e  new 
315K boos te r ,  p r o v i d e s  174 KH o f  s o l a r  power and abou t  5 KW ( w i t h  a  s l i g h t  v a r i a t i o n  
depend ing  upon f i s s i o n  p r o d u c t  c o n c e n t r a t i o n )  o f  pay l oad  waste h e a t  power e a r l y  i n  t h e  
m i s s i o n  and a t  one A.U.  f r om  t h e  Sun. I o n  p r o p u l s i o n  u t i l i z e s  177.5 KW o f  t h i s  power 
and a  cons tan t  1.5 KW i s  r e q u i r e d  f o r  o t h e r  subsystems. Thus, t h r u s t e r  system e l e c -  
t r i c a l  power t o  mass r a t i o  i s  2.14 w a t t s i l b . ,  a  37 p e r c e n t  r e d u c t i o n  f r om  t h e  3.39 
w a t t s / l b .  f o r  t h e  SSE SEPS. 

F i q u r e  13  shows an a l t e r n a t e  d e s i g n  i n  wh ich  t h e  f o u r  s o l a r  pane ls  a r e  stowed ac ross  
t h e  bo t t om  o f  t h e  v e h i c l e  r a t h e r  t han  a l o n g  t h e  l o n g i t u d i n a l  edges. T h i s  a l l o w s  a  
s m a l l e r  and l i g h t e r  s t r u c t u r e ,  b u t  r e s u l t s  i n  97.5 mete r  ( 320 - f oo t )  l o n g  s o l a *  p a n e l s .  
Mote  t h a t  t h e  panel  w i d t h  l i n i i t a t i o n ,  wh i ch  leads  d i r e c t l y  t o  t h e  l e n g t h  problem. has 
been  eased as much as p o s s i b l e  by  a l l o w i n g  a  9 . 1  mete r  ( 3 0 - f o o t )  6 -ame te r  f a i r i n g .  
i h i s  r e s u l t s  i n  a hammer-headed pay l oad  w i t h  t h e  8.2 mete r  ( 2 7 - f o o t )  d iamete r ,  315K 
b o o s t e r  o f  F i g u r e  6. S ince  t h e  l o n g  body des ign ,  a l s o  p l aced  w i t h i n  a 9 .1  mete r  
( 3 0 - f o o t )  f a i r i n g  f o r  compara t i ve  purposes,  r e s u l t s  i n  54.0 mete r  (177- foo t )  s o l a r  
p a n e l s ,  i t  i r  recommended f o r  t h e  l a r g e  i o n  v e h i c l e .  

T a b l e  V I l  p r esen t s  a  s ina l l ,  h a l f  pay load  s i z e  v e r s i o n  o f  t h e  p r e v i o u s  v e h i c l e  f o r  
u t i l i z a t i o n  w i t h  t h e  sma l l e r ,  160K b o o s t e r  o f  F i g u r e  5. Note t h a t  b o t h  boos te r s  main-  
t a i n  t h e  8.2 mete r  ( 2 7 - f o o t )  d iamete r ,  and t h a t  p r o v i s i o n  o f  t h e  9.1 meter  ( 3 0 - f o o t )  
f a i r i n g  r e q u i r e s  t h e  hamner-head pay l oad  c o f i f i g u r a t i o n .  Wi th  t h e  50 p e r c e n t  r e d u c t i o n  
o f  r e q u i r e d  s o l a r  power, s o l a r  panel  l e n g t h s  reduce t o  48.8 mete r  (160 f e e t )  and t h e  
a l t e r n a t e  s h o r t  body des i gn  becomes t h e  recommended approach. L a t e r  s t u d i e s  can 
r e s o l v e  t h e  l a r g e r - f a i r i n g l s h o r t e r  s o l a r  pane l  ve rsus  t h e  s t r a i g h t  l i n e  f o rm / l onge r  
s o l a r  panel  t r a d e  a l t e r n a t e s .  

5 . 4 . 2  T r a n s p o r t a t i o n  Systems. Tab le  V1 and VIII  show c a l c u l a t e d  we igh t s  f o r  a l l  
e lements  o f  t h e  l a r g e  and sma l l  i o n  s t age  t r a n s p o r t a t i o n  systems, r e s p e c t i v e l y .  
V e l o c i t y  requ i rements  and p r o p u l s i o n  c h a r a c t e r i s t i c s  a r e  a l s o  no ted  f o r  each bu rn  o f  
t h e  m i s s i o n .  These va l ues  a r e  r easonab l y  s e l f - e x p l a n a t o r y  and s t r a i g h t - f o r w a r d  i n  
t h e i r  derivation. I t  can be no ted ,  however, t h a t  t h e  280 KM (150  N.11. j LEO o f  t h e  
l a r g e  i o n  s tage i s  cons idered  a  minimum a l t i t u d e  t o  ensure adequate o r b i t a l  s t a b i l i t y  
f o r  i n - o r b i t  checkou t  and p o s s i b l e  r e p a i r ,  r ecove ry ,  o r  o t h e r  emergency a c t i o n .  I n  
a d d i t i o n ,  chemica l  p r o p u l s i o n  t o  t h e  18,500 KI4 (10,000 N .M. )  c i r c u l a r  p a r k i n g  o r b i t  
i s  p r o v i d e d  t o  p r o t e c t  t h e  s o l a r  pane l s  f r o m  Van A l l e n  B e l t  r a d i a t i o n  damage and t o  
a l l o w  a  f i n 2 1  i o n  s t age  checkout  i n  an o r b i t  t h a t  i s  s t i l l  a c c e s s i b l e  f rom Ea r t h .  

5.4.3 Pa l o a d  Cons ide ra t i ons .  F i g u r e s  12  and 13 show pay load  waste packages o f  
8,545 KG --?---- 18,800 p o u t d m ,  wh i ch  i s  t h e  maximum s i z e ,  a f t e r  add ing  145 KG 
(320 pounds) f o r  waste hea t  energy recovery ,  p resen ted  i n  Reference a .  T h i s  s i z e ,  
when loaded  w i t h  0 . 1  pe r cen t  f i s s i o n  p r o d u c t  waste, exceeds thermal  l i m i t s  when b u r i e d  
i n  c e r t a i n  types o f  s o i l .  For  t h i s  reason, a l l  packages o f  Tab le  I 1  a r e  l i m i t e d  t o  t h e  
6,400 KG recommended i n  S e c t i o n  3.3.3, Thermal Cons ide ra t i ons .  

The d raw ings  a l s o  show each pay load  w i t h  a  SRM, wh ich  i s  s i z e d  t o  p r o v i d e  300 mete rs  
p e r  second (1,000 FPS) o f  v e l o c i t y  t o  t h e  separa ted  pay load .  T h i s  e x t r a  c a p a b i l i t y  
may be used d u r i n g  f l i g h t  emergencies t o  m i a i m i z e  t h e  s a f e t y  t h r e a t  o f  a non-optimum 
performance. o r  i t  may be r ese r ved  as  a  f i n a l  SSE k i c k  a t  l a r g e  s o l a r  d i s t a n c e s  when 
power i s  low and s o l a r  pane l s  a r e  degraded f r o m  l o n g  te rm space exposure.  
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5.4.4 Waste Heat Uti 1 ization. Section 5.1 considers possible payload yariations 
within the context of Eartb environment safety and arrives at the conclusion that 
only two configurations may be acceptable at this time. These configurations are 
the original passive design of Reference a .  and a modification of this design to 
allow orbital removal of the tungsten gamna ray shield. For the large ion stage pay- 
load of Table V, total waste actinide heat energy, as derived from Reference a, and 
Section 5.1 con,iderations, is as follows: 

a. Reference a. waste package design: 0.1 percent fission products - 88 KW 
1.0 percent fission products - 60 KX 

b. Removable gamma shield design: 0.1 percent fission ?roducts - 246 KW 
1.0 percent fission products - 276 KW 

For the waste disposal application, reliability considerations rule out the relatively 
high efficiency, thermal-mechanical-electrical power conversion approach. The rela- 
tively inefficient, passive, highly re1 iable thermoelectric (example: ALSEP with a 
4 percent efficiency) or thermionic diode types remain as prime candidates. The latter 
is selected for this study due to its higher projected efficiency of 15 percent. Total 
power system efficiency, including power conditioning (80 percent), and all other items 
(90 percent), becomes about 10.8 percent. 

Applying this efficiency figure to the preceeding power figures results in available 
waste heat electricity as follows: 

a. Reference a. wlste package design: 0.1 percent fission products - 9.5 KW 
1.0 percent fission products - 6.5 KW 

b. Removable gamma shield design: 0.1 percent fission products - 26.5 KW 
1.0 percent fission products - 29.8 KW 

Thus, within the Earth environment protection philosophy discussed i n  Section 5.1, 
utilization of waste heat electrical energy appears useful as a long-lived, reliable, 
relatively stable supplement to solar power, but does not begin to approach levels 
commensurate with elimination of the soiar power system. Doubling of the power con- 
version efficiency, as has been predicted for advanced heat-pipe-thermoionic conver- 
sion systems presented i n  Reference m., still fails to achieve the required power 
levels by a factor of about three, for the removable shieid, 1 .0 percent fission pro- 
duct case, 

6.0 ADDITIONAL PROGRAM CONSIDERATIONS. Some factors uncovered and investigated dur- 
ing the study deviate somewhat from the specific study goal of defining and comparing 
competitive systems and proqrams for the space disposal of nuclear Wac"@ mat~rialc 

~ . . - .~. . . - - - - - -. . - , - . 
These factors~are very briefly included in'this section, however, for completeness 
and general interest. 

6.1 Unpartitioned Nuclear Waste Disposal. Most studies, including this one, have 
assumed the obvious: that disposal of the combined un~artitioned fission and actinide . . . . 
(excluding uranium) waste products, is not economically feasible. To test this suppo- 
sition, a large ion stage and four payload packages of 9,400 pounds each in the new 
315 K Booster + Cryo + SRM + Ion Stage + P/L SRM configuration can be considered. It 
was found that 26,587 flights were required which resulted in a program cost of $1,5638 
and a surcharge of $21.3 mills/KWH. This estimate disregarded the need for new launch, 
mission control, and tracking facilities. The partitioning requirement assumption, 
therefore, appears to be valid. 

6.2 Booster Exhaust Pollution. As indicated in Table 11,  launch rates vary from 3 to 
59 per year, with one to three per month being representative of the lober cost, all 
chemical transportation systems. In view of present concerns with the atmospheric 
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p o l l u t i o n  by  SRM exhaus t  p roduc t s ,  these  SRM f i r i n g  r a t e s  may be cons i de red  by  somz 
t o  be unaccep tab le ,  p a r t i c u l a r l y  when added t o  o t h e r  SRM-type space launches.  A  
change f r om  t h e  proposed l i q u i d / s o l i d  boos te r s  t o  a l l  l i q u i d  b o o s t e r s  has no e f f e c t  
o n  t h e  r e l a t i v e  m e r i t s  o f  t h e  v a r i o u s  t r a n s p o r t a t i o n  system c o n f i g u r a t i o n s  f o r  t h e  
SSE m iss i on .  For  t h e  s o l a r  o r b i t  m i s s i o n ,  however, t h e  S h u t t l e  o p t i o n  l o s e s  i t s  
s t a t u s  as t h e  minimum c o s t  program i f  development o f  t h e  new S h u t t l e  boos te r  i s  
charged  t o t a l l y  t o  t h e  waste dispo;al program. SSE program c a l c u l a t i o n s  f o r  t h e  a l l  
l i q u i d  315K + 4 SRM boos te r /O . l  p e r c e n t  p r o d u c t  pay load  c o n f i g u r a t i o n  shows a  s m a l l  
p rogram c o s t  i n c r e a s e  o f  l e s s  t h a n  5 p e r c e n t  o v e r  t h e  l i q u i d l s o l i d  boos te r  des i gn ,  

6.3 V e h i c l e  R&D S h a m .  T h i s  s t u d y  assumes t h a t  t h e  f u l l  R&D burden f o r  t h e  new 
b o o s t e r  and upper  s t age  v e h i c l e s  f a l l s  upon t h e  n u c l e a r  waste d i s p o s a l  program. T h i s  
i s  somewhat p e s s i m i s t i c ,  s i n c e  o t h e r  programs w i l l  undoub ted l y  u t i l i z e  t h e  new h a r d -  
ware  and shou ld  pay a  p r o p o r t i o n a t e  share .  I f  t h i s  c o n s i d e r a t i o n  i s  f a c t o r e d  i n t o  
t h e  program, t o t a l  program a -d  su rcharge  e s t i m a t e s  a r e  reduced  f o r  a l l  b u t  t h e  s o l a r  
o r b i t  S h u t t l e  c o n f i g u r a t i o n ,  and systems w i t h  t h e  g r e a t e r  number o f  new v e h i c l e  t ypes  
show t h e  b i g g e s t  improvement.  Q u a n t i t a t i v e  f i g u r e s  a r e  d i f f i c u l t  t o  e s t i m a t e  a t  t h i s  
t i m e  s i n c e  t h e y  depend upon e x a c t  v e h i c l e  u t i l i z a t i o n  by  f u t u r e  and, i n  many cases,  ill 
d e f i n e d  programs. I t appears reasonab le  t o  assume, however, t h a t  t h e  S h u t t l e  advantage 
f o r  s o l a r  o r b i t  m i s s i o n s  w i l l  p r o b a b l y  d i sappea r  e n t i r e l y ;  and t h a t  t h e  r e l a t i v e  m e r i t s  
o f  i o n  s tage  systems may improve s i g n i f i c a n t l y .  

6 .4  Fus ion  Reac to r  T ransmuta t ion .  As i n  Reference a, ,  t h i s  s t u d y  has assumed t h e  use 
o f  f i s s i o n  r e a c t o r  t r a n s m u t a t i o n  t o  reduce by t w o - t h i r d s  t h e  q u a n t i t y  o f  a c t i n i d e s  
r e q u i r i n g  space d i s p o s a l .  T h i s  i s  suppor ted  by  Reference d. wh ich  suggests  t h e  p o s s i -  
b i l i t y  o f  s i g n i f i c a n t  r e d u c t i o n s  i n  t h e  cun iu l a t i ve  t o x i c i t y  i ndex *  o f  a c t i n i d e s  by  
con t i nuous  r e c y c l i n g  th rough  f i s s i o n  r e a c t o r s .  T h i s  r e d u c t i o n  i n  t h e  l ong - t e rm  t o x i -  
c i t y  i ndex  may be by  a  f a c t o r  o f  50 o r  more, depending upon a c t i n i d e  s e p a r a t i o n  e f f i -  
c i e n c y ,  r e a c t o r  i r r a d i a t i o n ,  and r e a c t o r  t y p e .  

Re fe rence  d. a l s o  i n d i c a t e s  t h a t  t r a n s m u t a t i o n  i n  t h e  b l a n k e t s  o f  f us i on  r e a c t o r s  may 
reduce  t h e  a c t i n i d e  cumu la t i ve  t o x i c i t y  index  by an a d d i t i o n a l  f a c t o r  o f  10  o r  more, 
and may s i g n i f i c a n t l y  reduce t h e  t o t a l  r a d i o a c t i v e  t o x i c i t y  f o r  some f i s s i o n  p roduc t s .  
E x a c t  r e d u c t i o n  amounts a r e  n o t  known a t  t h i s  t i m e  due t o  u n c e r t a i n t i e s  i n  n u c l e a r  
r e a c t i o n  da ta  f o r  these  e lements and i n  t h e  c h a r a c t e r i s t i c s  g f  a c t u a l ,  success fu l  
f u s i o n  r e a c t o r s .  T y p i c a l l y ,  r e d u c t i o n s  may be as much as 10  f o r  1-129 and o n l y  
2 t o  5 f o r  Cs-137. 

Thus, success fu l  and t i m e l y  development o f  f u s i o n  r e a c t o r s  may w e l l  o b v i a t e  o r  d r a s t i -  
c a l l y  reduce  t h e  need and d e s i r a b i l i t y  f o r  space d i sposa l  o f  n u c l e a r  waste m a t e r i a l s .  
I t  i s  suggested t h a t  t h i s  p o s s i b i l i t y  be c a r e f u l l y  cons i de red  and w i d e l y  c o o r d i n a t e d  
b e f o r e  commi t t i ng  s i g n i f i c a n t  funds t o  t h e  space d i s p o s a l  program. 

7.0 CONCLUSIONS AINO RECOMMENDATIONS. I n f o r m a t i o n  r e s u l t i n g  f rom t h e  s t u d y  a c t i v i t y  
i s  sunna r i zed  i n  t h e  f o l l o w i n g  connents :  

a .  Unknown f a c t o r s  w i t h  t h e  b i g g e s t  impac t  on t h e  space d i s p o s a l  program l i e  i n  
t h e  n u c l e a r  waste iiianagement area and c o n s i s t  o f  t h e  E a r t h  env i ronment  i s s u e  and t h e  
was te  p a r t i t i o n i n g  p rocess .  The former d i r e c t l y  impac ts  t h e  s e l e c t i o n  o f  space as a  
means o f  d i s p o s a l  and t h e  pay load  package d e s i g n  impac t  upon v e h i c l e  des ign ,  f l i g h t  
q u a n t i t i e s ,  and m i s s i o n  c h a r a c t e r i s t i c s .  The l a t t e r  i n j e c t s  a q u e s t i o n  o f  t e c h n i c a l  
f e a s i b i l i t y ,  waste p r o d u c t  s e p a r a t i o n  e f f i c i e n c y ,  and f a c i l i t y / o p e r a t i o n s  c o s t s .  

b .  I t  i s  n o t  y e t  necessary t o  make d e t a i l e d  and d e f i n i t i v e  space d i s p o s a l  s t u d i e s .  
ERDA g e n e r a l l y  cons i de r s  t h e  f i n a l  s o l u t i o n  o f  n u c l e a r  waste management as a y e a r  2000 

* T o x i c i t y  i ndex  as used here  i s  e q u i v a l e n t  t o  dose c a l c u l a t i o n s  
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o r  l a t e r  t y p e  r equ i r emen t  and has c a n c e l l e d  f u n d i n g  o f  s t u d i e s  a s s o c i a t e d  w i t h  t h e  
unknown f a c t o r s  ment ioned  i n  t h e  p receed ing  paragraph.  

c .  I t i s  r ecomended  t h a t  d e f i n i t i o n  and r e s o l u t i o n  o f  t h e  E a r t h  env i ronment  
s a f e t y  requ i rement ,  because o f  i t s  ext.ensive program impact ,  b e  g i v e n  t o p  p r i o r i t y  
i n  f u t u r e  c o n s i d e r a t i o n s  o f  n u c l e a r  waste space d i s p o s a l .  

d .  As may b e  seen f r o m  Tab le  11, program c o s t s  f o r  t h e  18  veh i c l e -pay l oad -  
m i s s i o n  c o n f i g u r a t i o n s  p resen ted  w i t h i n  t h i s  r e p o r t  v a r y  o v e r  a  f a c t o r  o f  3, f r o m  t h e  
$16.29B and $0.222 mi l ls /KWH o f  t h e  s o l a r  o r b i t - S h u t t l e  c o n f i g u r a t i o n  t o  t h e  $48.778 
and $0.564 mi l ls /KWH o f  t h e  s o l a r  system escape -Shu t t l e  c o n f i g u r a t i o n .  Based or) E a r t h  
env i ronment  s a f e t y  c o n s i d e r a t i o n s  d i s cussed  i n  S e c t i o n  5.1, waste d i s p o s a l  by  s o l a r  
system escape i s  i n d i c a t e d .  Recommended v e h i c l e  c o n f i g u r a t i o n s  f o r  these  m i s s i o n s  
a r e  t h e  315K Boos te r  + 4 SRM o r  t h e  160K Boos te r  + 2 FCT, each w i t h  0.1 p e r c e n t  
f i s s i o n  p r o d u c t  pay l oads .  Cor respond ing  program c o s t s  a r e  $27.760 ($0.375 m i l l  s/KWH) 
and 528.628 ($0.389 m i l  ls/KWH), r e s p e c t i v e l y .  

N o t e  i n  Tab le  I 1  t h a t  t h e  manned S h u t t l e  i s  t h e  h i g h e s t  c o s t  o p t i o n  f o r  s o l a r  system 
escape, w i t h  a  program c o s t  o f  $36.038 ($0.440 mi l ls /KWH) f o r  t h e  0.1 p e r c e n t  f i s s i o n  
p r o d u c t  pay load .  I n  a d d i t i o n ,  i o n  s tages  a r e  n o t  recommended, s i n c e  t h e  c o s t  f i g u r e s  
o f  Tab le  I 1  do n o t  r e f l e c t  s i g n i f i c a n t ,  new, d e d i c a t e d  f a c i l i t y  requ i rements .  See 
c o n c l u s i o n  i. o f  t h i s  s e c t i o n .  

e. D isposa l  o f  n u c l e a r  wastes t o  0 .9  A.U. s o l a r  o r b i t  c o s t s  app rox ima te l y  40 t o  
45 p e r c e n t  l e s s  t h a n  s o l a r  system escape d i s p o s a l  f o r  t h e  l o w e r  c o s t  o p t i o n s  o f  each 
rn iss ion .  Note t h a t  i f  t h e  E a r t h  env i ronment  s a f e t y  prob lem o f  s o l a r  o r b i t  can be 
s a t i s f a c t o r i l y  r e s o l v e d  i n  t h e  f u t u r e ,  t h e  S h u t t l e  + FCT + SRM and 1 .0  p e r c e n t  f i s s i o n  
p r o d u c t  pay load  becomes t h e  l owes t  c o s t  s e l e c t i o n  o f  a l l  n u c l e a r  waste d i s p o s a l  o p t i o n s  
cons i de red  w i t h i n  t h i s  s t udy .  

f .  Fo r  t h e  s o l a r  system escape, a c t i n i d e  p a r t i t i o n i n g  t o  a  r ema in i ng  f i s s i o n  p r o -  
d u c t  equal  t o  0 .1  p e r c e n t  o f  t h e  t o t a l  f i s s i o n  p roduc t s  i s  mode ra te l y  t o  s i g n i f i c a n t l y  
more c o s t  e f f e c t i v e  t han  p a r t i t i o n i n g  t o  1.0 pe r cen t .  For  s o l a r  o r b i t ,  a c t i n i d e  p a r -  
t i t i o n i n g  t o  1 .0  p e r c e n t  r ema in i ng  f i s s i o n  p roduc t s  i s  s l i g h t l y  more c o s t  e f f e c t i v e .  

g. A new 160,000 o r  a  new 315,000 pound pay load  t o  l ow  E a r t h  o r b i t  b o o s t e r  i s  
i n d i c a t e d  f o r  s o l a r  system escape. Assuming no R&D o r  a d d i t i o n a l  S h u t t l e - O r b i t e r  
v e h i c l e  procurement c o s t s ,  t h e  S h u t t l e  i s  abou t  3 t o  10 p e r c e n t  more c o s t  e f f e c t i v e  
t han  unmanned boos te r s  f o r  t h e  s o l a r  o r b i t  program. 

h. W i t h i n  t h e  recommended E a r t h  env i ronment  s a f e t y  c o n s i d e r a t i o n s ,  i o n  s tage  
pay l oad  waste h e a t  i s  i n s u f f i c i e n t ,  by  a  w ide  marg in ,  t o  meet eng ine  and s u p p o r t i n g  
subsystem e l e c t r i c a l  power requ i rements .  

i. Wi thou t  r e g a r d  f o r  t h e  p robab le  new l aunch  and t r a c k i n g  f a c i l i t i e s  r e q u i r e -  
ment, an i o n  s tage  powered by  a  s o l a r  p l u s  waste h e a t  energy  source  appears t o  be 
most  c o s t  e f f e c t i v e  f o r  s o l a r  system escape waste d i s p o s a l .  Tab le  11, Prog dm Cost  
S u m a r y ,  shows a  c o s t  advantage o f  abou t  $1B t o  $28 f o r  t h e  i o n  ve rsus  t h e  a l l  chemi- 
c a l  p r o p u l s i o n  approach. 

Cons ide r i ng  t h e  extended d u r a t i o n  o f  powered f l i g h t  r e q u i r i n g  e x t e n s i v e  c o n t r o l ,  how- 
ever ,  t h i s  advantage i s  expec ted  t o  be l o s t  as t h e  d e t a i l s  o f  t h e  o p e r a t i o n  a r e  
developed.  Thus, a  new 315K b o o s t e r  p l u s  4  SRM o r  a  160K b o o s t e r  p l u s  FCT des i gn  i s  
r ecomended  s i n c e  t h e  i o n  approach r e q u i r e s  new, d e d i c a t e d  t r a c k i n g  and c o n t r o l  
f a c i l i t i e s  and a d d i t i o n a l l y  poses a  r e l i a b i l i t y / s a f e t y  q u e s t i o n  due t o  t h e  2-year  
o p e r a t i n g  p e r i o d  o f  each i o n  s t age .  
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j.  Shuttle recovery of upper stages from Earth orbit does not appear to be cost 
effective for this mission. 

8.0 GLOSSARY 

ALSEP Apollo Lunar Surface Experiments Package 

CRY0 Cryogenic 

ERDA Energy Resource and Development Administration 

FCT Full Capability Tug 

HLLV Heavy Lift Launch Vehicle 

LEU Low Earth Orbit 

LMFBR Liquid Metal Fast Breeder Reactor 

LWR Light Water Reactor 

p/L Payload 

SEPS Solar Electric Propulsion Stage 

SRF Solid Rocket Motor 

SSE Solar System Escape 

SSME Space Shuttle Main Engine 

STS Space Transportation System 
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TABLE I 

VEHICLE COSTS, FY 1975 DOLLARS 

VEHICLE SINGLE UNIT GND & FLT 
OPERATIONS R&D 

PROCUREMENT* COST/FLTR COST* 

SHUTTLE 

315 K BOOSTER 

160 K BOOSTER 

FCT (EXPENDABLE) 

CRY0 

ION STAGE (LARGE) 

ION STAGE (SMALL) 

P/L 7.2 K POUND 

10.0 K POUNO 

14.0 K POUNO 

SRM 160 K 

80 K 

40 K 

30 K 

20 K 

10 K 

ALL LIQUID 160 K BOOSTER 

ALL LIQUID 315 K BOOSTER 

0.0 

$ 4.5 B 

$ 4.0 8 

NEGLIGIBLE 

$ 2.0 B 

$ 4.0 B*** 

$ 4.0 B*** 

NEGLIGIBLE 

* SEE TEXT, SECTION.4.2.2 FOR DERIVATION, 

** INCLUDES RECOVERY AN0 RE-USE OF SRIl AND SSME COMPONENTS. 

*** ASSUMING UTILIZATION OF PROVEN SEPS HARDWARE 



VEHICLE FLIGHT WASTE PKG FISSION NO. MISSIONS VEH ?ROC YEW OPS COST PROGRAM SURCHARGE 
TRAJECT 4UAN/LSS EA PROD Fl TS PER YR COST/FLT RSO COST MILLS/KWti 

- --- -- - -- 

NEW 160K BOOSTER + 2 FCT SYS 1/12.1K 0.1% 312 20.8 S20.8M $4.08 $ 7.158 $28.628 0.389 
ESC4PE 

NEW 315K BOOSTER + 4 SRM 1/7.2K 0.1% 524 34.9 SI2.4M 54.58 $ 5.618 $27.768 0 375 
(76K LB EACH) 

NEW 315K BOOSTER + 2 CRY0 + 2/7.2K 0.1% 262 17.5 927.7N $6.50 $ 6.608 $31.368 0.430 
2 SRN (12K LB EACH) ' 

1 .O% 442 29.5 $25.4M $6.58 $11.148 $36.878 0.502 

2 SHUTTLE + CRY0 + SRM 1/7.2K 0.1% 524 34.9 5 7.9M $2.08 $16.168 $36.038 0.490 1 

d 
(13.5K LB) ?z 

m 1 .O% 885 59.0 S7.7M $2.08 $27.358 $48.778 0.664 2 
w 

NEW 160K BOOSTER + FCT + ION " 2/9.4K 0.1% 158 10.5 * 
$28.2M $8.08 $3.988 $27.448* 0.373 

STAGE + P/L SRM (2.5K LB) 
1 .O% 261 17.4 526.3M $8.08 $ 6 . 5 8 8  $29.448* 0.401 

NEbf 315K BO0S;ER + CRY0 + CREl " 4/9.4K 0.1% 79 5.3 f40.OM $10.58 $ 2.058 $26.868* 0.365 
(66K LB) + ION STAGE + P/L SRM 
(SK LB) 1.0% 131 8.7 537.6N $10.58 $ 3.468 527.078* 0.368 

NEW 160K BOOSTER + FCT SOLAR 
ORBIT 3/14.0K 0.1% 90 6.0 SZZ.5M $4.08 $ 1.508 518.538 0.252 

1.0% 152 10.1 S21.4M $4.08 $ 2.548 $17.798 0.242 

NEW 315K BOOaTER + 2 FCT 6/14.0K 0.1% 45 3.0 $31.7M $4.58 $1.178 $18.0!33 0.246 
" 1.0% 76 5.1 830.7M $4.58 $ 1.978 $16.808 0.229 

2 SHUTTLE + FCT + SRkt 3/10.0K 0.1% 126 
(32K LB) 

8.4 $11.1M 0 $ 3.938 $16.758 0.228 
" 1.0% 183 12.2 $10.84 0 $ 5.718 916.298 0.222 

* EXCLUDING NEW MiSSION CONTROL AN0 TRACKING FACILITIES; SEE SECTION 4.2.3 



TABLE I I I 

LEVEL i l l  COST ESTIMATES - 400 K BOOSTERS 

Annual Pavload 

F o r e c a s t e r  Nonrecurr .  C a p a b i l i t y  
Concept 

t o  O r b i t  
Costs Maint .  Costs Recurr. Costs 

$8 $M/YR $/LB 

+ + + 
Akr  i dge VTOVL 5510 6 -  1  25 - 5 20 - 10 

Chamber la in (1)  Larger  Base l i ne  S h u t t l e  15.4 250 1 1 3  

(2)  Larger  Base l ine  S h u t t l e  
w i t h  Flyback Booster  

+ i + 
2-Stage w i t h  Unmanned Modular 2  - .5 I 00  - 50 
2nd stage and Flyback Booster  (d  t o  11) ( A  t o  11) 

Gore Rhombus 1 l /2-Stage VTOVL 7.2 - 1.5 300 - 5 3 7  - 5 '  
(1992 IOC) 

Larger  Base l i ne  O r b i t e r  
w i t h  F lyback Booster  

Henry  VTOVL 2-Stage, Ser ies  Burn 
1s t  Stage Strap-on Boos ter  

+ + 
Kelly/Goodman ( 1 ) S h u t t l e D e r i v e d U n m a n n e d  1.26 - . I 5  52 - 6 

HLV ( I  l I A-PL = 160K) + + 
( 2 )  2-Stage, Recoverable 2nd 9.1 - 1.8 52 - I 0  

Stage Engine, F lyback  
BOOS t e r  

+ + + 
Nansen VTOVL SSTO ( B a l l i s t i c  10.6 - 1.5 30 - 6 14 - 2  

Recovery) 

+ + + 
Odom VTOHL SSTO 15.5 - 2.7 150 - 22 24 - 6 

S a l k e l d  ( I )  SSTO VTOHL 

(2)  VTOVL (Unmanned) 

+ 
3 Stage-1st  6  S h a t t l e  SRB's 1.165 - .2 
2nd S-IC w i t h  3 F-1 's  
3 r d  5-11 w i t h  3  SSME's 

T i s c h l e r  1 I /> Stage, VTOVL 
B a l l  i s t i c  Recovery 

+ + + 
10.13 - 2 300 - 60 30 ; 6 w/o rec. 

40 ; 8 w/rec. 

"36 - 12 

+ + 
WitheelJones 2 Stage - 1 s t  Stg,  4 SRB's 4.8 - . S  240 - 60 

2nd S t g .  Recove~ab le  Engines 
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WASTE PACKAGE WEIGHT D ISTRIBUTION 

WASTE F I S S I O N  
PERCENTAGE OF TOTAL PACKAGE WEIGHT 

PKG KG (LBs\  PROD. F l S S I O N  CORE R A D I A T I O N  RE-ENTRY I MPACT A C T I N I D E S  
PROD. MATR l X S H I E L D  SHIELD SHELL 



TABLE V 

LARGE ION STAGE WEIGHTS .- 

ION STAGE (Long Sody/Short  S o l a r  Panel Opt ion )  

S t r u c t u r e  

E l e c t r i c  P r o p u l s i o n  

Communications (Ant.  & E lec t . )  

Command Computer/Data Hand l i ng  

GN&C 

Reac t ion  C o n t r o l  

S o l a r  A r ray  (174 KW G 21,230 f t 2 )  

Power C o n t r o l  & D i s t r i b u t i o n  

Thermal C o n t r o l  

Marg in  (10%) 

I on  Stage, Dry 

PROPELLANTS 

RCS Hydraz ine  

RCS N i t rogen 

Mercury (60,100 FPS, l s p  = 6,400, 1 %  Resid.) 

L i q u i d  P r o p e l l a n t s  

PAY LOAD 

Four  - 9,240 LB Waste Pkgs + 160 LB thermocouples, 
w i r i n g ,  f i t t i n g s ,  e t c .  

P/L Adap te r  6 Rad ia to r s  + 10% 

P / i  SRM ( I  ,000 FPS) 

P/L Sp in  T h r u s t e r s  & C o n t r o l  

Ion  Stage P/L 

TOT9L VEHICLE 

Dry I on  Stage + P r o p e l l a n t  + P / L  

2 1 

22,150 LBS 

37,600 LBS 

1,870 

4,900 

200 

4 h  ,570 LSS 



TABLE V I  

LARGE ION STAGE TRANSPORTATION SYSTEM - 
NEW 315K BOOSTER + CRYO + SRM + ION + P / i  SPLi 

WE l GHTS 

P/L, Ac!apter, G P/L SRM 

I o n  Stage & P r o p e l l a n t s  

Adap te r ,  Ion  Stage t o  SRM (3%) 

SRM (4,700 FPS C i r c u l a r i z e  a t  10,000 N.Mi) 

Adapter ,  SRM t o  CRYO (3%)  
CRYO (6,400 FPS, LEO t o  10,000 N.MI.) 

Adap te r ,  CRYO t o  Boos te r  ( 3 % )  

P/L & I o n  Stage F a i r i n g  

T o t a l  t o  LEO, 150 N.Ml 

44,570 LBS 

40,060 

2,540 

65,810 

4,590 

134,000 

8,750 

4,500 

304,820 LBS 

VELOCITY REQUl REMENTS 

Launch t o  LEO = 150 N,Mi. 25,700 FPS 

LEO t o  10,000 N.Mi. E l l i p t i c a l  6,600 FPS 

C i r c u l a r i z a t i o n  a t  10,000 N.Mi. 4,700 FPS 

Low Th rus t  t o  SSE ( I n c l u d e s  G r a v i t y  Loss o V )  60,100 FPS 

PROPULSION CHARACTERISTICS 

S S E :  Flercury - I on  P r o p u l s i o n ,  l s p  - 6,400 sec. 

P r o p e l l a n t  Weight = 21,290 LBS + 1 %  r e s i d u a l s  f o r  60,100 F?S 

C i r c u l a r i z e  a t  10,000 N.Mi. 

S o l i d  P r o p u l s i o n ,  l s p  = 290 

P r o p e l l a n t  Weight = 60,540 LBS f o r  4,700 FPS 

LEO t o  10,000 N.Mi. 

LOX/H P r o p u l s i o n ,  l s p  = 460 2 
P r o p e l l a n t  Weight = 105,000 LBS f o r  6,607 FPS 

Emergency Spare o r  SSE I n j e c t i o n  

Sol i d  P r o p u l s i o n ,  l s p  = 290 

P r o p e l l a n t  Weight  = 4,512 LBS f o r  1,000 FPS 
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TABLE V I  I 

SHALL ION STAGE WEIGHTS 

ION STAGE ( S h o r t  Body lShor t  So la r  Panel Opt ion )  

S t r u c t u r e  

E l e c t r i c  P r o p u l s i o n  

Communications (An t .  & E l e c t . )  

Command Cornputer/Oata H a n d l i n g  

GNtC 

Reac t i on  Con t ro l  
2 

So la r  A r ray  (87  KW & 10,615 f t  ) 

Power C o n t r o l  t D i s t r i b u t i o n  

Therma I Con t ro l  

Marg in  (10%) 

l o l  Stage, Dry 

PROPELLANTS 

R C S  Hydraz ine  

RCS N i t r o g e n  

Mercury (60,100 FPS, l s p  = 6,400, i% Resid. )  

L i q u i d  P r o p e l l a n t s  

PAYLOAD 

Two - 9,240 LB Waste Pkgs + 160 LB Tilerrnocoupies, 
W i r i r ? ,  F i t t i n g s ,  e t c .  

P/L Adapter  6 Rad ia to r s  + 10% 

P /L  SRN ( i  ,000 FPS) 

P / L  Sp in  Th rus te r s  E Con t ro l  

I on  Stage P l L  

TOTAL VEHICLE 

Dry Ion  Stage + P r o p e l l a n t  + P/L 

18,800 LBS 

22,200 LBS 



SMALL ION STAGE TRANSPORTATION SYSTEM - 
NEW 160 K BOOSTER + FCT + ION + P/L SRM 

WE I GHTS 

P/L, Adapter ,  t P/L SRM 

I on  Stage 6 P r o p e l l a n t s  

Adap te r ,  Ion  Stage t o  FCT (3%) 

FCT 

Adapte r ,  FCT t o  Boos te r  (3%) 

P/L & I o n  Stage F a i r i n g  

T o t a l  t o  LEO, 400 N.Mi 

VELOCITY REQUIREMENTS - 
Launch t o  LEO = 400 N.Mi. 

LEO to 10,000 N.Mi. E l l i p t i c a l  

C i r c u l a r i z a t i o n  a t  10,000 N.Mi. 

Low Th rus t  t o  S S E  ( I n c l u d e s  G r a v i t y  Loss AV) 

26,600 FPS 

5,600 FPS 

4,650 FPS 

60,100 FPS 

PROPULSION CHARRCTERISTICS - 

SSE: Nc rcu r y  - Ion  P r o p u l s i o n ,  l s p  = 6,400 sec. - 
P r o p e l l a n t  Weight = 10,560 LBS f o r  60,100 FPS 

LEO to 10,000 N.Mi. C i r c u l a r  O r b i t  

LOX/H2 P ropu l s i on ,  l s p  = 460 

From F igu re  10 :  For 42,820 LB P/L, A Y  = 10,250 FPS V ia  FCT 

m n c y  Spare or  SSE I n j e c t i o n  

S o l i d  Propu ls ion ,  l s p  = 290 

P r o p e l l a n t  Weight = 2,256 LBS f o r  1,000 FPS 



TRANSMUTATION WASTE MANAGEMENT 
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FIGURE 1 



ACTINIDE WASTE PAYLOAD CONFIGURATION 

Lit! neutron shield-, 

W Fmna shield-, 

TYPICAL PAYLOADS 

TOTAL PAYLOAD - 3,270 KG (7,194 LBS) 
ACTINIDES - 191 OR 113 KG (420 OR 249 LBS) FOR 0.1% 
OR 1.0% FISSION PRODUCTS, RESPECTIVELY 

TOT4L FAYLOAD - 8,400 KG (18,480 LBS) 
ACTINIDES - 634 OR 384 KG (1,395 OR 845 LBS) FOR 0.1% 
OR 1.0% FISSION PRODUCTS, EESPECTIVELY 

FIGURE 2 
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TYPICAL WASTE DISPOS;:). SCHEDULE 
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DUAL FCT UPPER STAGE 

PAYiS.43 
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T i l l i  FROM REACTOR REMOVAL - DAYS 

F IGURE 10 
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ACTINIDE TO TOTAL PAYLOAD PACKAGE -- 
WEIGHT CHAFhZiERISTICS 

, 0.1% FISSION 
PRODUCTS 

0 lq+ --+ i I t -- + -- t 4 b 9 + . -4. - -+ t * I 

0 5 6 8 10 12 I4 16 18 2 0  

TOTAL WASTE PACKAGE - 1000 LBS 



ION STAGE AND PAYLOAD 
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I O N  STAGE ALTERNATE - 
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FCT COST AND PERFORHANCE DATA 



NATIONAL CEROXAUTICS AND SPACE ADMINISTRATION 
SE0c:li C U:RSYdLL SPACE F i l G U T  CErlTEP 

" I r w ; ~ ' i i t  ; r n t i  FL:GH- C C Y T F L .  i i ~ g & u &  358:z 

TO: .Johnson Space  C e n t e r  
Atm:  ERII - iuber t  P. D a v i s  

FROM: P F O 2 I  W .  G.  Huber  

SUB.JECT: Fill1 Capabi l i ty  Tup  P e r f o r m a n c e  and  C o s t  

REF. L e t t e r  E R - 7 5 - 0 2 7 ,  F u l l  Capabt l i ty  T u g  C o s t  and  
P o r f o r i n a n c e  D a t a ,  d a t e d  F e b r u a r y  21, 1475 

r\ttacheii a r e  the  p e r f o r m a n c e  and  c o s t  d a t a  f o r  t1:c F u l l  Capab i l i t y  

r r q i i e s t c d  : n  yoiir r e f e r e n c e d  l e t t e r .  The  c o s t s  a r e  t h o s e  that  

I c i i scussed  \+ith Mr. P e r l i c h  e a r l i e r  t h i s  week .  If you have  a n y  

f . l r t l ~c r  q u e s t i o n s ,  p l c a s e  d o  not  h e s i t a t e  t o  c a l l .  

Deputy h4anager  
Space  Tug T a s k  T e a m  
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