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ABSTRACT 

Th is  r e p o r t  covers t h e  second yea r  o f  a  m u l t i y e a r  research program 
on t h e  process ing and t q e  o f  e x t r a t e r r e s t r i a l  resources. The f i s c a l  yea r  1981 
r e s u l t s  a r e  r e ~ o r t e d  i n  JPL Pub1 i c a t i o n  82-41, dated A ~ r i l  15, 1982 and 
e n t i t l e d  ~ x t r a t e r r e s t r i a l  M a t e r i a l s  processing,  c h i e f  au tho r  ~ o l  fgang H. 
Steurer .  The r e p o r n s  subsequent ly  i d e n t i f i e d  as NASA CR 169268. A 
m u l t i y e a r  research p l a n  was a l s o  develoged i n  p a r a l l e l  w i t h  t h e  research 
a c t i v i t y  r e p o r t e d  here, The p lan  was submi t ted  t o  NASA under document JPL 
D-217, dated August, 1982. 

The research tasks  inc luded:  1) s i l i c a t e  processing,  2)  magma 
e l e c t r o l y s i s ,  3) vapor phase reduc t i on ,  and 4) meta ls  separat ion.  Concomitant 
s t u d i e s  inc luded:  1 )  energy systems, 2)  t r a n s p o r t a t i o n  systems, 3)  
u t i l i z a t i o n  a n a l y s i s ,  an3 4 )  resource e x p l o r a t i o n  missions.  Emphasis i n  
f i s c a l  y e a r  1982 was p laced on t h e  magma e l e c t r o l y s i s  and vapor phase 
r e d u c t i o n  processes (both  a n a l y t i c a l  and exper imenta l  ) f o r  separa t i on  o f  
oxygen and meta ls  f rom l u n a r  r e g o l i t h .  The e a r l y  exper imental  work on magma 
e l e c t r o l y s i s  r e s u l t e d  i n  gram q u a n t i t i e s  o f  i r o n  (mixed me ta l s )  and t h e  
i d e n t i  f i c 6 t i o n  o f  s i  gn i  Cicant  anode, cathode and c o n t a i n e r  problems. I n  t h e  
vapor phase r e d u c t i o n  task  a  d e t a i l e d  a n a l y s i s  of  va r ious  process concepts l e d  
t o  t h e  s e l e c t i o n  o f  two s p e c i f i c  processes des ignated as "Vapor Separa t ionN 
and " S e l e c t i v e  I o n i z a t i o n . "  Exper imental  work was d e f e r r e d  t o  f i s c a l  year  
1983. I n  t h e  S i l i c a t e  Processing Task a  thermophysical  model o f  t h e  c a s t i n g  
process was developed and used t o  s tudy t h e  e f f e c t  o f  v a r i a t i o n s  i n  m a t e r i a l  
p r o 2 e r t i e s  on t h e  c o o l i n g  behav ior  o f  l u n a r  basa l t .  

P r e l i m i n a r y  i n d i c a t i o n s  a r e  t h a t  t h e  power source i s  l i k e l y  t o  be 
t h e  most massive subsystem o f  an e x t r a t e r r e s t r i a l  m a t e r i a l s  proce:;ing 
f a c i l i t y .  Based on a  s imple  mass pay-back r a t i o n  f i g u r e - o f - m e r i t ,  chemical 
p r o p u l s i o n  systems u s i n g  near- term techno logy and oxygen produced a t  t h e  Moon 
can t r a n s p o r t  l u n a r  products  t o  low e a r t h  o r b i t  (LEO) f o r  n e t  gains i n  mass. 
I n  t h e  i l t i l i z a t i o r l  Ana lys is  Task, l u n a r  oxygen was i d e n t i f i e d  as t h e  most 
impor tan t  e a r l y  product  t o  be d e r i v e d  from space resources. I n  t h e  Resource 
Expl o ra t i o r ,  Missions Task, f o u r  impor tan t  u n c e r t a i n t i e s  (ques t i ons )  were 
examined: 1) water  a t  t h e  l u n a r  poles,  2)  e x i s t a n c e  o f  Ea r th  Tro jan 
as te ro ids ,  3 )  access ib le  "near -ear th"  a s t e r o i d s ,  and 4 )  l u n a r  t r a n s i e n t  
phenomena as i n d i c a t o r s  o f  gas depos i ts ,  
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PREFACE 

Th is  r e p o r t  documents t h e  research accomplished d u r i n g  t h e  second 
year  o f  J m u l t i y e a r  program on t h e  proc l s s i n g  and use o f  e x t r a t e r r e s t r i a l  
m a t e r i a l s .  The work was sponsored by t h e  NASA-OSSA M a t e r i a l s  Processing 
O f f i c e .  Dur ing  t h e  f i r s t  yea r  o f  t h e  program, research was c a r r i e d  o u t  under 
RTOP 179-29-62, " E x t r a t e r r e s t r i a l  M a t e r i a l s  Processing."  Res i t l t s  o f  t h e  
f i  t - s t  y e a r '  r; e f f o r t s  a r e  r e p o r t e d  i n  E x t r a t e r r e s t r i a l  M a t e r i a l  s  Processi  np, 
JPL P u b l i c a t i o n  82-41, NASA CR 169268, dated A p r i l  15, 1982, c h i e f  au tho r  
;do1 fgang H. S teurer .  

The work r e p o r t e d  here was c a r r i e d  o u t  under RTOP 176-46-20, 
"Research on t h e  Use o f  Space Resources." Th is  r e p o r t ,  c o v e r i n g  work com- 
p l e t e d  d u r i n g  t h e  second year, has been compi led by W i l l i a m  F. C a r r o l l  and 
Wolfgang H. S teu re r  f rom t e x t s  prepared by  t n e  p r i n c i p a l  t e c h n i c a l  con- 
t r i b u t o r s  % the  program. E d i t o r i a l  changes have been made by the  e d i t o r s ,  
b u t  t h e r e  as been no a t tempt  t o  r e w r i t e  t h e  t e x t  t o  produce u n i f o r m  s t y l e  
thr3u;!iout. Names o f  p r i n c i p a l  au thv rs  f o r  i n d i v i d u a l  sec t i ons  appear i n  the  
Table o f  Contents and i n  t h e  t e x t  i n  o r d e r  t o  i d e n t i f y  them w i t h  t h e i r  work, 
f o r  t h e  readers.  

In p a r a l l e l  w i t h  the  research r e p o r t e d  here, a  m u l t i y e a r  research 
p l a n  was developed. D e t a i l s  o f  t h e  p l i n  have been submi t ted  t o  NASA under 
document JPL D-217, dated August, 1982. 

Robert  A. Boundy, Task Manager 



EXECUTIVE SUMMARY 

R. A, BOUNDY 

Th is  r e p o r t  documents t h e  t e c h n i c a l  work completed d u r i n g  f i s c a l  
y e a r  1982 under t h e  program Research on t h e  Use o f  Space Resources (RUSR). It 
cont inued t h e  research on e x t r a t e r r e s t r i a l  m a t e r i a l s  p rocess ing  w i t h  emphasis 
on two a n a l y t i c a l  and exper imenta l  methods f o r  e x t r a c t i n g  oxygen and meta ls  
from luna r ,  and o ther ,  e x t r a t e r r e s t r i a l  su r face  ox ides and on a n a l y t i c a l  
s t u d i e s  o f  processes f o r  mixed-metal separat ion.  Work was a l s o  cont inued on 
methods f o r  f a b r i c a t i n g  u s e f u l  shapes from indigenous ox ides ( s i l i c a t e s ;  and a 
study was i n i t i a t e d  on mixed-metal separa t ion ,  S tud ies  were completed which 
c l a r i f i e d  t h e  c o n s t r a i n t s  and t h e  r o l e s  o f  p r o p u l s i o n  and energy techno logy on 
e x t r a t e r r e s t r i a l  m a t e r i a l s  processing.  A d d i t i o n a l  s t u d i e s  addressed t h e  
l i m i t s  o f  f e a s i b i l i t y  f o r  e x t r a t e r r e s t r i a l  products,  and t h e  requirements and 
approaches f o r  miss ions t o  extend our knowledge o f  space resources. 

Si 1 i c a t e  Process ing 

P r i o r  a n a l y t i c a i  and exper imenta l  work on f a b r i c a t i n g  u s e f u l  shapes 
from mixed l u n a r  ox ide  powders e s t a b l i s h e d  t h e  a t t a i n a b l e  p r o p e r t i e s  as a 
f u n c t i o n  o f  compaction, p rocess ing temperature, and c o o l i n g  r a t e .  Dur ing  t h i s  
pas t  r e p o r t i n g  p e r i o d  a thermophysical  model o f  t h e  c a s t i n g  process has been 
developed which i n c o r p o r a t e s  temperature-dependent p r o p e r t i e s  o f  m a t e r i a l s ,  
t h e  l i b e r a t i c n  o f  heat  on go ing from l i q u i d  t o  s o l i d  (heat  o f  s o l i d i f i c a t i o n ) ,  
and a c a p a b i l i t y  t o  va ry  t h e  p r o p e r t i e s  o f  t h e  mold, 1 i q u i d ,  and s o l i d  
independent ly  o f  one another. Th is  model has been u t i l i z e d  t o  s tudy t h e  
e f f e c t  o f  v a r i a t i o n s  i n  m a t e r i a l  p r o p e r t i e s  on t h e  c o o l i n g  behav ior  o f  a l u n a r  
basa l t .  

The thermophysical  model da ta  demonstrate t h a t  f o r  m a t e r i a l  w i t h  an 
e m i s s i v i t y  g r e a t e r  than approx imate ly  0.7 t h e  ra te -1  i m i t i n g  s tep  i n  t h e  
h e a t - t r a n s f e r  process i s  n o t  t h e  r a d i a t i o n  o f  heat  from t h e  su r face  bu t  r a t h e r  
t h e  r a t e  o f  heat t r a n s f e r  th rough t h e  s o l i d  ( f r e e  su r face )  and t h e  mold. At 
p resent  t h e  thermal  h i s t o r y  o f  t h e  cas t  b a s a l t  has been determined over  t h e  
t i m e  p e r i o d  r e q u i r e d  f o r  t h e  l a s t  remaining l i q u i d  t o  reach t h e  s o l i d u s  
temperature. The model, however, i s  q u i t e  general i n  n a t u r e  and can be used 
t o  f o l l o w  c o o l i n g  behav ior  o f  any m a t e r i a l  f o r  which s u f f i c i e n t  p r o ~ e r t y  data 
a r e  a v a i l a b l e .  

The p r e d i c t i o n s  o f  t h e  thermophysical  c a s t i n g  model a r e  based on 
t h e  r e s u l t s  o f  t h e  p r i o r  exper imenta l  c o o l i f i g  r a t e  s tud ies .  A l though t h e  
present  work i s  d iscussed i n  t h e  c o n t e x t  o f  l u n a r  m a t e r i a l s  and processes, t h e  
program scope a l s o  i n c l u d e s  a s t e r o i d s  and Mar t i an  moons as sources o f  s i l i c a t e  
m a t e r i a l s  f o r  study. 



Magma E l e c t r o l y s i s  

Magma means "molten rock." Usual ly  we understand, i n  t $ e  context  
o f  Magma E lec t r o l ys i s ,  a  me l t  composit ion s i m i l a r  t o  basal t ,  o r  t o  minera ls  
separated from basal t .  Magma E l e c t r o l y s i s ,  though s i m i l a r  i n  p r i n c i p l e ,  
d i f f e r s  considerably i n  p r a c t i c e  from "elect rowinn ing"  o f  metals as c a r r i e d  
out on Earth. Even i f  we compare on ly  processes conducted a t  h i gh  
temperature, t he re  a re  basic d i f fe rences .  For example, Magma E l e c t r o l y s i s  
employs no f l uo r i des  o r  o ther  f l u xes  t o  lower v i s c o s i t y  and a l t e r  reduct ion 
voltages. Also, i t  does not  employ a  consumable anode (e.g., g raph i te )  t o  
increase t he  d r i v i n g  fo rce  o f  t he  r eac t i on  o r  t o  avo id  t he  expense o f  a  
permanent anode capable o f  w i ths tanding the  h igh  temperature o f  the  process. 

For Magma E l e c t r o l y s i s  t o  work, one must f i r s t  me l t  the rock, us ing  
heat alone (no f l u x ) .  This puts  t he  grocess i n  t he  range 1500-2000 K, o r  mors 
r e a l i s t i c a l l y ,  1800-2000 K. The s t r a i n  t h i s  puts on ma te r i a l s  o f  cons t ruc t ion  
i s  extreme. For tunate ly ,  much o f  t h i s  s t r a i n  can be re l ieved ,  on t h e  works 
scale, by p roper l y  designiny t he  thermal c~rad ien ts  w i t h i n  trle c e l l .  However, 
on t he  labora to ry  scale t h e  problems can be severe. 

Analysis has shown t h a t  semiconduction, as opposed t o  i o n i c  
conduction, must be avoided. Semiconduction i s  e s s e n t i a l l y  a  p a r a s i t i c  
process de t rac t i ng  from the  manufacture o f  use fu l  products, namely oxygen and 
metals. Dur ing t he  r e p o r t i n g  pe r i od  several experimental s tud ies  were 
i n i t i a t e d .  Thsse inc luded conduc t i v i t y  measurements o f  magma samples i n  
molybdenum c ruc i b l es  and d i  rec t -cu r ren t  magma e l e c t r o l y s i s  experiments. These 
conduc t i v i t y  experiments es tab l i shed  t h a t  molten basa l t  i s  conduct ive encugh 
t o  support e l e c t r o l y s i s ,  even a t  temperatures j u s t  above t he  1 i qu idus  1 ine. 
Since these and re l a ted  s tud ies have shown t h a t  the  conduc t i v i t y  of magma 
increases w i t h  temperature, the  feas i  b i  1  i t y  o f  Magma E l e c t r o l y s i s  was thus 
f i r m l y  establ ished. Represeotative experimental data are given i n  t h e  repor t .  

The experimental work on Magma E l e c t r o l y s i s  using b i tsa l t  r esu l t ed  
i n  t h e  product ion o f  gram q u a n t i t i e s  o f  i r o n  (mixed meta l )  and t he  
i d e n t i f i c a t i o n  o f  s i g n i f i c a n t  anode, cathode, and conta iner  problems. These 
are discussed i n  d e t a i l  i n  t he  body o f  t h i s  repor t .  

Vapor Phase Reduction 

An a l t e r n a t e  process f o r  the  e x t r a c t i o n  o f  metals and oxygen from 
b a s a l t i c  raw mate r ia l ,  most abundant i n  near-space, i s  "Vapor Phase 
Reduction." This process employs t he  gaseous s ta te ,  e i t h e r  i n  t he  form of 
d issoc ia ted  vapor, o r  i n  the  form o f  a  thermal plasma. It i s  character ized by 
t o t a l  re1 iance on environmental space resources, p r i m a r i l y  vacuum and sa la r  
energy, thus e l i m i n a t i n g  the need f o r  consumables from Earth. 

Ana l y t i ca l  s tud ies o f  a  number o f  s p e c i f i c  processing concepts l e d  
t o  the  adoption o f  two processes f o r  in-depth study, designated as "Vapor 
Separation" and "Se lec t i ve  I on i za t i on . "  I n  the  r epo r t i ng  per iod,  t he  
eva luat ion o f  these processes was conf ined t o  a n a l y t i c a l  s tud ies,  wh i le  
experimental v e r i f i c a t i o n  das defer red t o  FY'83. 



The "Vapor Separation" process i s  aimed a t  the  product ion o f  
oxygen, which has been i d e n t i f i e d  as the  most des i rab le  product f o r  n e a r - t e n  
space operations. I n  t h i s  process, the  granulated raw-materi a1 oxides are 
vaporized and t he  temperature ra ised  t o  a  p o i n t  where d i ssoc ia t i on  takes p lace 
and a subs tan t ia l  amount o f  oxygen i s  set  f ree.  Rapid coo l i ng  o f  the  
d issoc ia ted  vapor t o  a  d i s c r e t e  temperature causes condensation o f  the  oxides 
and suboxides wh i le  t he  f r e e  oxygen remains i n t a c t  and can be c o l l e c t e d  
downstream. The re1 a t i  ve ly  1  ow operat iona l  temperature o f  2500-3000 K permi ts  
extensive use o f  d i r e c t  (concentrated) s o l a r  energy, which reduces the  t o t a l  
f ac i  1  i t y  mass subs tan t i a l l y ,  i n  con t ras t  t o  t h e  use o f  s o l a r - e l e c t r i c  energy. 

The a n a l y t i c a l  s tud ies comprised: (1) the  d e f i n i t i o n  o f  t he  vapor 
composit ion a t  temperatures from 500 t o  3000 K i n  terms o f  p a r t i a l  pressures 
o f  oxygen and other  d i ssoc ia t i on  species--data were generated f o r  i n d i v i d u a l  
oxides, as we1 1 as f o r  ox ide mix tures representat ive o f  e x t r a t e r r e s t r i a l  
basa l t ;  (2) d e f i n i t i o n  o f  oxygen y i e l d  i n  weight percent o f  the  s t a r t i n g  
mate r ia l  which was found t o  be i n  t he  order o f  20-25%; (3)  assessment of 
energy requi  rements. 

The "Se lec t i ve  I o n i z a t i o n "  process takes advantage o f  t he  
i o n i z a t i o n  gap between metals and oxygen i n  t he  7000-10,000 K regime. 
Separation i s  achieved i n  an e l e c t r o s t a t i c  o r  electromagnet ic f i e l d ,  where t h e  
h i gh l y  ion ized  rnetal s are ex t rac ted  wh i l e  the e s s e n t i a l l y  neu t ra l  oxygen 
continues t o  f l ow downstream f o r  recovery. 

I n  the  a n a l y t i c a l  s tud ies a  single-element approach was employed 
f o r  the g e ~ e r a t i o n  o f  numerical data on the  e q u i l i b r i u m  r a t i o  o f  
ion ized- to-neut ra l  atoms over the temperature range from 4000 t o  10,000 K. 
The r e s u l t s  were then t r ans la ted  i n t o  product y i e l d .  The t h e o r e t i c a l l y  
obtained y i e l d  a t  80C0 K i s  37% metals and 25% oxygen, and a t  10,000 K 51% and 
38%, respect ive ly .  Ten ta t i ve  ca l cu l a t i ons  place the  net  energy requirements 
a t  approximately 35,009 kWh/ton f o r  oxygen (on l y )  and 26,000 f o r  metals, and 
a t  15,000 kWh/ton when both metals and oxygen are recovered simultaneously. 

The e f f o r t s  on both processes f u r t h e r  inc luded p re l im ina ry  f a c i l i t y  
design s tud ies and mass estimates. 

t ' e ta ls  Separation 

Both Magma E l e c t r o l y s i s  and Vapor Phase Reduction processes are 
l i k e l y  t o  prgduce ( i n  a d d i t i o n  t o  oxygen) metal mix tures vihich w i l l  r equ i r e  
fu r the r  processing i n t o  usefu l  metal products. A study was i n i t i a t e d  t o  
address t h i s  subject .  

T? understand why mixes a re  l f  ke l y  t o  be produced, i t  i s  necessary 
t o  grasp why processes t h a t  proved successful i n  metal winning on Earth are 
no t  considered f o r  e x t r a t e r r e s t r i a l  mate r ia l s  processing. Nei thera the  Moon 
nor the asteroids,  as f a r  as we know, conta in  "ores" i n  the  t e r r e s t r i a l  sense: 
t h a t  i s ,  concentrat ions o f  metal s u l f i d e s  o r  o ther  compounds t h a t  have been 
deposited i n  l i m i t e d  areas and show concent ra t ion f ac to r s  o f  3 t o  20 orders o f  
magnitude. Any me ta l l u rg i ca l  process conducted on t he  Moon must r e l y  on an 



absolute minimum o f  imported mate r ia l s .  Water, f l uo r i des ,  ch lo r ides ,  etc., 
which have proved so use fu l  i n  t e r r e s t r i a l  metal winning, have no p a r t  i n  
lunar  metal lurgy.  

The study i d e n t i f i e d  vacuum d i s t i l  l a t i o n  as the  most e f f e c t i v e  way 
(g iven 1  unar cond i t i ons )  t o  separate c r i t i c a l  p a i r s  o f  metals. D i s t i  1  l a t i o n  
may be used, f o r  example, t o  p u r i f y  aluminum f o r  s t r u c t u r a l  purposes; t o  
p u r i f y  s i l i c o n  f o r  e l e c t r o n i c  purposes; and t o  p u r i f y  t he  a l k a l i  and 
a l ka l i ne -ea r t h  metals. O f  these, magnesium and calc ium may be used fo r  
s t r u c t u r a l  purposes, and a l l  nay be used f o r  chemical service.  

D i s t i l l a t i o n  may be p o t e n t i a l l y  used t o  p u r i f y  t i t a n i u m  f o r  
s t r u c t u r a l  purposes. Mod i f ied  by p re l im inary  chemical steps, such as 
1  i qua t i on  o r  reac t ion  w i t h  lunar-abundant elements, d i s t i  1  l a t i o n  may be 
po ten t i a l  l y  used t o  u l  t r a p u r i  f y  a1 umi num f o r  e l e c t r i c a l  c o n d u c t i v i t y  or  
semiconductor use, and t o  prov ide a l t e r n a t e  routes t o  the  u l t r a p u r i f i c a t i o n  c: 
s i l i c o n .  

Energy Systems 

Energy systems may handle energy i n  var ious ways t o  perform fou r  
general func t ions :  ( 1 )  c o l l e c t i o n ,  (2)  conversion, (3 )  storage, and ( 4 )  
transmission. Energy systems may deal w i t h  energy i n  any one of i t s  several 
forms, i.e., mechanical, thermal, e l e c t r i c a l ,  magnetic, e lectromagnet ic,  
chemical, and nuclear.  The o b j e c t i v e  of t h e  RUSR energy s tud ies  i s  t o  prov ide 
er~ergy i n  t he  most economical manner fo r  a l l  the  major energy-consuming 
elements under the  envis ioned operat iona l  condi t ions.  

For t he  f u t u r e  opera t ing  processing f a c i l i t y ,  one can i d e n t i f y  t h ree  
major categor ies o f  operat ion t h a t  w i l l  r equ i r e  t he  use o f  energy systems: 
(1) mate r ia l  cond i t i on ing  and processing, (2 )  t r anspo r t a t i on ,  and ( 3 )  
miscel laneous support operat ions (crew support, housekeeping, communications, 
etc.) .  These operat ions may be c a r r i e d  on a t  d i f f e r e n t  l oca t i ons  depending on 
eventual ove ra l l  design. For any one operat ion,  the c h a r a c t e r i s t i c s  o f  these 
d i  f f e re r l t  l oca t ions  w i  11 i n f l uence  the  choice o f  the  appropr ia te  energy system 
reqqi red t o  perform a  c e r t a i n  funct ion.  The c h a r a c t e r i s t i c s  o f  these 
i oca t i ons  i n s o f a r  as they i n f l uence  the  choice o f  energy systems a re  
d i  scussed. 

The general opera.'.ions (mate r ia l  processing, t r anspo r t a t i on ,  and 
miscellaneous support)  w i  11 r equ i r e  energy i n  e i t h e r  e l e c t r i c a l  o r  thermal 
form. Some mate r ia l  -processing and mate r ia l  - cond i t i o c i ng  operat ions w i  11 be 
ab:e t o  u t i l i z e  d i r e c t  thermal power wh i l e  o thers  w i l l  need e l e c t r i c a l  power. 
The ma jo r i t y  o f  the t r anspo r t a t i on  and miscellaneous operat ions w i l l  r equ i r e  
t h e i r  energy t o  be provided i n  the  form o f  e l e c t r i c a l  power. For r ea l  i s t i c  
scenarios, on ly  nuclear and so la r  e~?ergy sources can be considered. Waste 
thermal power from mater ia l -process ing funct ions may a l so  be recovered and 
recycled, but t h i s  cannot be considered an energy source. The p re l im ina ry  
energy requirements per t on  of process output  f o r  t he  s p e c i f i c  processes under 
each general operat ion were determined. 

v i i i  



Pre l im inary  i nd i ca t i ons  a re  t h a t  the  power subsystem i s  l i k e l y  t o  
be by f a r  the  most massive subsystem of an e x t r a t e r r e s t r i a l  ma te r i a l s  
processing f a c i l i t y .  Therefore any steps t h a t  can be taker1 t o  reduce the  
imported mass of t he  power system may have l a rge  bene f i t s .  The l z r g e s t  
f r a c t i o n  o f  the  power system w i l l  be t h e  power-source i t s e l f ,  most l i k e l y  
e i t h e r  a  s o l a r  a r ray  o r  nuc lear  reac to r  power source. Both o f  these sources 
can conceivably supply power from 10-1000 kWe a t  100 t o  1000 v o l t s  DC o r  
HC. The study i d e n t i f i e d  several power-source components which m i  ,ht be lalade 
from e x t r a t e r r e s t r i a l  mater ia ls .  These inc luded the  cover glasses which 
s h i e l d  so la r  c e l l s  from UV and some p a r t i c u l a t e  r ad ia t i on ;  t he  r a d i a t i o n  
s h i e l d  f o r  t he  nuc lear  reac to r  power source; and l a rge  cur ren t  conductors. 

Several usefu l  Energy System tab les  a re  given i n  the  repor t .  These 
inc lude Locat ion Charac te r i s t i cs ,  Energy Requirements, Power Requirements, 
Energy Col l e c t i  on Systems, Energy Conversion Systems, Energy Transmission 
Systems, and Energy Storage Systems. The l a t t e r  f o ~ r  i n d i c a t e  t h e  s ta tus  o f  
technology i n  these areas. 

Transpor ta t ion 

Space-based t r anspo r t a t i on  systems f o r  t he  t r anspo r t  of 
e x t r a t e r r e s t r i a l  mate r ia l s  from t h e i r  p o i n t  of w i g i n  (e.g., l unar  surface) t o  
f i n a l  de l i ve r y  p o i n t  i n  Ear th  o r b i t  and t ranspor t  o f  equipment and suppl ies  
f o r  e x t r a t e r r e s t r i a l  processing t o  t he  operat iona l  s i t e  were analyzed. The 
emphasis has been on t he  use o f  near-term (pre-year-2000) propuls ion systems, 
such as advanced chemical (H,/02) and nuc lea r -e l ec t r i c  systems. More e x o t i c  
systems (mass d r i ve rs ,  nuclear-thermal rockets,  etc.) were a1 so considered t o  
evaluate t he  p o t e n t i a l  t o  be gained by use o f  post-year-2000 technologies.  
F i n a l l y ,  the  e f f e c t s  o f  us ing e x t r a t e r r e s t r i a l  p rope l lan ts  (e.g., l unar -  
der ived 0, f o r  chemical systems) were compared t o  those o f  p ropu ls ion  systems 
de r i v i ag  a l l  o r  p a r t  of t h e i r  p rope l lan ts  from Earth. 

I n  t h i s  yea r ' s  e f f o r t s ,  t r a n s p o r t a t i o r ~  o f  mate r ia l s  t o  and from 
Ear th-orb i  t and the  lunar  surface has been emphasized. Transpor ta t ion f o r  
as te ro ida l  mate r ia l s  was a l so  considered, bu t  i n  less d e t a i l .  Near-term 
propuls ion systems were emphasized s ince t he  technology base being developed 
f o r  space-based o r b i t  t r a n s f e r  veh ic les  (OTVs) designed f o r  Ea r t h -o rb i t  
t r ans fe r s  can be app l ied  dl  r e c t l y  t o  Ear th-orb i  t-to-Moon o r  a s t e r o i d  
vehicles. This i s  espec ia l l y  important economically, s ince t he  Ear th-orb i  t 
sate1 1  i t e  market w i  11 d r i  ye and support development o f  space-based OPV 
techno1 ogy independently o f ,  and probably p r i o r  t o ,  an e x t r a t e r r e s t r i a l  
mate r ia l s  program, 

Based on a  simple mass pay-back r a t i o  (MPBR) f igure-of -mer i t ,  t he  
f o l l ow ing  conclusions are drawn: 

(1) Chemical propuls ion systems using near-term technology 
(aerobraking, space-based H2/02 OTVs, ISp = 460 s, O/F = 6  



engines) can t r anspo r t  l unar  mate r ia l  t o  LEO o r  GEO f o r  ne t  
gains i n  mass. The MPBRs found f o r  t he  base1 i ne  chemical 
system are h i g h l y  s i g n i f i c a n t  s ince they a re  l a r g e  enough t o  
be p o t e n t i a l l y  a t t r a c t i v e  wi thout  the  need t o  develop any new 
major technologies.  

(2)  There a re  several  opt ions ava i l ab l e  t h a t  can prov ide 
s i g n i f i c a n t  (but  no t  dramat ic)  improvements i n  MPBR. These 
inc lude  t he  r e l a t i v e l y  near-term e l e c t r i c  p ropu ls ion  system 
using 50- t o  100-cm A r  e l e c t r i c  th rus te rs .  

(3)  For as te ro i d  mate r ia l s ,  on ly  Earth-Trojan as te ro ids  appear t o  
o f f e r  s i g n i f i c a n t  promise on a mass basis, a l though the  
presence o f  va luable  resources (H2 from H20, etc.)  might 
change t h i s  concl u s i  on 

(4 )  Most advanced systems, 1  i ke nuc lwr - the rma l  rockets,  are less  
e f f e c t i v e  than chemical systems s ince a l l  t he  nuc lear  rocke t  
p rope l l an t  (LH2) would have t o  be suppl ied from Earth, 
assuming no lunar  ti2. 

( 5 )  Spec i f i c  technologies and veh ic le  components requi  red fo r  a  
lunar  mate r ia l s  program would be d i r e c t l y  adaptable from OTVs 
developed i n  t he  next few decades t o  s a t i s f y  LEO-to-GEO 
sate1 1 i t e  t r a f f i c  demands ( independent ly o f  a  1  unar mate r ia l  s  
program). 

(6) F i n a l l y ,  the re  i s  a  nontechnology issue t h a t  v a s t l y  
overshadows a1 1 others,  i .e., the discovery o f  a source of 
l unar  hydrogen. This cou ld  y i e l d  i n f i n i t e  MPBRs by 
e l i m i n a t i n g  t he  need f o r  any ti2 from Earth. 

U t i l i z a t i o n  Analysis 

It requi res 7 t imes more energy t o  go from Ea r th ' s  surfL:e t o  low 
Ear th  o r b i t  (LEO) than i t  does from the  Moon t o  LEO. LEO i s  p a r t i c u l a r l y  
important s ince t h a t  i s  the  o r b i t  i n  which i n i t i a l  la rge-sca le  u t i l i z a t i o n  o f  
space i s  l i k e l y  t o  occur- - for  example--in the form o f  macufacturing, micro-g 
science experiments, astronomical and ast rophys ica l  observat ions,  and s tag ing 
of spacecraf t  fo r  geostat ionary  o r  i n t e rp l ane ta r y  o r b i t s .  A t  t imes, i t  
requ i res  even less  energy t o  go from sGme as te ro ids  t o  LEO than from the Moon 
t o  LEO. Launch energies t o  niost h igher Earth o r b i t s  o r  t o  i n t e rp l ane ta r y  
t r a j e c t o r i e s  are even more favorable t o  payloads o f  l unar  o r  as te ro i da l  
o r i g i n .  Therefore, the re  may be advantages t o  be gained from the  use o f  
e x t r a t e r r e s t r i a l  mater 'a ls i n  large-sca le  space operat ions.  

The cond i t i ons  under which such advantages a re  poss ib le  have been 
examined. The bas is  f o r  t he  eva lua t ion  i s  an examination o f  t h e  mass o f  
Ea r t h -o r i g i n  suppl ies  and equipment requi red t o  praduce and t r anspo r t  
e x t r a t e r r e s t r i a l  mate r ia l s ,  compared t o  the  mass o f  convent ional  Ea r t h -o r i g i n  



space hardware or  mate r ia l s  t h a t  might be displaced. The f o l l o w i n g  i s  a l i s t  
o f  some o f  the  c o n c l u s i o ~ ~ s  reached as a r e s u l t  o f  the  analyses. 

(1) Lunar products f o r  use i n  LEO o r  GEO: 

(a )  Lunar U2 o r  some no~conven t iona l  form of p ropu ls ion  
(e.g,, an electron~clgnet ic launcher)  i s  requ i red  fo r  
t r anspo r t a t i on  i n  order f o r  any product t o  be p r a c t i c a l .  

(b) Products whose performance i s  d i  r e c t l y  p ropor t iona l  t o  
mass (e.g., l una r  0 f o r  propuls ion, l una r  products fo r  
r a d i a t i o n  shielding! appear t o  have a h i gh  p r o b a b l i l t y  o f  
s i g n i f i c a n t  advantage over comparable t e r r e s t r i a l  
products. 

( c )  S t r uc tu ra l  meta l -a l loy  pa r t s  a re  no t  l i k e l y  t o  be v i a b l e  
e a r l y  candidates unless t h e i r  performance c l o s e l y  
approaches comparable t e r r e s t r i  a1 products. 

( d )  Components made from unref ined o r  p a r t i a l l y  re f ined  l una r  
surface mate r ia l  ( " lunar  b r i c ks " )  which f unc t i on  
p r i m a r i l y  as s t r u c t u r e  a re  very u n l i k e l y  t o  be 
compet i t i ve , 

( e )  Products which requ i r e  product ion f a c i  1 i t i  es and 
processing a ids  o r  reagents on t he  Moon i n  excess o f  a 
few percent (1-3%) o f  the  l i f e  cyc l e  -oduct mass are 
very unl  i keSy t o  be compet i t ive.  

(2)  Astero ida l  products f o r  use i n  Earth o r b i t  requ i re  l ess  
t r anspo r t  energy than from the  Moon. While t h i s  d i f f e rence  
may improve the  p o t e n t i a l  advantages o f  e x t r a t e r r e s t r i a l  
mate r ia l s ,  i t  i s  u n l i k e l y  t o  r e s u l t  i n  conclusions which are 
s i g n i f i c a n t l y  d i f f e r e n t  from those regard ing 1 unar products. 

(3) I n  t h e  case o f  l una r  products f o r  use on the  Moon, t h e  
cond i t i ons  under which an advantage can be shown over 
t e r r e s t r i a l  compet i t ion a re  s i g n i f i c a n t l y  less  constrained. 

( a )  Lunar products are compet i t ive  even w i t h  a performance 
disadvantage o f  20 t o  100 compared t o  t e r r e s t r i a l  
counterparts.  This appears t o  a1 low t he  use of ceramic 
s t r u c t u r a l  pa r t s  made from lunar  surface ma te r i a l s  and 
metal s t r u c t u r a l  /mechanical products w i t h  re1 a t i  ve ly  
"crude" composit ion and shape. 

( b )  For products where performance i s  equiva lent  t o  
t e r r e s t r i a l  compet i t ion,  t o t a l  imports, i n c l u d i n g  
product ion f a c i  1 i t y ,  energy supply, and expendable 
processing a ids l reagents  can approach the l i f e - c y c l e  mass 
of the product. (Th is  cond i t i on  app l ies  on ly  f o r  
products w i t h  a l a rge  p o t e n t i a l  trarket on the  Moon.) -- 



(4) Manned operat ions w i l l  be p r a c t i c a l  oniy for  i n i t i a l  
exp lo ra t i on  and poss ib ly  f o r  nonrout ine mcintenance. 

( 5 )  E x t r a t e r r e s t r i a l  ma te r i a l s  w i l l  be p r a c t i c a l  only f o r  
operat ions r e q u i r i n g  l a rge  q u a n t i t i e s  ( tons lyear )  of 
i n d i  v idua l  products. 

Resource Explorat ion Missions 

Ear ly  ana lys is  ind ica tes  t h a t  the  t e  o f  c e r t a i n  n o n t e r r e s t r i a l  
resources may be commercial l y  advantageous w i t h i n  two decades. Oxygen from 
the  Moon p resen t l y  appears t o  be the  most l i k e l y  candidate f o r  an i n i t i a l  
space-resource product:  i n  t h i s  case, a product t o  be used f o r  p rope l l an t  f o r  
o rb i  t t r ans fe r  veh ic les  (OTVs) ca r r y i ng  high-val  ue cargo from low Ear th  o r b i t  
(LEO) t o  geostat ionary Ear th  o r b i t  (GEO). Such OT!'$ would u t i l i z e  hydrogen as 
a fue l ,  t o  be burned w i t h  oxygen; the  l a t t e r  represents about 60% o f  the  gross 
loaded mass o f  an OTV, and about 4 t imes the  use fu l  payload mass. 

Strong advantages have been i d e n t i f i e d  (by Fr isbee, Ca r ro l l ,  and 
Staehle) i f  hydrogen could be found along w i t h  oxygen i n  usefu l ,  access ib le  
quan t i t i es .  A t  t h i s  t ime t he re  i s  no known source o f  both hydrogen and oxygen 
t h a t  neets both the  favorab le  concent ra t ion and t he  accessi b i  1 i t y  c r i t e r i a  
(Mars i s  r a the r  inaccess ib le ,  wh i le  known lunar  hydrogen i s  a t  a very low 
concentrat i on  .) However, the re  are good reasons t o  suspect undiscovered 
hydrogen sources on t he  Moon and among t he  astero ids.  

Other resources o f  p o t e n t i a l l y  h igh  value tray a lso  e x i s t ,  
p a r t i c u l a r l y  among t he  near-Earth astero ids.  Dur iog f i s c a l  year  1982, 
Resource Explorat ion Mission activities focused on j d e n t i f y i n g  the p o t e n t i a l l y  
important ea r l y  ?esources, i d e n t i f y i n g  the  key unce r t a i n t i es  regard ing t h e i r  
presence i n  access ib le  loca t ions ,  and proposing methods o f  r esc i  v ing  those 
uncer ta in t ies .  

. 'so dur ing  1982, 4 o f  the 10 most access ib le  known as te ro ids  were 
discovered using ground-based photographic searches, Two o f  these, 1982 DB 
and 1982 XB, were discovered by Eleanor He1 i n  o f  JPL, whose work was p a r t i a l  l y  
supported by t h i s  program. O f  t he  " top ten"  as te ro ids ,  th2se rank f i r s t  and 
four th ,  respect ive ly ,  i n  terms o f  lowest energy t o  reach them from Ear th  us ing 
an optimal b a l l i s t i c  t r a j e c t o r y ,  They a l s o  rank f i r s t  and second i n  lowest 
energy o f  b a l l i s t i c  r e t u r n  t o  Earth us ing aerscapture, a parameter of greatest  
importance when cons ider ing the a c c e s s i b i l i t y  o f  ma te r i a l s  f o r  use i n  Ear th  
o r b i t  . 

The present e x t r a t e r r e s t r i a l  mater ia ls -process ing research program, 
b'ised on known na tu ra l  a v a i l a b i l i t y ,  i s  planned w i t h  t he  f l e x i b i l i t y  t o  take 
advantage o f  any newly discovered resources. Four p a r t i c u l a r  unce r t a i n t i es  
regarding resource avai  1 ab i  1 i ty are  key issues i n  focusing processing- 
technology development. The sooner these unce r t a i n t i es  can be I esol  ved, t he  
sooner a sound space-resource u t i l i z a t i o n  scenar io may be constructed, 
a l low ing  a1 i re levan t  technology areas t o  be focused much more e f f e c t i v e l y  



than i s  poss ib le  today. These f ou r  uncer ta in t ies ,  i n  descending order  o f  
p r i o r i t y ,  are: 

(1) I s  the re  water (or  o ther  v o l a t i l e  i ces  con ta i n i ng  H o r  C) a t  
t h e  l una r  poles? 

(2 )  Do Earth-Trojan astero ids ex i s t ,  and i f  sc, what a re  t h e i r  
o r b i t a l  parameters, what resources do they harbor, and how 
l a r g e  a re  they? 

(3) Are t he re  e a s i l y  access ib le  as te ro ids  (i .e., l ow- inc l  i n a t i o n  
"near-Earth" as te ro i ds )  w i t h  water o r  w i t h  subs tan t i a l  
q u a ~ t i t i e s  o f  f r ee  metals a t  o r  near t h e i r  surfaces? 

( 4 )  Do t r a n s i e n t  l una r  phenomena i n d i c a t e  t h e  ex is tence o f  
subs tan t ia l  gas o r  v o l a t i l e  i c e  depos i ts  on t he  ML,on, and i f  
so, what gases o f  resource importance a re  ava i l ab l e?  

A p o s i t i v e  answer as e a r l y  as poss ib le  t o  any o f  these quest ions 
would be o f  great value by p rov i d i ng  a  focus f o r  e a r l y  r e s o u r c e - u t i l i z a t i o n  
research. 
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INTRODUCTION 

W i  11 iam F. Car ro l l  and Wolfgang H. Steurer 

1.1 BACKGROUND 

This repor t  covers the  second year of a  mul t iyear  research program 
on the processing and use o f  e x t r a t e r r e s t r i a l  resources. The i n i t i a l  year 's  
resu l t s  are reDorted i n  JPL Publ icat ion 82-41. dated A ~ r i l  15. 1982 and 
e n t i t l e d  ~ x t r a t e r r e s t r i a l  Mater ia ls  ~ r o c e s s i n ~ ,  ch ie f  author I.H. Steurer. 
The repor t  was subsequently i d e n t i f i e d  as NAS CR 169268. 

This repor t  w i l l  cover only  work completed dur ing the second year 
o f  the program and w i  11 not dupl icate resu l t s  included i n  the f i r s t ,  exceDt 
where r e p e t i t i o n  i s  essent ia l  f o r  c l a r i t y .  The reader i s  re fe r red  t o  
prev iously  d i s t r i b u t e d  copies o f  the JPL repor t  o r  t o  copies avs i lab le  through 
NASA. 

A mul t iyear  research plan was a lso developed i n  p a r a l l e l  w i th  the 
a c t i v i t y  reported here. The d e t a i l s  o f  t ha t  p lan have been submitted t o  NASA 
under document JPL 0-217, d a ~ e d  August, 1982. 

The p r i n c i p a l  resu l t s  o f  the  work reported here are: research on 
the  three key processes selected f o r  de ta i l ed  evaluat ion and Covered i n  
Sections 2, 3, and 4; analysis o f  metal refinement and other processes 
reported i n  Sections 5  and 6; assessment o f  supporting technology i n  Section 
7; analysis o f  the po ten t i a l  u t i l i t y  o f  e x t r a t e r r e s t r i a l  mater ia ls  i n  the 
near-term, e.g., 2-3 decades, and probable constra ints  on u t i l i z a t i o n  i n  
Section 8; and progress, needs, opportuni t ies,  and requirements for 
explorat ion i n  Section 9. 

The primary mot ivat ion for  i n t e r e s t  i n  the use o f  e x t r a t e r r e s t i r a l  
resources i s  the d i f f i c u l t y  o f  launching mater ia ls  from the Ear th 's  surface. 
It takes 7 times more energy t o  get 1 kg from the Earth 's  surface t o  Low Earth 
Orb i t  (LEO) than i t  does t o  move 1 kg from the  Moon t o  LEO. Thus, a t  l eas t  
some pa r t  of the materials,  equipment, and supplies f o r  large-scale space 
operations might be suppl i e d  from e x t r a t e r r e s t r i a l  sources, reducing the 
requirements f o r  cost ly ,  energy-intensive launches from Earth. 

E x t r a t e r r e s t r i a l  mater ia ls  are no t  " f reen - - the i r  production, 
transport,  and use w i l l  requi re some equipment and supplies tha t  must be 
launched from Earth. The magnitude of such equipment and supplies, compared 
t o  the amount and funct ion o f  the e x t r a t e r r e s t r i a l  products, w i l l  determine 
whether there i s  a  net advantage t o  be gained from the use o f  e x t r a t e r r e s t r i a l  
materials. 

Current ly,  candidate processes, process e f f i c ienc ies ,  equipment 
requirements, and product charac ter is t i cs  are not well-enough understood t o  
accurately determine the p r a c t i c a l i t y  and/or l i m i t s  o f  the use o f  
e x t r a t e r r e s t r i a l  materials. 



As a r e s u l t ,  t he  pr imary o b j e c t i v e  o f  t h e  present  research i s  t o  
develop t he  in fo rmat ion  necessary t o  make meaningful comparisons, These 
comparisons a re  necessary t o  make o b j e c t i v e  dec is ions  whether o r  no t  t o  
proceed w i t h  t h e  major engineer ing development programs necessary t o  develop 
processes and product; f o r  e x t r a t e r r e s t r i a l  use. A second o b j e c t i v e  i s  t o  
p rov ide  t he  techn ica l  base f o r  such development i n  t h e  event o f  a p o s i t i v e  
decis ion.  

1.2 APPROACH 

1.2.1 Programmatic D e f i n i t i o n  

Dur ing f i s c a l  year  1981, a broadly  based program was pursued, 
i nc l ud ing  analyses of  e x t r a t e r r e s t r i a l  resources ( s t a r t i n g  w i t h  raw 
ma te r i a l s ) ,  min ing and ma te r i a l  cond i t i on ing ,  and pr imary and secondary 
processing. The r e s u l t s  o f  t h i s  broad examination formed t h e  basis,  i n  t h e  
second year,  of t h e  research on spec i f i c  se lected processes, and o f  t he  
examination o f  c r i t i c a l  suppor t ing technologies.  I t  a l s o  prov ided t,he 
background f o r  more d e t a i l e d  analyses o f  t h e  var ious processes, processing 
systems, and candidate products i n  o rder  t o  examine and document perspect ives 
o f  e x t r a t e r r e s t r i a l  ma te r i a l  a ~ p l i c a t i o n s  and l i m i t a t i o n s .  

The general approach, and t h e  bas is  f o r  t h e  research and f o r  t h e  
long-range plan, i s  the  maximum use o f  bo th  t he  indigenous ma te r i a l s  and t he  
ex tan t  environment o f  space. The d i r e c t  adap ta t ion  o f  t e r r e s t r i a l  mining, 
cond i t i on ing ,  ex t r ac t i on ,  and manufactur ing processes t o  t h e  space environment 
i s  no t  considered a v i a b l e  approach. Therefore, t h e  research p r i m a r i l y  
emphasizes a p p l i c a t i o n  o f  t he  bas ic  chemistry and phys ics  t o  t h e  examination 
o f  candidate processes and products r a t h e r  than emphasis on convent ional  
processes (e.g., convent ional  e x t r a c t i v e  meta l lu rgy ) .  

There a r e  l a r g e  numbers o f  p o t e n t i a l  candidate s t a r t i n g  mate r ia l s ,  
processes, products,  and end-uses which can be considered f o r  e x t r a t e r r e s t r i a l  
operat ions,  The var ious i n d i v i d u a l  and se lec ted  combined op t ions  i d e n t i f i e d  
du r i ng  t he  f i r s t  year  a re  summarized i n  Table 1-1. From Table 1-1, i t  becomes 
obvious t h a t  t h e  very l a r g e  number o f  combinations makes i t  essen t i a l  t h a t  a 
systematic approach be used t o  e s t a b l i s h  p r i o r i t i e s ,  

The methodology which has been used t o  examine c lasses o f  op t ions  
and t h e  r e s u l t s  of t he  examination are descr ibed i n  d e t a i l  i n  Sect ion 8.0. 
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1.2.2. P r i o r i t i e s  

I f  we examine probable scenar ios s t a r t i n g  w i t h  "use", Low Ear th  
O r b i t  becomes t he  most probable f i r s t  s i t e  f o r  major space operat ions.  LEO i s  
c u r r e n t l y  reachable w i t h  l a rge  payloads and f o r  manned operat ions w i t h  t h e  
Space Shut t le .  I t  i s  below t h e  r a d i a t i o n  b e l t s  and t he re fo re  hab i t ab l e  f o r  
extended per iods.  LEO i s  a lso  the  most probable t r a n s f e r  p o i n t  f o r  
Shutt le- launched communication s a t e l l i t e s  f o r  geosynchronous o r b i t  (GEO) and 
i s  a l s o  t he  most probable s t a r t i n g  p o i n t  f o r  manned o r  unmanned operat ions 
elsewhere i n  space. 

E x t r a t e r r e s t r i a l  ma te r i a l s  technology i s  no t  expected t o  be ready 
f o r  t he  c u r r e n t l y  planned Space S ta t ion ,  bu t  cou ld  c e r t a i n l y  become a f a c t o r  
i n  e i t h e r  an evo lu t ionary  o r  r evo lu t i ona ry  second generat ion thereof .  The 
f i r s t  generat ion Space S t a t i o n  can be expected t o  be a "user" i n  t h e  con tex t  
o f  a  storage and f u e l i n g  f a c i l i t y  f o r  e x t r a t e r r e s t r i a l  propellant:. f o r  use i n  
o r b i t  r a i s i ng .  I n  a broader sense, t h e  Space S t a t i o n  cou ld  p rov ide  a 
capabi l  i t y  f o r  system assembly, i n c l u d i n g  i n s t a l  l a t i o n  o r  assembly of 
e x t r a t e r r e s t r i a l  components. 

I f  we compare t h e  bodies which a re  considered t o  be p a r t  o f  t h i s  
cu r ren t  study-- the Moon, near-Earth astero ids,  and t h e  Mars system--the Mocn 
becomes the obvious f i r s t  choice f o r  i n i t i a l  studies.  The Moon i s  no t  on ly  
t he  c loses t ,  i t  i s  a l so  t h e  on ly  one t h a t  we know t h e  sur face composi t ion o f  
from f i r s t h a n d  examination of samples. It has o ther  c r i t i c a l  advantages as 
descr ibed i n  Sect ion 1.3., below. Mars has obvious advantages f o r  t h e  
product ion o f  p rope l l an t ,  s p e c i f i c a l l y  f o r  a  Mars sample r e t u r n  mission. 
Prope l lan t  product ion on Mars has been s tud ied  as p a r t  o f  t h e  NASA propu ls ion  
research program, t o t a l l y  independent o f  t h e  processing program descr ibed  her^. 

Based on t h e  analyses descr ibed i n  Sect ion 8.0, oxygen ex t rac ted  
from lunar  rocks and de l i ve red  t o  Low Ear th  O r b i t  f o r  o r b i t  r a i s i n g ,  becomes 
an obvious h i gh  p r i o r i t :  product. I n  f a c t ,  i f  cu r ren t  p r o j e c t i o n s  of 
communications s a t e l l i t e  t r a f f i c  prove co r rec t ,  t he re  i s  a  market f o r  
e x t r a t e r r e s t r i a l  oxygen which i s  completely independent o f  any o r  a l l  NASA 
space plans, and a market o f  a  s i ze  which i s  s u f f i c i e n t  t o  warrant major 
e x t r a t e r r e s t r i a l  processing investment. Therefore, t h e  e x t r a c t i o n  o f  oxygen 
from lunar  s o i l  i s  t he  sub ject  of two o f  t he  t h r e e  majar experimental 
i n ves t i ga t i ons  du r i ng  t h i s  f i s c a l  year. 

The t h i r d  major area o f  exper imental  i n ves t i ga t i on ,  f a b r i c a t i o n  o f  
products from unre f ined  o r  p a r t i a l l y  r e f i n e d  l u n a r  ma te r i a l ,  i s  based on o ther  
considerat ions.  These products are expected t o  have p o t e n t i a l  s t r u c t u r a l  
app l i ca t i ons  on l y  on t h e  Moon. However, s ince t h e  performance e f f i c i e n c y  o f  
r a d i a t i o n  s h i e l d i n g  i s  approximately p ropo r t i ona l  on ly  t o  mass, s h i e l d i n g  made 
f r c v  r e f i ned  o r  p a r t i a l l y  r e f i n e d  l una r  sur face ma te r i a l  can f i n d  s i g n i f i c a n t  
advantage f o r  use i n  Ear th  o r b i t s .  Sh ie ld ing  ( o f  t e r r e s t r i a l  o r  e x t r a t e r r e s -  
t r i a l  o r i g i n )  w i l l  be requ i red  f o r  manned operat ions above LEO, and may f i n d  
advantage i n  space nuc lear  power app l i ca t ions .  Ful 'hermore, next  t o  LEO, t he  
l una r  sur face i s  t h e  most l i k e l y  s i t e  f o r  near- term l a r g e  space operat ions.  
Such operat ions may very we l l  i n vo l ve  cons t ruc t i on  o f  l abo ra to r i es  and 
hab i t a t s  us ing  r a t h e r  crude l una r  o r i g i n  s t r u c t u r a l  mate r ia l s .  



Although not obviously competi t ive f o r  use i n  LEO (see Section 
8.01, fabr icated metal pa r t s  made from n a t u r a l l y  occurr ing metals o r  metals 
extracted from oxides have broad po ten t i a l  u t i l i t y  f o r  many space operations 
and are considered important. The processes f o r  ex t rac t i ng  oxygen from mixed 
oxides (e lec t ro lys is ,  vapor phase separation) are l i k e l y  t o  y i e l d  mixtures o f  
metals which w i l l  need t o  be ref ined f o r  many of t h e i r  po ten t i a l  uses. Since 
ref ined products w i l l  be important and the nature o f  the mixtures and t h e i r  
refinement w i l l  impact t he  d e t a i l s  o f  the oxygen-extraction processes, 
refinement of metal mixtures was examined (ana ly t i ca l  l y  only j i n  some deta i  i 
(see Section 5.0). 

With l i m i t a t i o n s  on resources and higher p r i o r i t i e s  f o r  other  
products, i t  was necessdry t o  defer  work on fab r i ca t i on  of  metal cb,ll~es u n t i l  
l a t e r  i n  the program. The defer ra l  i s  not a serious detriment c - , when the 
work i s  i n i t i a t e d ,  there w i l l  be a be t to r  understanding of  the 1 :  and forms 
o f  metals which are l i k e l y  t o  be ava i lab le  e i t h e r  from na tu ra l l y  . . 2 - r i n g  
resources o r  from oxygen ex t rac t ion  and r e f i c i n g  processes. 

Results of analyses l i k e  those described i n  Section 8.0 w i l l  need 
t o  be used t o  guide program p r i o r i t i e s  on a c m t i n u i n g  basis. Moreover, 
re-examination o f  conclusions w i l l  continue as planned as pa r t  of the 
p r i o r i t i z a t i o n  process. For example, ea r l y  analyses indicated t h a t  
fabr ica t ion  of conventional s i l i c o n  photovoltaics +evices i s  very u n l i k e l y  t o  

,? be p rac t i ca l  a t  l eas t  fo r  the f i r s t  generation o f  e x t r a t e r r e s t r i a l  products. 
. . This conclusion s t i l l  appears t o  be v a l i d  for use i n  LEO. However, in format ion 

from recent ly  developed processes f o r  t e r r e s t r i a l  photovol t a i c s  ind icates tha t  
the conclusion warrants reexamination f o r  s i l i c o n  devices f o r  use on the lunar 
surface (and possib ly  GEO) as wel l  as f o r  newly developed t h i n  f i l m  
photovoltaics i n  general. The production of e x t r a t e r r e s t r i a l  photovol ta ics 
w i  11 be re-examined i n  the coming months and may r e s u l t  i n  mod i f i ca t ion  of 
research p r i o r i t i e s .  

1.2.3 Exclusions 

There are many areas i n  which research could be done and which are 
of obvious importance t o  e x t r a t e r r e s t r i a l  mater ia ls  processing and use, bu t  
which are s p e c i f i c a l l y  omitted from current plans. These are i n  add i t ion  t o  
areas l i k e  metal pa r t  fabr ica t ion ,  which are being deferred f o r  l a t e r  phases 
o f  the program, 

Most required mining and mater ia l  condi t ion ing processes f o r  lunar 
operations appear t o  be we1 1 enough understood t o  proceed w i t h  development 
during a future engineering phase without f u r the r  research. Mining and 
mater ia l  condi t ion ing i n  the microgravi ty  o f  a s ~ e r o i d s  cannot be based on 
e x i s t i n g  technology and w i l l  requi re research, but  w i l l  a lso requ i re  b e t t e r  
understanding of astero idal  composition and s t ruc ture  than i s  cur ren t ly  
avai lable. 

There are other processes which are uniquely e x t r a t e r r e s t r i a l  but  
do not  appear t o  requi re research a t  t h i s  t ime and which can proceed w i th  
development when the time arises. For example, there i s  a general 
programnatic assumption tha t  solar-wind hydrogen trapped i n  the lunar  s o i l  
w i l l  be extracted i f  the s o i l  i s  handled i n  large quant i t ies  f o r  any reason. 



However, i n  t he  case o f  t he  so lar -wind hydrogen, enough i s  known about t n e  
thermal re lease from s tud ies  on Apo l lo  l una r  samples t o  move d i r e c t l y  i n t o  
process development w i thou t  t h e  necess i t y  f o r  any a d d i t i o n a l  research. 

Likewise, i t  i s  assumed t h a t  m e t a l l i c  i r on -n i cke l  f i n e s  i n  t h e  
l una r  s o i l  w i l l  be ex t r ac ted  magnet i ca l l y  and somehow p h y s i c a l l y  separated 
from the  at tached ox ide mate r ia l s .  Such processing appears t o  be rezsonably 
s t r a i gh t f o rwa rd  engineer ing development w i t h c u t  t h t  need f o r  research4 

1.2.4 Future Development 

An o v e r a l l  program leading t o  t h e  large-sca le  product ion ana use o f  
extraterrestrial ma te r i a l s  i s  i l l u s t r a t e d  schemat ica l ly  i n  F igure  1-1 ( taken 
from JPL document D-217, August, 1982). The cu r ren t  research program, t h e  
second year  o f  which i s  repor ted  here, i s  represented by t h e  t h r e e  boxes t o  
t h e  extreme l e f t  Once t h e  cur ren t  phase o f  research i s  completed, and 
adequate in fo rmat ion  i s  a v a i l a b l e  t o  make a  dec is ion  (assclming t h e  d e r i s i o n  i s  
p o s i t i v e ) ,  t he  program must move through a  se r i es  o f  complex, ' v g t h y ,  and 
expensive steps p r i o r  t o  comnercial implementatio?. The d e t a i l s  o f  such a 
development program depend s t r ong l y  on t he  r e s u l t s  o f  t he  research 01, 

suppor t ing technology which i s  l i k e l y  t o  be developed i n  t h e  i n t e r im ,  and on 
t he  na tu re  and magnitude o f  t he  space program p lans a t  t he  t ime  o f  decis ion,  
Fur ther  d e t a i l e d  d iscuss ion i s  t h e r e f o r e  inappropr ia te  a t  t h i s  time. 

1.3 COMPARISON OF LUNAR AND ASTEROID RAW MATERIALS 

O f  a l l  o f  t h e  e x t r a t e r r e s t r i a l  bodfes, i t  i s  eas ie r  t o  move 
ma te r i a l  from t h e  near-Earth as te ro ids  t o  Ea r t h  o r b i t  than from any o the r  
e x t r a t e r r e s t r i a l  body i n c l u d i n g  t he  Moon. However, t he  Moon has c e r t a i i i  
advantages which appear t o  more than make up f o r  t he  somewhat g rea te r  
d i f f i c u l t y  i n  moving ma te r i a l  t o  LEO. 

The d is tance from the  Ear th  t o  t h e  e x t r a t e r r e s t r i a l  body t o  be 
u t i l i z e d  w i l l  determine t h e  degree o f  automation and process autonomy which 
w i l l  be required. O f  t h e  candidate resource bod'es, on ly  t h e  Moon i s  
cons i s t en t l y  c lose  enough (approximately 3 x 1 0 - I  AU) f o r  t e l eope ra t i on  
c o n t r o l  o f  equipment and processes. For t he  as te ro ids  and f o r  t he  Mars 
system, t h e  Earth-body a is tances vary from a  f r a c t i o n  o f  an AU t o  several  AU. 
Operations du r i ng  extended per iods a t  l a r g e  d is tances w i l l  r e q u i r e  h i g h l y  
re1 i a b l e  autonomous f a c i  1  i t i e s .  

The Sun t o  body d is tance and t he  r e s u l t i a g  i n t e n s i t y  o f  s o l a r  
r a d i a t i o n  i nc i den t  a t  t h e  surface o f  t h e  Moon remains nea r l y  constant a t  
approximately 1 AU. The same i s  t r u e  f o r  a  group o f  as te ro ids  c a l l e d  Ear th  
Trojans whose ex is tence has been pos tu la ted  bu t  no t  v e r i f i e d .  For these 
bodies, h i gh  e f f i c i e n c y  s o l a r  energy u t i l i z a t i o n  i s  p r p c t i c a l .  The s o l a r  
i n t e n s i t y  a t  Mars i s  113 t o  114 t h a t  a t  Earth, and s o l a r  energy i s  a  marcjinal 
energy source. The o r b i t s  o f  most o f  t h e  Earth-approaching as te ro ids  a re  
h i g h l y  eccen t r i c ,  so t h a t  s o l a r  i n t e n s i t y  va r i es  and h i gh -e f f i c i ency  
so l  ar-energy u t i  1 i z a t i  on i s  imp rac t i ca l  . 
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The f i n a l  cons t ra in t  on ex t rac t i on  and u t i  1  i z a t i o n  o f  as tero ida l  
mater ia ls  i s  the requirement t o  operate i n  microgravity.  Yhi le  microgravi ty  
i s  an a t t r a c t i o n  for  ce r ta in  kinds of  processes which are an t ic ipa ted  t o  be 
ca r r i ed  on i n  LEO (e.g., f o r  product ion of ce r ta in  types o f  c rys ta ls ) ,  i t  can 
present a  serious cons t ra in t  i n  the  ex t rac t i on  and u t i l i z a t i o n  o f  mater ia ls  
from e x t r a t e r r e s t r i a l  bodies f o r  use i n  space. 



SECTION 2 

SILICATE PROCESSING 

Richard H. Smoak 

2.1 INTRODUCTION 

The development of large structural  elements (e.g., columns, beams, 
blocks, braces, etc.) by casting molten s i l i ca tes  requires a knowledge of  the 
ra te  o f  heat t ransfer  during cooling. The rate o f  cooling w i l l  vary with 
posi t ion i n  the cast structure. The cooling rate w i l l  a f fec t  the morphology 
(size and shape) o f  the grain structure, the types o f  crystal  1 ine phases that  
develop, and the amount o f  amorphous/crystalline material i n  the structure. 
The var iat ion of composition wi th posi t ion i n  the casting may lead t o  
establ i s h e n t  o f  deleterious residual tensi  l e  stresses. Rapid rates o f  
cooling w i  11 produce fine-grained crystal  structures which may contain 
s ign i f icant  amoiints o f  amorphous (glassy) materi a1 . S l  ow cool i ng rates, on 
the other hand, w i l l  p e m i t  c rys ta l l i za t ion  of  more nearly equi l ibr ium 
phases. The added time f o r  nucleation and growth o f  c rys ta l l i ne  phases during 
slow cooling w i l l  reduce the anount of  anorphous phase present. 

The mechanical properties o f  these structural  elements w i l l  be 
dependent on the size, shape, and composition o f  the c rys ta l l i ne  phases and on 
the location and anount o f  noncrystall ine/crystal l  ine material i n  the 
structure. The composition and crystal structure control the thermal 
expansion/cont ract ion behavior of each of  the crystal  1 i ne phases. A large 
mismatch i n  the contraction o f  two d i f fe ren t  phases during cooling w i l l  resu l t  
i n  residual stress i n  the part which w i l l  often lead t o  crack 
ini t iat ion/propagation and fa i lure.  The deleterious e f fec ts  of  a mismatch i n  
thermal contraction behavior can be minimized t o  sane extent i f  a homogeneous, 
fine-grai ned mixture of crystal  1 ine phases can be produced. 

Since the mechanical properties of a cast structure may be 
control led by the interre lat ionship between the type :qd morphology o f  phases 
formed during cooling, i t  i s  o f  interest  t o  predict the development o f  
c i y s ta l l i ne  phases as a function of  cooling rate and location. It i s  also o f  
interest  t o  re la te  mechanical properties t o  the size and shape o f  the various 
phases present and t o  the composition o f  these phases. 

During the past reporting period a thermophysical model o f  the 
casting process has been developed which incorporates temperature-dependent 
properties o f  materials, the l iberat ion of heat on going from l i q u i d  t o  so l id  
(heat o f  so l id i f i ca t ion ) ,  and a capabi l i ty  t o  vary the properties o f  the mold, 
l iquid,  and so l id  independently of one another, This model has been u t i l i z e d  
t o  study the e f fec t  o f  variat ions i n  material properties on the cooling 
behavior o f  a lunar basalt, 

The resul ts o f  experimental cooling ra te  studies, which were 
described i n  a p r io r  report (Ref. 2-l), are described. The predictions o f  the 
thermophysical casting model are discussed i n  l i g h t  of  the resul ts of the 
experimental cooling rate studies. The studies reported herein are part of an 
overal l  program t o  develop a greater knowledge of  production methods fo r  and 



propert ies o f  e x t r a t e r r e s t r i a l  s i  1 i c a t e  structures. A1 though the present work 
i s  discussed i n  the context o f  lunar mater ia ls  and processes, the program 
scope also includes asteroids and Martian moons as sources o f  sf  l i c a t e  
materials for  study. 

2.2 SILICATE HELT SOLIDIFICATION STUDIES 

The study o f  formation o f  s i l i c a t e  st ructures by cast ing from the 
melt had two objectives: (1) development o f  an understanding o f  the r o l e  of 
cool ing ra te  on phase composition of t yp i ca l  e x t r a t e r r e s t r i a l  materials and 
(2) development o f  a model t o  pred ic t  the e f fec t  o f  material  propert ies on the  
cool ing ra te  during the  cast ing process. The purpose o f  t h i s  phase of the 
s i  1 i c a t e  processing task was t o  develop a thermophysical model o f  the process 
o f  cast ing large s t ruc tura l  elements. The ra te  o f  cool ing o f  a cast ing was 
evaluated i n  terms of i t s  thermal propert ies and o f  the propert ies o f  the mold 
i n t o  which it was cast. 

The experimental studies of the e f f e c t  o f  cool ing r a t e  on phase 
composition and gra in morphology are discussed i n  Section 2.3. There are 
plans f o r  addi t ional  work t o  evaluate mechanical propert ies as a funct ion o f  
phase composition and morphology. 

2.2.1 P r io r  Work 

The model which has been developed i s  s im i la r  i n  nature t o  those 
employed i n  studies o f  the s o l i d i f i c a t i o n  of magmatic rock i n  lava lakes and 
o f  sol i d i  f i c a t i o n  o f  molten rock formed, f o r  example, by meteori te impact. 
Onorato, e t  al. (Ref. 2-2), have reviewed models which have been developed t o  
pred ic t  cool ing behavior of s i l i c a t e  melts. Both numerical and ana ly t ica l  
methods were employed by the various invest igators. These models suffer from 
lack o f  one or  more o f  the f o l l  owing: - 

a) inc lus ion  of l a ten t  heat o f  s o l i d i f i c a t i o n  on going from 
1 iqu id  t o  sol id, 

b) capab i l i t y  t o  vary the propert ies of the mold (basement) 
independently of the l i q u i d  and the s o l i d  being formed, and 

c)  use o f  temperature-dependent mater i a1 propert ies . 
Jaeger (Ref. 2-3) presented an excel lent  discussion of the cool ing 

o f  igneous rocks. He provided information on models u t i l i z e d  up t o  the l a t e  
1960s and described case h i s to r ies  o f  cool ing behavior o f  magmatic melts. The 
models discussed by Jaeger are ana ly t ica l  ones u t i l  i r i n g  material  propert ies 
which are independent o f  temperature. An ana ly t ica l  so lut ion f o r  the  depth o f  
crust  formed a t  the f ree surface o f  a lava f low i s  presented and takes the  
f orm 

1/2 
X = C(kt) (2-1) 

where C i s  a dimensionless constant, k i s  the thermal d i f f u s i v i t y  o f  t he  
sol id, and t i s  time. 



It i s  noted (Ref. 2-3) t ha t  the r o l e  of convection i n  the  cool ing 
o f  magma i s  uncertain. Convective s t i r r i n g  may be caused by m u l t i p l e  o r  
pu lsa t ing  i n j e c t i o n  during flow as well as by d i f ferences i n  densi ty  w i th in  
the body o f  magma. Jaeger states tha t  i t  i s  be1 ieved tha t  convection i n  the 
magma sets i n  a f te r  a short  period i n  which the boundary layers s o l i d i f y .  
Convection tken becomes the primary heat t rans fer  mechanism i n  the l i q u i d  
1 ava . 

The model of Prcvost and Bottinga (Ref. 2-4) i s  o f  p a r t i c u l a r  
i n t e r e s t  since it contains many c f  the features o f  the current  model. These 
authors evaluated the s i t ua t i on  i n  which a sheet o f  lava was instantaneously 
emplaced on the surface of the Mooa. The thickness o f  the lava was assumed t o  
be m a l l  compared t o  i t s  l a t e r a l  di~nensionr ro tha t  a one-dimensional model 
could be f o m u l  at.nd. The thermal conduct iv i ty  o f  the moltec, lava was taken t o  
be i n f i n i t e ;  i.e., heat t rans fer  through the l i q u i d  t o  the l i q i~ id ! so l i d  lava 
i n te r face  wac assumed t o  be instantaneous. This i s  a v a l i d  assumption i f  
convectf zn occurs t o  such an extent t ha t  the overa l l  l i q u i d  t a ~ ~ p e r a t u r e  i s  
uniform, or nearly so. 

The extent o f  c r ys ta l  1 i z a t i o n  during cool ing below the 1 iquidus 
temperature was accounted for  by use of a r e l a t i o n  observed t o  hold f o r  
s o l i d i f i c a t i o n  o f  Hawaiian lava lakes (Refs. 2-5 and 2-6), i.e., 

where T i s  the temperature o i  the Liquid, TL i s  the l i qu idus  temperature, F 
i s  the f r a c t i o n  o f  f low which has c rys ta l l i zed ,  and TS i s  the sol idus 
temperatnre. 

It i s  noted tha t  tnt descr ipt ioc of a unique l i q u i d / s o l i d  boundary 
i s  s i m p l i s t i c  i n  l i g h t  of studies o f  Hawaiian lava lakes which demonstrate 
t h a t  the in ter face i s  d~f fuse ,  containing 50th l i q u i d  and sol id ,  before g iv ing  
way t o  a completely ;olid layer. This ind icates tha t  r e l a t i v e l y  strong 
convection does no'. take place i n  the d i f fuse i n te r face  and that,  as a resul t ,  
there w i l l  be a temperature gradient i n  the region where the 1 i q u i d  and 
c rys ta l  mix, or!ce t h i s  region i s  established. The con-equence o f  t h i s  i s  a 
slower ra te  c i  cool ing than tha t  predicted by assuming an isothermal l i q u i d  
(due t o  conaiective s t i r r i n g )  and a d iscre te  l i qu id / so l  i d  in ter face.  However 
it has beeti demonstrated by e a r l i e r  work tha t  the predicted resu l t s  from 
thermoph! s i ca l  s o l i d i f i c a t i o n  models based on the assumption o f  uniform l i quid 
tanperahre  are not s i g n i f i c a n t l y  d i f f e r e n t  than what i s  observed 
experi inentally (Refs. 2-2, 2-3, and 2-4). 

2.2.2 Casting Model 

I n  the formulat ion o f  a model for the formation o f  a cast s i l i c a t e  
slab, one may consider a layer  o f  molten material  of depth D and a t  a uniform 
tmperature,  To, t ha t  i s  poured i n t o  a mold i n i t i a l l y  a t  temperature Tho. 
The surface o f  the material  i s  allowed t o  radiate t o  space a t  0 K. The 
surface emiss iv i ty  i s  c and the surface temperature, Ts varies wSth time. 
The molten s i l i c a t e  having a thermal conduct iv i ty  of K&T), a funct ion o f  
i t s  temperature, heats the mold by conduction. The mold has a temperature- 



dependent thermal conduct iv i ty,  K ~ ( T ) .  These re la t ionsh ips  are ill ustrated 
i n  Figure 2-1. 

The s i l i c a t e  loses energy a t  the upper or f ree surface by rad ia t ion  
and simultaneously by conduction through the lower i n te r face  w i th  the mold. 
The conduction and convection processes w i th in  the molten s i  1 i cate are assumed 
t o  ensure a uniform temperature w i th in  the melt. Provost and Bott inga (Ref. 
2-4) showed tha t  the temperature gradients set up by rad ia t ion  a t  the f ree  
surface and by conduction t o  the mold are s u f f i c i e n t  t o  generate f ree  
convection flows which i n  t u rn  tend t o  mix the molten region and therefore 
ensure essent ia l l y  a uniform-temperature me1 t. The molten s i  1 i c a t e  i s  cooled 
uniformly t o  the l i qu idus  temperature a t  which point  the f i r s t  layers o f  s o l i d  
form a t  the f ree  surface and a t  the surface of the mold simultaneously. The 
r a t e  of growth of the s o l i d i f i e d  layers i s  not the same, however. 

The heat t rans fer  mechanisms from the time o f  in t roduc t ion  o f  the 
molten s i l i c a t e  i n  the mold t o  the t ime when the f i r s t  s o l i d i f i e d  layers 
appear are rad ia t ion  at the f ree surface and unsteady conduction t a  the mold. 
I n  t h i s  case the temperature o f  the in te r face  between the melt  and mold i s  the 
same as the free surface temperature. Following the onset o f  so l i d i f i ca t i on ,  
conduction w i th in  the s o l i d  layers i s  included i n  the heat t rans fer  
processes. The sol i d / l  i q u i d  in te r tace  w i th in  the cool ing body i s  a moving 
source o f  heat generation as the heat o f  fusion i s  l i be ra ted  upon 
s o l i d i f i c a t i o n .  The heat generated a t  the i n te r face  must t rave l  through the 
s o l i d i f i e d  regions and e i t he r  be d iss ipated a t  the upper surface by rad ia t i on  
or  conducted i n t o  the mold from the lower s o l i d  s i l i c a t e  layer. Total 
s o l i d i f i c a t i o n  i s  achieved when the upper and lower layers meet. 

With reference t o  Figure 2-2, where the temperature p r o f i l e  i s  
schematically shown as a dashed l i ne ,  the complete formulat ion of the problem 
w i  11 now be presented. 

2.2.2.1 Before So l i d i f i ca t i on .  Let z represent the distance i n  the 
downward d i rec t ion .  The f ree surface radiates t o  space according t o  the  
Stephan-Bol tzmann law: 

where i s  the emiss iv i ty  of the l i q u i d ,  a i s  the Stephan-Boltzmann 
constant, and Tsu i s  the temperature a t  the f ree surface. 

The heat conducted through the i n te r face  a t  the bottcun o f  the mel t  
i n t o  the mold i s  given by: 

a~ I 

The reduction o f  the melt temperature w i th  t ime (before 
s o l i d i f i c a t i o n )  i s  obtained from the re la t ion :  
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where D i s  the thickness o f  the  molten mater ia l ,  pa i s  the  l i q u i d  densi ty,  
and Cp(l) i s  the heat capaci ty o f  the  l i q u i d .  

2.2.2.2 U e r M e l t .  Let  x r e p r e s e n t  t h e p o s i t i o n o f  t h e s o l i d s u r f a c e  
moving downwar u n i t  area o f  t he  slab, t he  heat t r a n s f e r  rate,  q i s :  

Le t  t he  temperature d i s t r i b u t i o n  w i t h i n  t he  upper s o l i d  be 
represented by T = T(z,t). Then t he  heat conducted t o  the  surface, 

must be equal t o  the  heat rad ia ted  t o  space; therefore 

Within the s o l i d  the conduction equation i s :  

where ps  i s  the  dens i ty  and Cp(s) i s  the heat capaci ty o f  the  so l id .  

At the  upper melt  surface the  heat 1 ibe ra ted  dur ing s o l i d i f i c a t i o n  
w i l l  be conducted t o  the  s o l i d  according t o  the re l a t i onsh ip  

where pa i s  the  dens i ty  o f  the l i q u i d  and L i s  the l a t e n t  heat of fusion. 
Furthermore the  temperature boundary cond i t ion  a t  

2.2.2.3 Lower Melt. Let y represent the  thickness of the  so l  ~d surface 
moving up. tqua t ion  (2-9) i s  v a l i d  f o r  the  region w i t h i n  the  s o l i d  and t he  
temperature boundary cond i t ion  a t  z = y i s  T T,. 



A t  the lower solid11 i q u i d  i n te r face  Equation (2-10) p reva i ls  but w i th  y 
variable, or: 

aT 1 dy 

From the p r i n c i p l e  o f  conservation o f  energy the heat f l u x  from the lower 
sol i d  must equal the heat conducted t o  the mold; i .e., 

Within the mold 

where pb, C and Kb are density, heat capacity, and thermal 
conduct iv i  ty~(bo) the mold, respect ively.  And f i n a l l y ,  con t i nu i t y  o f  
temperature requires tha t  

A computer code was developed t o  evaluate the heat t rans fer  dur ing 
cool ing o f  the molten s i l i c a t e  slab from above i t s  l i qu idus  temperature t o  
below i t s  sol idus temperature. The code uses a standard f i n i t e  di f ference 
analysis approach t o  numerically analyze the thermodynamic p a r t i a l  
d i f f e r e n t i a l  equations (shown above) tha t  describe the temperature dynamics. 
A one-dimensional model i s  used, w i th  the mold considered t o  be semi - in f in i te  
i n  the two remaining dimensions. Table 2-1 i s  a l i s t  of the system parameters 
which may be varied. 

The numerical s  tio on by f i n i t e  e i f fe rence analysis allows one t o  
take i n t o  account the l a t e n t  heat o f  s o l i d i f i c a t i o n  ( fus ion)  which i s  
1 i berated on going from 1 i q u i d  t o  sol id.  Temperature-dependent mater ial  
propert ies can also be included i n  the model. I n  add i t ion  the numerical 
method used i n  t h i s  model permits one t o  vary the proper t ies o f  the l i qu id ,  
sol id, and mold independently o f  one another. This model thus provides a 
means t o  assess the impact o f  a va r ia t i on  i n  the proper t ies o f  the cast ing o r  
mold material  on the temperature p r o f i l e  and ra te  o f  cooling. For example, 
the  s igni f icance o f  an uncertainty i n  a p a r t i c u l a r  mater ia l  property on the 
cool ing behavior o f  a cast ing can be determined. Based upon t h i s  
determination a decision can then be made as t o  whether a need ex is ts  t o  have 
a greater know1 edge o f  t ha t  pa r t  i cul a r  property. 



Table 2-1: Computer Code System Parameters f o r  Model o f  Casting o f  
Molten S i l i ca tes .  

1) Thermal p roper t ies  o f  molten s t a t e  

Empl aced ( i n i t i a l  ) temperature 
Liquidus temperature 
Sol ldus temperature 
Densi ty 
Thermal conduc t i v i t y  (as a func t ion  o f  temperature) 
Heat capaci ty  (as a func t ion  o f  temperature) 
Latent  heat o f  fusion 
Emi s s i  v i  t y  

2) Thermal p roper t ies  o f  s o l i d  s ta te  

Densi ty 
Thermal conduc t i v i t y  (as a func t ion  o f  temperature) 

c) Heat capaci ty  (as a func t ion  o f  temperature) 
d) E m i  s s i  v i  t y  

3) Thermal p roper t ies  o f  lunar  basement 

a) I n i t i a l  temperature before molten basa l t  emplaced 
b) Densi ty 

Thermal conduc t i v i t y  (as a func t ion  o f  temperature) 
Heat capaci ty  

4)  Resolut ion o f  f i n i t e  d i f f e rence  analys is  

Thickness o f  mold 
Number o f  d i f f e r e n t i a l  spacial  nodes 

c) Number o f  d i f f e r e n t i a l  temporal nodes 

5) Cooling t ime l i m i t  (absolute o r  completely so l  i d )  

6) Hardcopy format 

2.2.3 Evaluat ion o f  the  Model 

A f t e r  t he  model was established, It was debu ged by checking i t s  
r e s u l t s  against  those obtained by Provost and Bot t inga 9 Ref. 2-4). The work 
o f  Provost and Bot t inga was p a r t i c u l a r y  appropr ia te  i n  t h i s  regard since they 
evaluated coo l ing  behavior o f  lava  f lows i n  both lunar  and t e r r e s t r i a l  
envi  ronment s. 



The mater ia ls  proper ty  data u t i l i z e d  by Provost and Bott fnga was 
inpu t  t o  the  model and the  thermal h i s t o r y  o f  a  50-cm-thick s lab was 
determined. The temperatures a t  po in ts  0, 2, 4, 10, and 50 cm below the  f r e e  
surface o f  the  slab are shown as a func t ion  of t ime i n  Figure 2-3. 
Temperature as a func t ion  o f  t ime taken from Figure 2 o f  Provost and Bot t inga 
(Ref. 2-4) i s  shown by the 8 f o r  depths o f  0  and 10 cm from the  f r ee  surface. 
The correspondence o f  the  current  model w i t h  t h a t  o f  Provost and Bot t inga i s  
excel 1  ent. 

The advantage o f  the  cur ren t  model over t h a t  of Provost and 
Bot t inga i s  t h a t  the heat f low p roper t ies  o f  the mold ("basement" i n  the  
Provost and Bot t inga paper) can be var ied  independently o f  the p roper t ies  o f  
t he  s o l i d  and l i q u i d  basal t .  The f i n i t e  d i f f e rence  technique used i n  the 
determinat ion o f  heat t r a n s f e r  i n t o  the  mold i n  the  current  model i s  f e l t  t o  
be more prec ise than the  e r r o r  func t ion  u t i l i z e d  by Provost and Bott inga. 

2.2.3.1 Mater ia l  Propert ies.  The mater ia l  p roper t ies  t h a t  a f f e c t  the  r a t e  
o f  s o l i d i f i c a t i o n  of a  la rge  cas t ing  of m l t e n  mater ia l  are l i s t e d  i n  Table 
2-2. The p roper t ies  of the mold used t o  form the cas t ing  must be considered 
as wel l  as those of  the l i q u i d  and s o l i d  cast iny.  

Table 2-2. Mater ia l  Proper t ies  That Af fect  the Rate o f  S o l i d i f i c a t i o n  o f  
Cast Molten S i  1 i ca tes.  

Property Sol i d  L i qu id  Mol d  - 
bulk densi ty  X 
thermal conduc t i v i t y  X 
beat capaci ty  X 
l a t e n t  heat o f  s o l i d i f i c a t i o n  - 
em iss i v i t y  X 

Data f o r  111rrar basal t  was taken from the  l i t e r a t u r e  when 
avai lab le .  I n  some cases there  was a range o f  values f o r  a  p a r t i c u l a r  
property.  I n  such instances a "most l i k e l y  value" was selected. I n  o ther  
cases there was no data avs i l ab le  and mater ia l  proper ty  data on analogous 
t e r r e s t r i a l  mate r ia ls  were ut.i 1  ized. 

The bulk dens i ty  o f  a  .,edium-grained p o r p h y r i t i c  basa l t  w i t h  no 
po ros i t y  ( lunar  rock sample 12002,85) was determined t o  be 3.31 gm/cm3 (Ref. 
2-7). The bulk dens i t ies  o f  a  f ine-gra ined lunar  basa l t  rock (70215) and a 
p o r p h ~ l r i t i c  lunar  basal t  rock (74275) were repor ted as 3.37 gm/cm3 and 3.36 
gm/cm , respec t i ve ly  (Ref. 2-8). For the  purposes of t h i s  study the highest 
reported dens i ty  (3.37 gm/cm3) was se lected f o r  the  model mater ia l .  It was 
assumed t h a t  the  dens i ty  of the l i q u i d  and s o l i d  were the  same and t h a t  
dens i ty  was independent o f  temperature. 

The dens i ty  of the lunar  s o i l  has been determined a t  several 
l oca t i ons  through re tu rn  o f  core-tube samples. The Apol lo 15 probe brought 
back a sample having a denc i ty  of approximately 1.5 gm/cm3 (Ref. 2-9). The 
average densi ty  of an Apol l o  11 core-tube sample was approximately 1.64 gm/cm3, 



ORIGINAL PAGE q* 
OF POOR QUALI; r 

F i ~ u r e  2-3. Comparison o f  Current Model w i th  That o f  Provost 
and Bottinga (Ref. 2-4) 

TIME, hr 

1400 

1100 

loo0 

800- 

too- 

Y 
w' 400- 
u z 
4 
E 
ii C 

100- 

100 

I I I l l  I I  I l l  1 I , I  1  I  I l l  1  I I I  

lo2 1 o3 lo4 lo5 1 o6 
TIME, sec 

0.1 1 10 100 - I I I  I I (  1 I [ I  I 1 I l l  - - - 
- - - --------- SOLIDUS - 

- - 
- - - 
- - 

& 

- - 
- 

- - 

- 

- - 
- - 



whi le  the dens i t i es  o f  the  Apol lo  12 core tube samples were repor ted t o  range 
between 1.74 and 1.98 gm/crn"~ef. 2-10). 

Thermal conduc t i v i t y  o f  l unar  s o i l  has been measured by a  number o f  
i n ves t i ga to r s  (Refs. 2-11 t o  2-14). The e f f e c t  o f  s o i l  dens l t y  and 
composit ion on thermal conduc t i v i t y  .of a  number o f  l unar  and t e r r e s t r i a l  so i  1  
samples i s  discussed i n  t he  review by Cremers (Ref. 2-12). This thermal 
conduc t i v i t y  data i s  i l l u s t r a t e d  i n  Figure 2-4. 

Thermal conduc t i v i t y  was measured on a syn the t i c  1  unar magmatic 
rock and Columbia River basa l t  over t he  temperature range 25' t o  1500' C 
(Ref. 2-13). These data a re  shown i n  Figure 2-4 as SLB ( j y n t h e t i c  l una r  
basa l t )  and CRB (Colvmbia River  Basal t ) .  The range o f  values f o r  lunar  s o i l  
reported by Cremers (Ref. 2-12) are i l l u s t r a t e d  by t he  hatched reg ion i n  t h e  
upper le f t -hand corner o f  F igure 2-4. The thermal conduct iv i ty - temperature 
r e l a t i onsh ip  used i n  the  cu r ren t  i n v e s t i g a t i o n  i s  i nd i ca ted  by the  l i n e  marked 
"model ". This r e l a t i o n s h i p  has the  forin thermal conduc t i v i t y ,  K = 4.619 x 

- 2.05 x  ~ o ' ~ T  [ca l  .cm" .sec" ."c"]. The thermal conduc t i v i t y  
o f  the  mo:ten basa l t  i s  taken t o  f o l l ow  the  same r e l a t i o n s h i p  as t h a t  o f  che 
so l  i d .  

Data on lunar  s o i l  a re  scat tered over a  wide range as il :us t ra ted  
i n  Figure 2-4. Data f o r  thermal conduc t i v i t y  o f  l unar  s o i l  were nob ava i l ab l e  
above 150° C. Since the data f o r  thermal c o n d ~ ~ c t i v i t y  o f  the  lunar  s o i l  have 
been found t o  f i t  t he  r e l a t i o n s h i p  K = A B T ~ ,  t h i s  expression has been used 
t o  ex t rapo la te  the  ava i l ab l e  data t o  800' C as i nd i ca ted  by the  do t ted  l i r res  
i n  Figure 2-4. 

The r e l a t i o n s h i p  between thermal conduc t i v i t y  a r t  t :iw.rature 
chosen f o r  the  model i s  i l l u s t r a t e d  i n  Figure 2-4 by t he  l1ile marked "so i  1 
model". This curve has a shape d i f f e r e n t  from t h a t  o f  the  othe:s because i t 
has a l i n e a r  r e l a t i o n s h i p  w i t h  temperature o f  t he  type, K = A + BT ra the r  ciian 
t he  cubic dependence , I temperature fo l lowed by the  l una r  s o i l  samples. 

The l i n e a r  t m p e r a t u r e  dependence was chosen so as t o  conform t o  
the  type o f  r e l a t i o n s h i p  used f o r  the lunar  rock. This s i m p l i f i e s  the f i n i t e  
d i f f e rence  model used i n  c a l c u l a t i o n  o f  heat f:3w across the  i n t e r f a c e  between 
the case basa l t  and the lunar  s o i l  used as t h ~  mold. There i s  no loss  of 
accuracy i n  u t i l i z i n g  such a r e l a t i o n s h i p  s ince t he  s c a t t e r  i n  the  ava i l ab l e  
thermal conduc t i v i t y  data i s  so large. 

The r e l a t i o n s h i p  f o r  heat capac i ty  used i n  t h i s  model i s  one 
ca lcu la ted  by Horai, e t  a l .  (Ref. 2-14), f o r  Apol l o  11 sample 10020, a  
f ine-grained, ves icu la r  rock. The l a t e n t  heats o f  f us i on  f o r  lunar  ma te r i a l s  
are unknown. Data on t e r r e s t r i a l  minerals [Ref. 2-15) i n d i c a t e  t h a t  values 
range from approximately 100 cal/gm t o  150 cal/gm w i t h  the  h igher  values 
attributed t o  the more r e f r a c t o r y  minerals. It i s  reasonable t o  expect t h a t  
basal t ,  w i t h  a  r e l a t i v e l y  low 1 iqu idus temperature, would a lso  have a 
r e l a t i v e l y  low l a t e n t  heat o f  fusion. Thus, a  value o f  100 cal/gm has been 
se lected f o r  use i n  the  model. This value was a lso  used by Provost cnd 
B o t t i  nga (Ref 2-4) i n  t h e i  r thermophysical model. 
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The emiss iv i ty  o f  sane analogue lunar mater ia ls  has been determined 
by Arndt, e t  al. (Ref. 2-16). Values for a lunar basalt  ranged from 
approximately 0.72 t o  0.75 over the temperature range 700' t o  1250' C. Below 
700' C the emiss iv i ty  increased rap id l y  t o  a value of 0.94 at approximately 
620' C. A value of the m i s s i v i t y  of 0.74 has been selected for use i n  t h i s  
study and represents the lower l i m i t  expected for basalt .  

2.2.3.2 Convecticn. There i s  some question as t o  the occurrence o f  
convective s t i r r i n g  and i t s  r o l e  on cool ing ra te  i n  a slab o f  molten 
s i l i c a t e .  I n  the observing of lava flows, the d i f f e r e n t i a t i o n  i s  usual ly 
observed and t h i s  imp1 ies  mass t ransport  by convection. However, these flows 
general ly have thicknesses o f  1.00 m or more. F l u i d  i n s t a b i l i t y  due t o  thermal 
gradients between the top and bottam o f  a l i q u i d  layer  i s  predicted t o  occur 
when the Rayleigh number fo r  t ha t  l i q u i d  i s  greater than approximately 1700 
(Ref. 2-17). The Rayleigh number, R, i s  given by the r e l a t i o n  (Ref. 2-3, 
2-17) 

where p i s  the density o f  the l i qu id ,  g i s  the accelerat ion due t o  gravi ty,  a 
i s  the l a y e i  thickness, a i s  the c o e f f i c i e n t  o f  thermal expansion, AT i s  the 
temperature di f ference across the layer, q i s  the l i q u i d  v i scos i t y  and k i s  
the thermal d i  f f u s i v i t y .  

I n  the present model, using t yp i ca l  values of the mater ia l  
proper t ies as l i s t e d  i n  Table 2-3, the value f o r  the Rayleigh number i s  
calculated t o  be 8.7 x 1 0 ' b ~ ~ ,  35AT, and 2365AT, at temperatures of 1110" C 
( j u s t  above the sol idus temperature), 1150' C, and 1200" C ( the l i qu idus  
temperature), respect ively.  The above values suggest tha t  when the greater 
pa r t  of the cast ing has s o l i d i f i e d  and the temperature o f  the l i q u i d  remaining 
i s  near the sol idus temperature there w i l l  not be convective s t i r r i n g  of the 
l i qu id .  Large temperature gradients i n  the l i q u i d  can be to le ra ted  and heat 
t rans fer  throllgh the l i q u i d  w i l l  be p r imar i l y  due t o  corbduction. 

A t  temperatures near the l i qu idus  even small temperature 
differences, AT (on the order of lo C), k tween top and bottom of the layer  
are s u f f i c i e n t  t o  promote convective s t i r r i n g .  I n  the beginning of the 
cool ing process then, the ra te  of heat t rans fer  through the l i q u i d  t o  the 
1 i q u i d l s o l  i d  in te r face  w i  11 be cont ro l  l ed  by convective s t i  r r ing .  However, as 
the l i q u i d  cools t o  near 1150" C and bel'ow, theory predic ts  tha t  the 
temperature d i f ference requirp? for convection t o  take place must be greater 
than approximately 50" C. 

During the i n i t i a l  par t  of the cool ing process the temperature is ,  
t o  a good dpk:3ximation, unifonn over the e n t i r e  thickness o f  the molten 
basalt. Thus the assumption used i n  the model, tha t  the temperature through 
the l i q u i d  i s  everywhere the same, agrees w i th  predic t ions based on the theory 
of hydrodynamics. During the i n i t i a l  b u i l d  up of the s o l i d  at the f ree 
surface and the bottom surface the model conforms wi th the expected behavior 
o f  the l i qu id .  As the temperature drops and material  begins t o  s o l i d i f y  the 
v iscos i ty  increases exponential ly and the thickness of the 1 i qu id  1 ayer 



Table 2-3. Typical  Proper t ies  o f  Lunar P 5 It Casting a t  Temperatures Above 
the L iqu idus 

Temperature 
1110" C 1150° C 1200" C 

Density, gn/cm3 3.37 3.37 3.37 
Thickness o f  l i q ~ i d , ~  m 8 27 50 
Thermal Expansion Coef f i c ien t ,  

oc-1  4 x 10-6 4 x 10-6 4 x 13-6 

V iscos i ty ,  poise 500, OOob 500b 50 
Thermal D i f f u ~ i v i t y , ~ a n ~ / s e c  2.64 x 10'~ 2 . 5 2 ~  1 0 ' ~  2 . 3 8 ~ 1 0 ' ~  
Accelerat ion Due t o  Lunar 

~ r a v i  t y  ,d an/sec2 167 167 167 
Ray1 e i  gh Number 8.7 x 1 0 - 4 ~ ~  35AT 2365eT 

- -- - - - - 

a Determined from computer model. 

b Estimated based on data given by Jaeger, 1968 (Ref. 2-17). 

Calculated from t h c m a l  conduc t i v i t y ,  heat capaci ty and dens i ty  data. 

Ref. 2-4. 

decreases. Both f ac to r s  tend t o  s t a b i l i z e  the l i q u i d .  A t  some point ,  most 
l i k e l y  around 1150" C i n  the current  case, based on Rayleigh number 
c3 lcu la t ions,  the  convect ive f low i s  l a r g e l y  suppressed and heat transf,? i n  
the l i q u i d  p r i m a r i l y  occurs by conduction. A t  t h i s  po in t  the current  model 
begins t o  overestimate the r a t e  o f  heat loss. 

The assumption o f  uni form temperature i n  the  l i q u i d  provides f o r  a 
good approximation o f  the pred ic ted s i  t u a t i o ~ i ,  p a r t i c u l a r l y  a t  the beginning 
o f  the s o l i d i f i c a t i o n  process where the surface layers  are formed, whi le  it 
provides f o r  s i m p l i f i c a t i o n  o f  the mathematical model o f  the heat t r a n s f e r  
process. 

2.2.3.3 Results. A base l i jw  set of p roper t ies  was obtained from the  
l i t e r a t u r e  m u s s e d  z,b~r:: and ubi l 'zed i n  es tab l i sh i ng  a basel i n k  coo l ing  
ra te  cond i t ion  f o r  lunzr  b d s ~ ? t .  i i ~ e  vaiues o f  the  p roper t ies  used f o r  the 
basel ine are l i s t e d  i n  T2kle 2-4. 

TIIC coo1111g h i s t o r y  o f  a 50 an t h i c k  s lab o f  lunar  basa l t  was 
evaluated over the  temperature range of 1250" C (50" C above the 1 iqu idus)  t o  
1100" C, the so l idus temperature. The change i n  temperature w i t h  t ime and 
pos i t i on  i n  the cast piece and mold i s  i l l u s t r a t e d  i n  F igure 2-5. Cool ing 
from 1250" C t o  t hc  l i qu idus  temperature, 1200" C, takes place i n  193 sec 
(0.054 hr) .  The l i q u i d  basal t  then cools t o  1150" C i n  approximately 14 h r  and i s  
completely s o l i d  49.8 h r  a f t e r  coo l ing  commences. Note t h a t  whi le  the f i r s t  10 an o f  
mate r ia l  b e l m  the f r ee  surface o f  the cast piece are below 500" C a t  the t ime of 
complete s o l i d i f i c a t i o n ,  the bottom surface (50 an) i s  a t  a temperature s l i g h t l y  above 
1000" C. These r e s u l t s  demonstrate t h a t  



Tab1 e 2-4. Base1 i ne l b t e r i  a1 Properties Used i n  Establ i shment o f  Fusion 
Casting Behavior of Lunar Basalt. 

L iqu id  

Liquidus Temperature 1200° C 
Sol idus Temperature 1100° C 
Density 3.37 gn.~m'~ 
Thermal Conduct iv i ty 4.619 x 10'~ - 2.05 x ~ o ' ~ T  cal .an'' ,set" ."~'' 
Heat Capacity 0.213 + 4.92 x ~ o ' ~ T  - 5.00 x cal  .gm"."~'l 
Heat o f  Fusion 100 cal .gn-' 
Emi ss i  v i  t y  0.74 

Sol i d  

Density 
Thermal Conduct iv i ty 
Heat Capacity 
Emiss iv i ty  

Mol d - 
Density 
Thermal Conduct iv i ty 
Heat Capacity 

3.37 gn.an-3 
4.619 x 10'~ - 2.C5 x ~ o ' ~ T  cal .un".se~".~~" 
0.213 + 4.92 x ~ O - ~ T  - 5.00 x l o 3  T ' ~  cal  .gn''O~'i 
0.74 

1.95 g n . ~ n - ~  
4.25 r + 3.96 x 10''~ cal .cm".sec" . o ~ "  

0.2i3 + 4.92 x ~ o ' ~ T  - 5.00 x ~ O - ~ T - ~  cal  , ~ I ' ~ . ~ C ' ~  

equipment having high temperature capab i l i t y  w i l l  be required t o  handle cast 
pieces, even a f t e r  s o l i d i f i c a t i o n  i s  complete. The a1 ternat ive,  o f  course, i s  
t o  al low the cast piece s u f f i c i e n t  time t o  cool before removing it from the 
mold. The model provides the information on temperature p r o f i l e s  required 
t o  perform "tradeoff" studies as t o  the ra te  o f  formation o f  fusion-cast slabs 
and the time avai lab le f o r  production. 

Due t o  the rapid ra te  o f  heat t rans fer  by rad ia t ion  a t  the f ree  
surface a large thermal gradient i s  established between the f ree surface and 
the center o f  the cast piece. For example, the material  2 an below the free 
surface i s  below 800' C a f te r  112 hour of cool ing whi le  the center of the body 
i s  above 1190" C. While the material  i s  above 1100° C it w i l l  deform 
viscously as the outer s o l i d  layers contract d u r i ~ g  cooling. However, on 
reaching 1100° C the material  i n  the center becomzs a r i g i d  s o l i d  and can no 
longer deform. A t  t h i s  p i n t  the material  i n  the center must cool over a 
greater temperature range than the material  a t  the surface. Thus, the greater 
amount of contract ion i n  the center r e l a t i v e  t o  the surface w i l l  cause s t r a i n  
t o  b u i l d  up i n  the structure. This s t ra in,  if not relieved, w i l l  g ive r i s e  
t o  stresses which w i l l  w i l l  be compressive i n  nature a t  the surface and 
t e n s i l e  i n  nature i n  the i n t e r i o r .  

A compressive stress a t  the surface w i l l  ac tua l l y  strengthen the 
cast body. However, i f  the s t r a i n  i s  too large f o r  the material  t o  
accommodate, cracking w i l l  occur. The formation of cracks w i l l  r e l i eve  the 
s t r a i n  (and thus the stresses) i n  the material .  It w i l l  a1 so weaken the 
st ructure as a whole. More importantly, the cracks may propagate through 
the body and cause mechanical f a i l u re .  
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Figure  2-5. Basel ine Case: Isotherms i n  Casting During 
Cooling from 1250' t o  1100° C 



There i s  another mechanism for development o f  s t r a i n  which r e s u l t s  
i n  s t ress  i n  the  body on a microscopic scale. I n  t h i s  case there  i s  a 
mismatch i n  thermal expansion coe f f i c ien t  between two o r  more adjacent phases 
i n  the  same region i n  the s t ructure.  The d i f f e rence  i n  con t rac t ion  o f  t he  
d i f f e r e n t  phases dur ing coo l ing  w i l l  cause s t r a i n  across t he  phase 
boundaries. These 1 ocal i zed s t r a i n s  r e s u l t  i n  stresses which can cause 
microcracking t o  occLr. The microcracks become defects which may lower the 
overa l l  s t rength o f  the cast body. I n  order t o  produce usefu l  shapes, it w i l l  
be necessary t o  con t ro l  the m ic ros t ra i n  i n  the  body by, f o r  example, con t ro l  
o f  phase composit ion and g ra in  size. 

2.2.3.4 Lower Thermal Conduct iv i ty.  The data selected f o r  the  base1 i n e  
model i s  a compi la t ion o f  the best i6 fo rmat ion  ava i l ab le  f r a n  the l i t e r a t u r e .  
However, it i s  o f  i n t e r e s t  t o  determine the  e f f e c t s  o f  va r i a t i ons  i n  mater ia l  
p roper t ies  on the  thermal h i s t o r y  and tempersture d i s t r i b u t i o n  o f  a fus ion  
cast  lunar  basal t .  Accordingly, the thermal conduc t i v i t y  o f  the l i q u i d  and 
s o l i d  b a i a l t  i n  the  computer model was decreased by an order o f  magnitude. 
This l eve l  i s  expected t o  represent the lower l i m i t  f o r  the  thermal 
conduc t i v i t y  o f  1 unar basalt. 

The r e s u l t s  o f  coo l ing  the basa l t  having loher  conduc t i v i t y  from 
1250" C t o  1100" C are i l l u s t r a t e d  i n  F igure 2-6. There i s  no d i f f e rence  i n  
t ime requi red f o r  coo l ing  the basel ine basa l t  and the lower thermal 
conduc t i v i t y  basal t  from 1250" C t o  1200" C. The heat loss  i n  both cases i s  
due t o  r a d i a t i o n  i n  space and i s  not inf luenced by va r i a t i ons  i n  conduc t i v i t y  
o f  the  l i q u i d .  

The i n t e r i o r  o f  the cast piece reaches 1150" C i n  approximateiy 
68 h r  and reaches 1100" C i n  approximately 326 hr .  The t ime requi red t o  reach 
1150" C and 1100" C i s  greater  than t h a t  f o r  the basel ine by a f ac to r  o f  4.9 
and 6.5, respect ive ly .  While the t ime requi  red f o r  complete so l  i d i  f i c a t i o n  t o  
occur i s  sens i t i ve  t o  the thermal conduc t i v i t y  o f  the l i q u i d  and so l id ,  the 
increase i n  t ime has less  than a 1:l correspondence w i t h  the change i n  
magnitude o f  the thermal conduct iv i ty .  

The temperatures o f  the upper ( f r e e )  and lower surfaces o f  the  
1 ower-thermal -conduct iv i  ty (LTC) cast basal t  a f t e r  complete s o l i d i f i c a t i o n  are 
lower than those o f  the base1 i n e  cas t ing  as shown i n  Table 2-5. Even so, 
the temperature a t  the cast basalt/mold i n t e r f a c e  i s  h igh enough (948" C) t h a t  
speci a1 equi pment w i  11 be necessary t o  hand1 e the cast  piece unless add i t iona l  
t ime i s  al lowed f o r  cool ing t o  take place. 

2.2.3.5 E f f e c t  o f  Conduct iv i ty  of t h e  Mold. The mater ia l  property having 
the greatest decree o f  uncer ta in ty  i s  t h a t  o f  the thermal conduc t i v i t y  o f  the 
mold. Thermal conduc t i v i t y  i s  a func t ion  of mate r ia l  dens i ty  as wel l  as 
chemistry. The dens i ty  can be e f fec ted  by mechanical operat ions (packing t o  
h igher  dens i ty  or by t u rn i ng  the  mold mater ia l  t o  achieve lower dens i ty ) .  

Because of t h i s  uncer ta in ty  i t i s  i n s t r u c t i v e  t o  observe the r o l e  
o f  thermal conduc t i v i t y  o f  the mold on the t ime requi red t o  cool molten lunar  
basa l t  t o  i t s  so l idus  temperature. Two cases were examined. I n  one case the 
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Figure 2-6. Low Thermal Conducti v i  t y  Basalt  Case: Isotherms 
i n  Casting During Cooling from 1250' t o  1100° C 



Table 2-5. Surface and Near-Surface Temperatures, OC,  o f  Baselfne Basal t  
and the Low Thermal Conduct iv i ty  Basal t  Castings a t  the Time o f  
Complete S o l i d i f i c a t i o n .  

Depth from Free Surface, cm 

Base1 i ne Basalt  

LTC Basalt  

thermal conduc t i v i t y  o f  the mold was increased over basel ine by an order o f  
magnitude and i n  the second case the  thermal conduc t i v i t y  o f  the mold was 
decreased by an order o f  magnitude from baselina. 

F igure 2-7 i l l u s t r a t e s  the  e f f e c t  of decreasing the  thermal 
conduc t i v i t y  o f  the mold by a f ac to r  o f  10 on the isotherms i n  the 50-cm-thick 
cast ing. The isotherms are p l o t t e d  as a func t ion  o f  p o s i t i o n  below the f r ee  
surface and o f  time. Above the center o f  the cast basal t  the l oca t i on  o f  the 
500°, 1000°, and 1100° C isotherms o f  the low thermal conduc t i v i t y  case are 
s i m i l a r  i n  shape and close i n  pos i t i on  t o  those obtained i;: the basel ine and 
high thermal conduc t i v i t y  cases. Below the center o f  the cast  piece, however, 
a change i n  thermal conduc t i v i t y  o f  the mold markedly a f f e c t s  the isotherms. 
Comparatively 1 i t t l e  heat i s  conducted i n t o  the mold i n  the low conduc t i v i t y  
case, as ind ica ted  by the -23' C isotherm remaining constant a t  a l oca t i on  
approximately 4 un beneath the surface. 

The "envelope" o f  probable loca t ions  o f  the so l idus  (1100° C) 
isotherm i n  t ime and depth i n  the system i s  i l l u s t r a t e d  i n  F igure 2-8. The 
1100" C isotherms f o r  the two extremes i n  thermal conduc t i v i t y  o f  the mold 
( l o - '  t imes basel ine and 10 times basel ine)  are shown as the outer  and inner  
bounds on the envelope. The dot ted l i n e  w i t h i n  the  envelope i s  the so l idus  
isothenn f o r  the basel ine case. 

The t ime requi red f o r  coo l ing  the cen t r s l  core of l i q u i d  i n  each o f  
t h e  cases i s  l i s t e d  i n  Table 2-6, w i t h  the resu l t s  o f  the basel ine run 
included f o r  comparison. Cool ing begins on emplacement o f  the molten basa l t  
a t  1250' C i r ~ t o  the mold at  -23' C. The roo1 ing  t imes r e f l e c t  the changes i n  
thermal conduc t i v i t y  o f  the mold. As w i t h  the r o l e  o f  thermal conduc t i v i t y  o f  
t he  l i q u i d  and s o l i d  basal t ,  however, there  i s  less  than a 1:l correspondence 
o f  coo l ing  t ime w i t h  conduc t i v i t y  change. This i s  t o  be expected o f  course, 
s ince a decrease i n  the thermal conduc t i v i t y  o f  the mold w i l l  r e s u l t  i n  a 
greater  percentage of  heat t r ans fe r  v ia  r ad ia t i on  i n t o  space. Likewise, an 
increase i n  thermal conduc t i v i t y  o f  the mold w i l l  increase the amount o f  heat 
being ca r r i ed  away by the mold. But since the heat being d iss ipa ted  by the 
mold i s  on ly  a f r a c t i o n  o f  the t o t a l ,  the  f r a c t i o n a l  mount  o f  change i n  t ime 
w i l l  be small compared t o  the  change i n  thermal conduc t i v i t y .  

The e f f e c t  of thermal conduc t i v i t y  o f  the mold on surface and near- 
surface temperatures a t  the moment o f  complete sol i d i  f i c a t i o n  o f  the cast 
basal t  can be seen i n  Table 2-7. The temperature o f  the  f r ee  surface ranges 
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Figure 2-7. Low Thermal Conductivity Mold Case: Isotherms i n  
Casting During Cooling from 1250' t o  1100" C 
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Figure 2-8. Sol idur  Isotherms f o r  Basal t  Dur ing Cooling i n  a 
Mol d Which Has: (a) Base1 i ne Thermal Conduct i v i  t y  
(Dashed Line) , (b) Thermal Conduct i v i  t y  
lo-' x Baseline (Outer Bound), and (c) Thermal 
Conduc t i v i t y  10 x Baseline ( Inner  Bound) 



i ' Table 2-6. Time Required f o r  Cooling the  L i qu id  Core t o  Selected Temperatures. 
i I - - 

Temperature, O C  

- 

Cooling Time 
L 

10'' x Base1 i n e  Base1 i n e  10 x Base1 i n e  

i 
i . from 251" C t o  289" C. At a po in t  4 cm below the f r e e  surface the  temperatures 
: are s t i l l  moderate, ranging from 326' t o  383" C. The surface i n  contact w i t h  

t h e  mold (a t  50 cm) , however, i s  above 900' C i n  a l l  cases. Again, special  
equipment w i l l  be requi red t o  handle mater ia l  w i t h  temperatures o f  t h i s  

l ,  magnitude. 
i. Table 2-7. Temperature, OC, o f  the Outer 4 cm o f  the  Basal t  Casting a t  t he  
.. . Moment o f  Complete Sol i d i  f i ca t i on .  

I 

Distance from 
I 

Free Surfacs, cm 10-I  x Base1 i n e  Base1 i ne 
! 10 x Base1 i n e  

An i n t e r e s t i n g  feature o f  the low thermal conduc t i v i t y  mold 
mater ia l  i s  t h a t  the  so l idus  isotherm (1100° C) i s  loca ted  s l i g h t l y  below the  
surface o f  the  mold f o r  t imes less  than approximately 62 hr. I n  a l l  o ther  
s i t ua t i ons  evaluated i n  t h i s  study a s o l i d  sk in  formed r a p i d l y  a t  each sur face 
and t h i s  sk i n  grew i n  thickness as s o l i d i f i c a t i o n  proceeded. The presence o f  
the sk in  w i l l  permi t  the cast  piece t o  be handled (using spec ia l  equipment) 
before s o l i d i f i c a t i o n  i s  complete. The cas t ing  could be removed t o  a storage 
area, thereby f r ee ing  up the  mold for  add i t iona l  cas t ing  operations. Such a 
s k i n  w i  11 not  be present i f  the  thermal conduc t i v i t y  o f  the mold i s  
approximately 10 t imes less  than the  thermal conduc t i v i t y  used f o r  t h e  
basel ine coo l ing  study. Thus the cast  piece could so t  be remop.red ear l y ,  
thereby t y i n g  up the mold f o r  60-plus hours. 

Another consequence o f  the so l  i dus temoerature being be1 ow t h e  
casting/mold i n t e r f a c e  i s  t h a t  lower me l t ing  components o f  the mold w i l l  be 
taken i n t o  the melt. The composition o f  the lower surface l aye r  of t h e  
cas t ing  w i l l  thus be a f f ec ted  by d i f fe rences  i n  c o m p o s i t i o ~  between the  
cas t ing  and the  mater ia l  from which the mold i s  made. I f  there  a re  
d i f fe rences  i n  comkosit ion between the  mold and the  cast ing, t he  l aye r  o f  
mate r ih l  a t  the  casting/mold i n t e r f a c e  w i l l  take on a composit ion d i f f e r e n t  
from the bulk cast ing. This d i f fe rence  w i l l  a f f e c t  the  phase composit ion and 
may a f f e c t  the mechanical p roper t ies  o f  the cast ing. 



The thermal conduc t i v i t y  o f  the mold markedly a f f e c t s  the r a t e  o f  
coo l ing  o f  the l i q u i d  basal t .  Low conduc t i v i t y  molds lead t o  lower ra tes o f  
cool ing.  The t ex tu re  of the basa l t  m ic ros t ruc tu re  w i l l  be a f fec ted  by the 
change i n  coo l ing  ra te .  Since the ra te  of coo l ing  a t  the f r ee  suface i s  much 
l ess  than t h a t  of the mold/basalt interface, the surface l aye r  o f  the cas t ing  
would be expected t o  have f i n e r  texture.  The phase composit ion a t  the surface 
may a lso be d i f f e r e n t  than t h a t  a t  the casting/mold in te r face .  Equ i l i b r ium 
phases would appear a t  the slow coo l ing  casting/mold i n t e r f a c e  whereas 
nonequi l i  brium phases are l i k e l y  t o  occur a t  the f ree  surface. 

2.2.3.6 E f fec t  o f  Em iss i v i t  . The value o f  em iss i v i t y  ~f the cast s i l i c a t e  
may be expected t o  vary -d w composit ion and surface roughness. The amount o f  
heat rad ia ted t o  f r ee  space from the surface o f  the cas t ing  i s  propor t ional  t o  
em iss i v i t y  t imes temperaturp o f  the  surface ra ised t o  the four th  power. Since 
t he  heat rad ia ted  from the surface i s  a , f u n c t i o n  of em iss i v i t y  i t i s  o f  
i n t e r e s t  t o  determine the ef fect  which va r i a t i ons  i n  em iss i v i t y  would have on 
t he  overa l l  r a t e  o f  temperature change. 

The p r a c t i c a l  upper l i m i t  o f  em iss i v i t y  o f  basa l t  i s  expected t o  be 
approximately 0.94 (Ref. 2-16). Use o f  e = 0.94 i n  the model ins tead o f  the 
most l i k e l y  value o f  0.74 r e s u l t s  i n  very l i t t l e  change i n  ove ra l l  coo l ing  
t ime f o r  the  cast ing. The so l idus isotherms f o r  both the standard basa l t  and 
t he  high t m i s s i v i t y  basal t  are shown i n  Figure 2-9. The so l idus  isotherm f o r  
the high em iss i v i t y  basal t  i s  approximately 112 on c loser  t o  the center o f  the  
cas t ing  than t h a t  f o r  the standard basa l t  f o r  the same coo l ing  time. The 
times requi red f o r  cool ing t o  the l i q u i d u s  and so l idus temperatures f o r  t h e  
standard basa l t  (E = 0.74) are 193 sec and 179,200 sec (49.78 h r ) ,  
respect ive ly .  S im i la r  values f o r  basa l t  w i t h  an em iss i v i t y  o f  0.94 are 192 
sec and 112,250 sec (47.85 h r )  , respect ive ly .  

The data demonstrate t h a t  f o r  mater ia l  wf th  an em iss i v i t y  greater  
than approximately 0.74 the r a t e - l i m i t i n g  step i n  the heat - t ransfer  process i s  
not the rad ia t i on  of heat from the surface. Ratper, the  ra te  of heat t r ans fe r  
through the s o l i d  and the mold are f a r  slower modes o f  heat removal and as 
such con t ro l  the overa l l  coo l ing  rate.  

A t  present the  thermal h i s t o r y  o f  the cast basa l t  has been 
determined over the t ime per iod requi red for  the l a s t  remaining l i q u i d  t o  
reach the so l idus temperature. The m d e l ,  however, i s  q u i t e  general i n  nature 
and can be used t o  f o l l ow  coo l ing  behavior o f  any mater ia l  f o r  which 
s1;fficient property data are avai lab le .  The model i s  thus app l i cab le  t o  
analys is  of a  wide range o f  both e x t r a t e r r e s t r i a l  and t e r r e s t r i a l  s i tua t ions .  

2.3 EXPERIMENTAL STUDIES 

2.3.1 I n t r oduc t i on  

The ob jec t i ves  o f  the  l iquid-phase-product ion experimental s tud ies  
are (a) t o  develop an understanding of the k i n e t i c s  o f  c r y s t a i l i z a t i o n  o f  
e x t r a t e r r e s t r i a l  s i l i c a t e s ,  (b) t o  develop an understanding of the e f f e c t  o f  
coo l ing  r a t e  on t ex tu re  and phase-composition o f  e x t r a t e r r e s t r i a l  s i l i c a t e s  
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cooled from the  molten state,  and (c)  t o  evaluate the p roper t ies  of 
e x t r a t e r r e s t r i a l  mate r ia ls  produced f r a n  the  molten s ta te .  

The experimental procedure f o r  t he  product ion o f  mock 
e x t r a t e r r e s t r i a l  mate r ia ls  3nd t h e i r  heat treatment was described i n  Refercwe 
2-1. V i e f l y ,  e x t r a t e r r e s t r i a l  ma te r i a l s  were simulated w i t h  a  m ix tu re  o f  
t e r r e s t r i a l  minerals. The mock e x t r a t e r r e s t r i a l  mate r ia l  s  formed were (1) a  
mock lunar  maria basal t ,  (2) a  mock lunar  higelands anor thos i te ,  and (3) a  
mock o rd i  nary chondri t e  (meteor! t e  composit ion). 

Each o f  t he  t h ree  mock mater ia ls  was placed i n  a  closed molybdenum 
c r u c i b l e  and he ld f o r  1 h r  (a) a t  1400' C and cooled a t  503' C/min o r  ( b )  a t  
1350' C and cooled a t  7' C/min, 4' C/min and 0.8' C/min t o  below i t s  so l idus  
temperature. Both t h i n  sect ions and po l ished specimens were made o f  each 
sample formed under each o f  t he  heat-treatment condi t ions and were evaluated 
v i a  ref1 ected and t ransmi t ted  1 i ght microscopy, scanning microscopy and 
e lec t ron  beam m i  croprobe. 

2.3.2 Results 

The phases observed by o p t i c a l  and scar,ning e l ec t ron  microscopy i n  
specimens evaluted i n  t h i s  study are l i s t e d  i n  Table 2-8. Also presented are 
the heat-treatment cond t t i o n s  and the  phase i d e n t i f i c a t i o n  made f r a n  X-ray 
d i f f r a c t i o n  analyses (Ref. 2-1). 

2.3.2.1 Mock Basalt. The samples o f  basa l t  were found t o  be contaminated 
w i t h  molybdenum. The molybdenum was present i n  the  sol i d i  f i e d  s t r uc tu re  along 
w i t h  i r o n  and t i tan ium.  F igure 2-10 shows both the  blocky and d e n d r i t i c  h a b i t  
o f  the  Fe-Ti-Mo phase i n  mock lunar  basa l t  cooled a t  0.8' C/min. The basa l t /  
c r u c i b l e  i n t e r f a c e  i s  a t  the  l e f t  o f  t he  f igu re .  The whi te  areas are t he  
Fe-Ti-Mo phase, the  l i g h t  gray i s  Ca-rich pyroxene, whi le  the  dark gray i s  
fe ldspa th ic  mater ia l .  The d e n d r i t i c  c r y s t a l s  o f  Fe-Ti-Mo appear t o  be 
associated w i t h  the  fe ldspa th ic  mater ia l  and i n  most cases t o  have 
p rec ip i t a ted  from so lu t i on  a t  t he  pyroxene/fel dspar i n te r f ace .  

The mock 1 uliar basa l t  cooled a t  7' C/min had Fe-Ti-Mo phase present 
as both blocky c r y s t a l s  and dendr i tes i n  a  fe ldspar  matr ix .  The blocky 
c r y s t a l s  form a t  the basal t / c r u c i b l e  i nter faca  wh i le  the  d e n d r i t i c  c r y s t a l s  
grow i n  the  fe ldspar  mat r i x  as shown i n  Figure 2 - l l a .  F igure 2 - l l b  shows i n  
more d e t a i l  the pockets o r  veins o f  a  very f tne-gra ined mater ia l  which pervade 
t he  e n t i r e  specimen and which appear t o  cons is t  o f  a t  l e a s t  two components. 
The f i r s t  i s  fe ldspa th ic  i n  composition and i s  probably a  glass, wh i le  t h e  
o ther  component i s  a  ferromagnesi um mineral  , poss ib ly  a  Ca-pyroxene. These 
mater fa ls  probably represent the  c r y s t a l l i z a t i o n  products o f  a  res idual  
1  iqu id .  

These r e s u l t s  i n d i c a t e  t h a t  reac t ion  w i t h  the  Mo c r u c i b l e  has 
occurred before so l  i d i f i  ca t i on  of the  sample. We have t e n t a t i v e l y  i d e n t i f i e d  
two coex is t ing  pyroxenes (low Ca and h igh Ca) which form a compact, coarse- 
grained mass. A l l  ferro;nagnesiw minera ls  appear t o  have a h igh Fa/Mg r a t i o  
and some s i l i c a t e s  conta in  a  subs tan t ia l  m w n t  o f  Mo. 
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Table 2-8. Crysta l1  i n e  Phase Content o f  Specimens Evaluated by Opt ica l  and 
Scanning E lec t ron  M i  croscopy 

Phase I d e n t i f i c a t i o n  
Mater i  a1 Heat Treatment X-ray D i f f r a c t i o n  Microscopy 

- 
Basalt  he ld  1350" C, 1 hr; augi te,  unknowns Fe-Ti -Mo dendr i tes,  

cooled 0.8" C/min f e l  dspathic mater i  a1 , 
Ca-pyroxene 

he ld  1350" C, 1 hr;  augi te,  unknowns Fe-Ti -Mo, glass, 
cooled 7' C/min Ca-pyroxene 

he ld  1600" C, 1 hr; augite, unknowns Pyroxene, - f e l  dspath i c  
cooled 500" C/mi  n  g l  ass, re -T i  -Mo 

Anor thos i i  - he ld  1350" C, 1 hr;  anal b i  te, unknowns p l  ag ioc l  ase, 01 i v i  ne, 
cooled 7" C/min pyroxene, f e l dspa th i c  

glass, augi t e  

Chondrite held 1350" C, 1 hr ;  o l i v i n e ,  unknowns o l i v i n e ,  pyroxene, 
cooled 0.8" C/m! n  f e l dspa th i c  glass, 

N i  -su l  f i d e s  

he ld  1350" C, 1 hr;  o l i v i ne ,  t r a c e  01 i v i  ne, Ca-poor 
cooled 7" C/min bronz i  te ,  unknowns pyroxene, fe ldspa th i  c  

glass, N i - s u l f i d e  

The mock l una r  basa l t  cooled a t  500' C/min had t he  Fe-Ti-Mo phase 
d i s t r i b u t e d  throughout t he  sample. Blocky c r y s t a l s  o f  t h i s  pnase were not  
present a t  the  basa l t / c ruc i b l e  i n t e r f a c e  as was observed i n  t he  basal t  
specimens cooled a t  the 1 ower rates.  However, small d e n d r i t i c  c r y s t a l s  formed 
i n  a  random arrangement w i t h i n  t he  mat r i x  as shown i n  F igure 2-12. The rap id  
coo l ing  r a te  o f  t h i s  sample has produced a  ma t r i x  w i t h  a  f ine-grained, sugary 
t e x t u r e  cons is t ing  of ma! 1  pyroxene c r y s t a l s  (medi um gray), an i n t e r s t i  t i a1 
g l  sss o f  predominantly f e l  dspathic composit ion (dark gray), and t he  Fe-Ti-Mo 
phase (whi te) .  The two s i l i c a t e  phases shown i n  F igure 2-12 conta in  t races  o f  
Mo. A substant ia l  amount o f  Fe, Ti ,  and Mg and a  small amount o f  Mn i s  
d isso lved i n  t he  fe ldspa th ic  glass, i n d i c a t i n g  t h a t  t he  f a s t  coo l ing  has l e d  
t o  incomplete c r y s t a l  1 i z a t i o n  o f  the  maf ic  components f r a n  the  me1 t. 

2.3.2.2 Mock Ordinary Chondrite. The chondr i te  specimen cooled a t  7" C/min 
f r a n  1350' C t o  below the  so l idus contained l a rge  angular o r  sub-rounded areas 
o f  po l yc r ys ta l l  i ne mater i  a1 s  surrounded by a ground-mass of fe ldspath i  c  
glass. The po l yc r ys ta l  1  i ne mate r ia l  cons is ts  o f  an equi granul a r  mix ture o f  
coarse-grained o l i v i n e  and Ca-poor pyroxene and appears as t ho  medium gray 
phase i n  F igure 2-13a. The p c l y c r y s t a l l i r l e  mate r ia l  i s  shown i n  more de ta i  1  
i n  Figure 2-13b. The g ra i n  i n  t he  lower l e f t  o f  t he  f i g u r e  i s  o l i v i n e  and 
fe ldspa th ic  glass i s  located i n  the  center,, Note t he  microcrack ing o f  t h e  
01 i v i  ne grain. These m i  crocracks have t he  po ten t i  a  I f o r  degradi ng the  
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Figure 2-22. Mock Lunar Basal t  Cooled a t  5G0° C/mi?, 
(Reflected ~ i g h t )  
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s t r e n g t h  o f  t h e  m a t e r i a l .  The f e l d s p a t h i c  g lass  m a t r i x  ( l i g h t  gray i n  F igu re  
2-13a) a l s o  con ta ins  a  m e t a l l i c  phase shown as t h e  wh i te  r e g i o n  i n  F i g u r e  
2-14a. Th is  m e t a l l i c  component c o n s i s t s  o f  an Fe-Ni phase which occurs i n  
a s s o c i a t i o n  w i t h  a  N i -bear ing  Fe s u l f i d e  d i s p l a y i n g  an e u t e c t i c  t e x t u r e  as 
shown i n  F igu re  2-14b. The reg ions of h igh  r e f l e c t i v i t y  are  t h e  Fe-Ni phase 
w h i l e  t h e  1  i g h t  gray reg ions a r e  FeS. The Fe-Ni phase a l s o  occurs as very 
small  drop1 e t s  s c a t t e r e d  throughout t h e  ferromagnesium s i  1  i ca tes  as shown i n  
F igu re  2-15. 

The c h o n d r i t e  specimen cooled a t  0.8' C/min appeared s i m i l a r  i n  
t e x t u r e  t o  t h a t  specimen coo led a t  7' C/min. As shown i n  F i g u r e  2-16a t h e  
specimen cooled a t  t h e  s lowest  r a t e  c o n s i s t s  o f  angu lar  fragments (medium 
gray)  o f  coarse-grained o l i v i n e  and pyroxene immersed i n  a ground-mass o f  
f e l  dspa th i c  g lass  and c r y s t a l  1  i t e s  o f  ferro-magnesiun m ine ra l s  (1 i ght gray) .  
The Fe-Ni metal present  i n  t h e  mock c h o n d r i t e  qppears as spherules ( b r i g h t  
areas i n  F igu re  2-16a) w i t h i n  t h e  f e l d s p a t h i c  g lass  m a t r i x .  S u l f i d e  
i n c l u s i o n s  occur bo th  w i t h i n  t h e  Fe-Ni metal spheres and around t h e i r  
per imeters  as shown i n  F i g u r e  2-16b. Energy d i s p e r s i v e  X-ray analyses 
i n d i c a t e  t h a t  t h e  sul  f i des  a re  n i c k e l  -bear ing.  

2.3.2.3 Mock Anor thos i te .  Th is  specimen c o n s i s t s  o f  areas c o n t a i n i n g  
coarse-gra i  n2d p l  ag i  o c l  ase w i t h  m i  no r  01 i v i  ne and pyroxene as shown i n  F i g u r e  
2-17. W i th in  and among these ar2as a re  pockets o r  ve ins  o f  f e l d s p a t h i c  
r c a t e r i a l  (p robab ly  g lass )  which show enrichments i n  Na and K and i n c l u d e  
a c i  c u l  a r  c r y s t a l s  o f  augi  t e .  

There i s  s u b s t a n t i a l  admixture o f  Mo a t  a l e v e l  o f  515% i n  t h e  
Fe-Ti phase found i n  t h e  mock l u n a r  b a s a l t  samples. Th is  was a  r e s u l t  o f  
r e a c t i o n  o f  t h e  b a s a l t  w i t h  t h e  molybdenum c r u c i b l e  i t s e l f .  A l l  t h r e e  mock 
l u n a r  b a s a l t  samples e x h i b i t e d  t h i s  fea tu re  i n  t h e  form o f  d e n d r i t i c  Fe-Ti-Mo 
phases which appear m e t a l l i c .  However, t h e  phases s tud ied  i n  t h e  mock l u n a r  
a n o r t h o s i t e  and mock m e t e o r i t i c  o r d i n a r y  c h o n d r i t e  do n o t  show evidence o f  Mo. 

There i s  s t rong  evidence from l i t e r a t u r e  s t u d i e s  t h a t  Mo e x h i b i t s  
s t r o n g  chaS cophi  1  e  and s i d e r o p h i l  e  as we1 1  as mi n o r  1  i thoph i  l e  behavior .  The 
exact  p a r t i t i o n i n g  between t h e  d i f f e r e n t  behav iors  o f  Mo ment i  oned above 
depends on t h e  p a r t i a l  pressures of t h e  va r ious  gas phases (0 , CO,, H,O, SO,) 
which a r e  i n  e q u i l i b r i u m  w i t h  t h e  sample. The i n t r o d u c t i o n  o f  t h e  Mo frw t h e  
c r u c i b l e  i n t o  t h e  m e l t i n g  system w i l l  s t r o n g l y  a f f e c t  t h e  bu lk  composi t ion o f  
t h e  minera l  phases c r y s t a l  1 i z i n g  from t h e  me1 t. Consequently, t h e  p a r t i t i o n  
o f  o t h e r  elements among c o e x i s t i n g  minera l  phases w j l l  a l s o  be seve re l y  
a f fec ted .  The unexpected d i  f f e r e n c e  between I unar b a s a l t  and 1 unar 
a n o r t h o s i t e  i s  p u r z l  i ng and suggests t h a t  t h e  physico-chemical c o n d i t i o n s  
d u r i n g  t h e  me1 t i n y  process were s u b s t a n t i a l  l y  d i f f e r e n t  . Another ~ o s s i  b i  1 i t y  
i s  t h e  a d d i t i o n  o f  s u b s t a n t i a l  amounts o f  i l m e n i t e  i n  t h e  p r e p a r a t i o n  of mock 
l u n a r  b a s a l t  samples, l e a d i n g  t o  l a r g e  amounts o f  T i  i n  t h e  mel t ,  which mzy 
have played a  major  ro le .  F u r t h e r  s t t id ies  a re  c l e a r l y  needed t o  d e l i n e a t e  
between these koss i  b i  1 i t  i es. 
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Figure 2-15. Mock Ordinary Chondri t e  Cooled 
a t  7" C/nin Showing Fe-Ni Phase 
as Small Droplets Dispersed i n  
the Ferromagnes i urn 5 i 1 i ca t e  
(SEti) 
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Fiqure 2-17. Mock Anorthosite Coo led a t  7" C h i n  
(Transmitted L i g h t )  



I n  sumary, the  chemical composit ion o f  t ne  var ious r e s u l t i n g  
phases i n  the  basa l t  specimens may have been a l t e r e d  and the  r e s u l t s  
compromised, due t o  the  i n t r oduc t i on  o f  substant ia l  mounts  of Mo from the  
c ruc ib le .  The t e x t u r a l  s tud ies are probably more v a l i d  w i t h  respect t o  t he  
s i l i c a t e  mater ia ls ,  which have c r ys ta l  1  i z e d  from the  me1 t s .  I n  f u t u re  s tud ies 
i n  t h i s  area, we would propose the  use o f  c ruc i b l es  made up o f  l e ss  r eac t i ve  
mater i  a1 s  such as, perhaps, a1 umi num oxide or  z i  r con i  um oxide. 

2.4 COOLING RATE CALCULATIONS 

The r a t e  o f  coo l ing  o f  a  1  Squid s i l i c a t e  through i t s  so l  idus 
temperature w i  11 determine the t ex tu re  and phase composit ion o f  t he  s o l i d i f i e d  
s t ruc tu re .  Since t he  thermal grad ient  i s  greatest  a t  the  f r e e  surface t he  
heat t r a n s f e r  r a t e  i s  greatest  there. The coo l ing  r a t e  o f  a  cast  s i l i c a t e  i s  
thus a  func t ion  o f  p o s i t i o n  w i t h i n  the  s i l i c a t e  body. 

The change i n  temperature w i t h  t ime a t  2  cent imeter i n t e r v a l s  
w i t h i n  the basel ine basa l t  i s  i l l u s t r a t e d  i n  F igure 2-18 over the  f i r s t  
6.5 hr o f  cool ing.  The l i n e  marked "core" shows the change i n  temperature o f  
t he  cen t ra l  l i q u i d .  The free surface (0  an) and t he  i n t e r f a c e  between cas t ing  
and mold (50 cm) dev ia te  immediately from the core temperature. There i s  an 
" i n i t i a t i o n "  per iod a t  l o ca t i ons  away from the  surfaces which takes place 
p r i o r  t o  the  onset o f  rap id  cool ing.  The leng th  o f  t h i s  " i n i t i a t i o n "  per iod  
i s  dependent on loca t ion .  A f t e r  t h i s  per iod i s  complete t he  r a t e  o f  coo l ing  
a t  2 - m  i n t e r v a l s  between 0 and 12 cm ranges between 140' C/min a t  the f r e e  
surface t o  0.9' C/min a t  12 cm below the f ree  surface as l i s t e d  i n  Figure 
2- 18. 

The most rap id  r a t e  o f  coo l ing  t o  below t he  so l  idus (1100° C) i s  
140' C/min which i s  approximately 217 the  maximum r a t e  i n  t he  experimental 
me l t  s tud ies (500' C/min). There i s  good correspondence between the lowest 
r a t e  o f  coo l ing i n  the  experimental r ~ l e l t  s tud ies (0.8' Cjmin) and t h a t  
pred ic ted t o  occur a t  12 an (0.9' C/min) below the f r ee  surface. This means 
t h a t  we can p red i c t  w i t h  some degree o f  accuracy the  t e x t u r e  and phase content 
which w i l l  occur i n  the  surface l aye r  o f  the cas t i ng  based on the experimental 
studies.  

The rap id  r a t e  o f  coo l ing  o f  the  f i r s t  4 un occurs before the  
temperature o f  the cen t ra l  po r t i on  of the cas t ing  drops more than 
approximately 10' C. There may be some segregation o f  the  h ighest  me l t ing  
components which w i l l  change the ove ra l l  chemistry o f  tne  remaining l i q u i d .  
However, it i s  not expected t h a t  t h i s  change w i l l  be great enough t o  negate 
app l i ca t i on  o f  the data obtained i n  the experimental s tud ies i n  p r e d i c t i o n  o f  
t e x t u r e  and phase composit ion o f  the immediate f ree surface layers  (0-6 an) i n  
la rger  castings. A t  a  depth of 12 cm, the temperature drops approximately 
25' C below the l i q u i d u s  over a  per iod o f  5.5 h r  before rap id  coo l ing  begins. 
Segregation by c r y s t a l  1  i z a t i o n  o f  the  most r e f r a c t o r y  minera ls  may occur 
dur ing t h l s  per iod o f  slow coo l ing  (average r a t e  0.08" C/min). Such 
c r y s t a l l i z a t i o n  o f  the most r e f r a c t o r y  components would cause a change i n  t h e  
ove ra l l  chemistry o f  the  l i q u i d  s i l i c a t e  remaining. Add i t i ona l  experimental 
mel t  s tud ies are requi red t o  ob ta in  data app l i cab le  i n  such s i tua t ions .  
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Based on the experimental s tud ies we can p r e d i c t  t h a t  the  f r e e  
surface l aye r  o f  a l a rge  basa l t  cas t ing  o f  the composit ion s tud ied l o  t h i s  
program w i l l  have a f ine-grained, sugary tex tu re .  Pyroxene w i  11 form i n  a 
fe ldspa th ic  glass ma t r i x  and the  glass w i l l  conta in  Fe, T i  and Y ,  'n so lu t ion .  

A t  l o ca t i ons  2 t o  4 an below the fret !  surface the cool  i ng  r a t e  w i l  ; 
be between 12 and 6' C/rnin and t h e  t ex tu re  and phase composit ion i s  expected 
t o  be s i m i l a r  t o  the  mate r ia l  cooled a t  7' C/min i n  the  experimental studies.  
It i s  p red ic tnd  t h a t  a t  t h i s  l o c a t i o n  the re  w i l l  be a fe ldspar  ma t r i x  which 
w i l l  con ta in  pockets or veins o f  a f e l dspa th i c  glass and a Ca-pyroxene. The 
ma t r i x  w i l l  a l so  conta in  low Ca and h igh Ca pyroxenes as compact, coarse- 
grained masses. 

The task which l i e s  before us now i s  t o  equate the  e f f e c t  o f  t he  
changing t ex tu re  and phase composi t i  on w i t h  mechanical p roper t ies  o f  the 
s t ruc tu re .  
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SECTION 3 

MAGMA ELECTROLYSIS 

E. du Fresne and J. E. Schroeder 

3.1 DEFINITIONS 

Magma means s imply  "mol ten rock." U s u a l l y  we understand, i n  t h e  
c o r ~ t e x t  o f  Magma E l e c t r o l y s i s ,  a  m e l t  compos i t i on  s i m i l a r  t o  b a s a l t ,  o r  eo 
m ine ra l s  separated f rom b a s a l t ,  a l t hough  t h e r e  a r e  except io;~.  

Magma E l e c t r o l y s i s ,  though s i m i l a r  i n  p r i n c i p l e ,  d i f f e r s  
cons ide rab ly  i n  p r a c t i c e  froin " e l e c t r o w i n n i n g "  o f  meta ls  as c a r r i e d  ou t  
commercia l ly  on Ear th .  Even i f  we compare o n l y  processes conducted a t  h i g h  
temperature, t h e r e  a r e  these bas i c  d i f f e r e n c e s :  

(1) Nagma E l e c t r o l y s i s  eniploys no f l u o r i d e s  o r  o t h e r  f l u x e s  t o  
lower  v i s c o s i t y  and a1 t e r  r e d u c t i o n  vo l tages,  and 

( 2 )  I t dces n o t  employ a  consumable anode (e.g., g r a p h i t e )  t o  
F, 

-, 
i nc rease  t h e  d r i v i n g  f o r c e  o f  t h e  r e a c t i o n  o r  t o  a v o i d  t h e  

~. expense o f  a  permanent anode capable c f  w i t h z t a n d i n g  t h e  h i g h  
temperature  o f  t h e  process. 

The reason f o r  bo th  o f  t hese  i s  s imple :  we cannot a f f o r d  t h e  
t 

t r a n s p o r t  cos ts .  

I n  t h e  case o f  f l u x ,  we must n o t  o n l y  impor t  an i n i t i a l  supply,  b u t  
must make up process l osses  as w e l l .  I n  a d d i t i o n ,  t h e  f l u x  must be recovered,  
i n s o f a r  as i t  can be, and t h i s  c a l l s  f o r  an a d d i t i o n a l  p l a n t ,  which must a l s v  
be imported. 

Consumable anodes n o t  o n l y  must be imported,  b u t  t h e y  f r u s t r a t e  a  
main o b j e c t  o f  Magma E l e c t r o l y s i s ,  namely t o  o b t a i n  oxygen. Consider a 
g r a p h i t e  anode: t h i s  w i l l  be a t tacked  by oxygen t o  f o  *m CO o r  C o i l  ( u s u a l l y  
a  m i x t u r e  of bo th ) ,  and t h i s  gaseous e f f l u e n t  must be processed f u r t h e r  t o  
o b t a i n  oxygen and recove r  c a r t  7n.l  

D i r e c t  oxygen p roduc t ion  i s  impor tan t  f o r  reasons t h a t  go f a r  
beyond t h e  c o s t  of i m p o r t i n g  consumable anodes. W. C a r r o l l  has shown t h a t  
bu l k  oxygen f o r  p r o p u l s i o n  i s  l i k e l y  t o  be t h e  most impor tan t  immediate ly 
S u m u c t t o  be expected f rom o u r  e f f o r t s  (Ref. 3-1). The l o g i c  i s  
7 

impress ive :  bes ide t h e  importance o f  p r o p u l s i v e  oxygen, even t h e  oxygen 
ded ica ted t o  l i f e - s u p p o r t  dwind les  t o  i n s i g n i f i c a n c e ,  be ing  l e s s  . important by 
severa l  o rde rs  o f  magnitude. Th is  be ing  tdken  a; given, i t  i s  n a t u r a l  zo 
concen t ra te  e f f o r t s  on t h e  m u f a c t u r e  o f  oxygen f o r  p rupu ls ion ,  and o f  
p r o p e l l a n t s  i n  general .  Th i s  must appear d i s c o n c e r t i n g ,  a  dec ided s h i f t  i n  

I 

% 
l ~ h i l e  a  s o l j d - s t a t e  e l e c t r o l y s i s  has been proposed f o r  C O i  recovery ,  i t  

a has n o t  y e t  been demonstrated. Routes t o  carbon and oxygen f rom C O  o r  CU2 
a r e  l i k e l y  t o  be c i r c u i t o u s  and c o s t l y .  

,e 
Z 3- 1 



emphasis f rom t e r r e s t r i a l  processes. Oxygen i s  v i r t u a l l y  " f r e e "  on Ear th ,  so 
t h e r e  i s  no a n x i e t y  about produc ing i t  from an e l e c t r o l y s i s  scheme: t h e  more 
usual  goal  i s  a  s t r u c t u r a l  metal .  Hence conven t iona l  e l e c t r o w i n n i n g  processes 
i g n o r e  oxygen p r o d u c t i o n  and employ consumable anodes. 

3.2 CONTEXT: WORST-CASE ANALYSIS 

The con tex t  i n  which Magma E l e c t r o l y s i s  i s  be ing  developed i s  a  
worst-case a n a l y s i s ,  i n  which Nature i s  everywhere unkind. I n  t h i s  scenar io ,  
every  o b j e c t  t h a t  comes c l o s e  t o  t h e  Ear th ,  t h a t  i s ,  t h e  Moon, t h e  A p o l l o  
a s t e r o i d s ,  and t h e  (as y e t  t o  be d i s c o v e r e ~ )  Ear th -T ro jan  a s t e r o i d s ,  a;e mere 
masses o f  rock,  t o t a l l y  devo id  o f  water  i ce ,  o t h e r  i ces ,  o r  forms o f  carbon. 
I n  f a i r n e s s ,  we should d iscuss what c o u l d  be done i f  t h i s  worst-case a n a l y s i s  
i s  wrong. 

3.2.1 The A l t e r n a t i v e  Context: Water i s  A v a i l a b l e  

O f  t h e  i n f i n i t y  of  p o s s i b l e  cases, t h r e e  seem more p robab le  than  
o the rs :  

(1) Water- ice p e r s i s t s  a t  s h e l t e r e d  l o c a t i o n s ,  such as t h e  p o l e s  
o f  t h e  Moon (Refs. 3-2 t o  3-4) ,  o r  under t h e  s i l i c a t e  
sur faces o f  a s t e r o i d s  (Ref. 3-5). 

( 2 )  Gas hydra tes  and w a t e r - i c e  p e r s i s t  under t h e  d u s t y  c r u s t s  o f  
bu rn t -ou t  comets which masquerade as A p o l l o  as te ro ids .  

( 3 )  Some o f  t h e  Apol l o  d s t e r o i d s  ( o r  Ear th-Tro jans,  i f  they  
e x i s t )  a r e  s i m i l a r  t o  carbonaceous c h o n d r i t e s  i n  composi t ion.  

These t h r e e  cases can be reso lved,  f rom t h e  s tandpo in t  o f  
p rocess ing  p r o p e l l a n t s ,  i n t o  one major  o p p o r t u n i t y ,  t h e  a v a i l a b i l i t y  o f  water, 
w i t h  seve ra l  minor  b e n e f i c i a l  s i d e  issues,  such as t h e  r e c o v e r a b i l i t y  o f  
ammonia o r  carbonaceous compounds. 

Water can be e l e c t r o l y z e d  d i r e c t l y ,  a t  room temperature,  i n t o  
hydrogen and oxygen i n  s t o i c h i o m e t r i c  p r o p o r t i o n s .  There i s  no need f o r  a  
s o l i d - s t a t e  e l e c t r o l y s i s  process, as recommended by sume en thus ias ts .  The 
l i q u i d  process i s  w e l l - e s t a b l i s h e d  on t h e  c c m e r c i a l  sca le ,  as w e l l  as be ing  a  
t ime-honored demonstrat ion i n  h i  gh-school chemis t ry .  Hence a v i r t u a l l y  
p e r f e c t  f u e l - o x i d a n t  combinat ion i s  a v a i l a b l e  a t  i i t t l e  cos t ,  p rov ided  o n l y  
t h a t  water  i s  t o  be found. 

3.2.2 Gas Hydrates and Frozen Frce Rad ica l s  

Gas hydra tes  add l i t t l e  t o  t h i s :  t hey  may c o n t a i n  C02, ammonia, 
argon, etc., b u t  t h e i r  main product  o f  i n t e r e s t  i s  water .  The r e s t  c o n t r i b u t e  - 
l i t t l e  o r  n o t h i n g  t o  propu ls ion .  



i t  has been argued t h a t  comet i c e s  a l s o  c o n t a i n  f r o z e n  f r e e  r a d i c a l s ,  
which would be a  boon t o  p ropu ls ion .  On examinat ion,  t h i s  hypothes is ,  based on 
t h e  i r r e g u l a r  f l a r e - u p s  o f  comet Schwassmann-Wachmann 11, t u r n s  o u t  t o  be an 
argument a g a i n s t  t h e  ex i s tence  o f  i c e s  w i t h i n  such ~ u r n t - o u t  comets as may 
c i r c u l a t e  c l o s e  t o  t h e  Earth.  For i f  Schwassmann-Wachmann I 1  can o c c a s i o n a l l y  
show a  coma of  gas, and blow o f f  i t s  d u s t  cover ing ,  a t  a  d i s t a n c e  o f  5 A.U. o r  
more f rom t h e  Sun, then  s u r e l y  a  s i m i l a r  o b j e c t  a t  1 A.U., where t h e  l i g h t  i s  
a t  l e a s t  25 t imes  more i n t e n s e  -- and t h e  h e a t i n g  e f f e c t  l i k e d i s e  -- w i l l  be 
even more prone t o  f l a r e  up, d i s p l a y  a  coma, and blow o f f  i t s  dus t  cover!  
Which i s  t o  say t h a t  a  comet nuc leus cannot  become a  dust -covered o b j e c t ,  
ra is takab le  l o r  an a s t e r o i d ,  a t  a  d i s t m f  1 A.U. f rom t h e  Sun, i t  i t s  
compos i t ion  resembles t h a t  o f  Schwassmann-Wachmann !I. 

One can e l i m i n a t e  gas hydra tes  f o r  much t h e  same reaso:,s. These 
c l a t h r a t e  compounds can be formed i n  t h e  r e g i o n  o f  0-20°c i n  t h e  presence o f  
gas pressures of  some hundreds of atmospheres. To preserve them a t  1 
atmosphere o r  l ess ,  i t  i s  necpssary t o  drop t h e  temperature  cons ide rab ly :  
C02 hyd ra te  can be kep t  f o r  weeks t o  months a t  -40°C (Ref. 3-6). I f  one 
a l l o w s  them t o  warm g r a d u a l l y  t o  OOC, they  decompose, o f t e n  by e x p l o s i v e  
d e c r e p i t a t i o n .  Again, i t  i s  d i f f i c u l t  t o  see how a  cornet nuc leus can a c q u i r e  
a  dus ty  mant le  a t  1 A.U. f rom t h e  Sun, where t h e  black-body e q u i l i b r i u m  
temperature  i s  c l o s e  t o  O°C, i f  i t  c o n t a i n s  any s u b s t a n t i a l  amount of  gas 
hydra tes .  

The cha in  o f  l o g i c  fo rces  us t o  t h e  conc lus ion  t h a t ,  i t  any 
bu rn t -ou t  comet n u c l e i  a r e  masquerading as A p o l l o  a s t e r o i d s ,  t hey  e i t h e r  
c o n s i s t  o f  r e s i d u a l  dus t  alone, o r  o f  such dust  p l u s  water  i c e ,  b u t  w i t h o u t  
any s u b s t a n t i a l  con ten t  o f  f rozen  f r e e  r a d i c a l 5  o r  o f  gas hydrates.  

3.2.3 Hydrocarbons 

The case o f  carbonaceous c h o n d r i t e - l i k e  a s t e r o i d s  i s  n.ore 
i n t e r e s t i n g ,  though perhaps worse understood. Among t h e  paradoxes presented 
by these  o b j e c t s  i s  t h a t  t hey  c o n t a i n  no chondrules,  though desc r ibed  as 
chondr i t es .  Some o f  them, such as O r g u e i l ,  appear t o  have been e x t e n s i v e l y  
reprocessed, whi l e  o the rs ,  s u p e r f i c i a l  l y  s im i  l a r ,  have been clzssed as 
p r i m i t i v e  s o l a r  nebula m a t e r i a l  (e.9. Renazzoj. 

I n  t h e  t h r e e f o l d  c l a s s i f i c a t i o n  enunc ia ted by Wi ik  i 0 . r f .  3-7),  we 
f i n d  a  g rada t ion  i n  carbon con ten t  f rom 1-111, and Group 111, t h e  extreme end 
o f  t h e  range, i s  so poor i n  resoarces ( o t h e r  than  those found i n  s i l i c a t e s  
general  l y )  as t o  be s c a r c e l y  wor th  speci  a  1  a t t e n t i o r ,  These carbon-poor 
m e t e o r i t e s  a r e  h a r d l y  d i s t i n g u i s h a b l e  f rom t h e  o r d j n a r y  t y p e  known c o l l o q u i a i  l y  
as "stones." But ,  p rog ress ing  toward t h e  o t h e r  e : ~ d  o f  t h e  gamut, Group I, we 
f i n d  i n c r e a s i n g  amounts o f  water  and carbon. 

The water  con ten t  has o f t e n  been chal lenged,  i n  s p ~ t e  o f  t h e  
d e f i n i t i v e  work o f  Giovanni Boato (Ref. 3-8:. It has been argued t h a t  t h e  
carbonaceous c h o n d r i t e s  have absorbed water  f rom E a r t h ' s  atmosphere i n  museum 
storage.  T h i s  i s  t r ~ e ,  t o  a  degree -- b u t  Boa to ' s  i s o t o p i c  s t u d i e s  showed 
t h a t  some, a t  l e a s t ,  o f  t h e  hydrogen and oxygen o f  t h e  exchangeable water  was 
o f  e x t r a t e r r e s t r i a l  o r i g i n .  Moreover, du Fresne and Ande; s  (Ref. 3-5)  were 



a b l e  t o  prove t h a t  much o f  t h e  p r i m o r d i a l  wa te r  was h e l d  i n  l a y e r - l a t t i c e  
s i l i c a t e s ,  as "water  of  c o n s t i t u t i o n , "  t h a t  i s ,  as  f i x e d  hyd rox ide  i ons ,  
capable o f  be ing  l i b e r a t e d  ( o r  exchanged) o n l y  a t  e leva ted  temperatures,  
approaching 600C. I n  t h e  9 rgue i  1  - t ype  me teo r i t es ,  even more o f  such p r i m i t i v e  
water  was h e l d  i n  vacuum-stable compounds such as t h e  g lassy  fo rm o f  magnesium 
s u l f a t e  monohydrate. ( T h i s  l a s t  does indeed r e h y d r a t e  under some s to rage  
c o n d i t i o n s  t o  Epsom s a l t s  -- t h e  heptahydra te  -- caus ing p o o r l y  k e p t  specimens 
o f  Orgue i l  and o t h e r  Class I carbonaceous c h o n d r i t e s  t o  f a l l  a p a r t ,  w h i l e  
becoming contaminated w i t h  water  o f  t e r r e s t r i a l  i s o t o p i c  composi t ion.)  

The ques t ion  o f  carbon con ten t  i s  even more i n t e r e s t i n g .  The 
carbon i s  n o t  i n  t h e  form o f  g r a p h i t e ,  o r  o f  m e t a l l i c  compounds, s ~ c h  as t h e  
cohen i te  (Fe3C) o f  t h e  g r e a t  i r o n  me teo r i t es .  Rather,  i t  i s  d i s t r i b u t e d  as 
a  t h i n ,  po lymer ized hydrocarbon f i l m ,  c a l l e d  " re t i gen , "  over  t h e  sur faces o f  
t h e  m ine ra l  g r a i n s  t h a t  have been compacted t o  fo rm t h e  bod ies  o f  these 
v e t e o r i t e s .  So lvent  e x t r a c t i o n  has proved d i f f i c u l t  ( n o t  t h a t  i t  woula be 
p r a c t i c a l  t o  impor t  s d l v e n t ) .  Recovery o f  carbon ( o r  b e t t e r  y e t ,  o f  
hydrocarbon) values thus  resembles t h e  o i l - s h a l e  problem. E s s e n t i a l l y ,  i t  i s  
a  m a t t e r  o f  r e t o r t i n g  ( p y r o l y s i s )  t o  o b t a i n  t ,~ r ry  m a t t e r  and combust ib le  
gases. Since t h e  same process of  d e s t r u c t i v e  d i s t i l l a t i o n  would be used t o  
recover  water  f rom such m a t e r i a l ,  i t  i s  wor thwh i l e  t o  cons ide r  what m igh t  
happen i n  a  j o i n t  opera t ion .  

( 1 )  Low temperature (up t o  200°C): water  re ieased  f rom 
h y d r a t e d  s a l t s ;  r e t i g e n  e s s e n t i a l l y  una l te red.  The process 
can s top  here, a t  d i s c r e t i o r l ,  w i t h  cor ts iderab le  savings i n  
energy, i f  o n l y  t h e  water  i s  des i red.  

( 2 )  I n te rmed ia te  (200-500°C) : pyro l .ys i  s  of  r e t i g e n ,  r e l e a s i n g  
t a r s  and hydrocarbon gases, and l e a v i n g  a  c a r b o n - r i c h  
res idue.  Again, t h e  process can be i n t e r r u p t e d  a t  t h i s  p o i n t .  

( 3 )  Hot (500-700 '~) :  water  i s  re leased f rom phy l  l o s i  1  i c a t e s ,  etc., - 
i n  which i t  i s  s t o r e d  as OH o f  c o n s t i t u t i o n .  Some o f  t h i s  may 
r e a c t  w i t h  carbon l e f t  over  f rom r e t i g e n  p y r o l y s i s  t o  produce 
"town gas," t h a t  i s ,  Hz + CO. T h i s  r e a c t i o n  i s  r e l a t i v e l y  
unimportant .  A g j i n ,  t h e  process may be concluded here. 

( 4 )  U l t r a - H o t  (70g°C t o  m e l t i n g ,  say, 1 2 0 0 ~ ~ ) :  t h e  c a r b o ~  
w i l l  reduce i r o n  i n  t h e  s i l i c a t e s ,  l i b e r a t i n g  GO. 

Th is  " o i l - s h a l e "  model has t h e  advantage t h a t  i t  i s  immediate ly 
t e s t a b l e  w i t h  samples o f  known carbonaceous chondr i t es .  N a t u r a l l y ,  t h e r e  w i l l  
be v a r i a t i o n s  between one specimen and another.  But  enough work has been done 
a l ready  (some o f  i t  go ing  back t o  t h e  18601s,  i n  t h e  case o f  O r g u e i l )  t o  
i n d i c a t e  t h a t  t h e  " o i l - s h a l e "  model i s  reasonably good. Th is  has c e r t a i n  
consequences : 

( 1 )  No s  e c i a l  s o l i d - s t a t e  e l e c t r o l y s i s  need be p r o v i d e t  f o r  
C02.! There won ' t  be enough C02 t o  wor ry  about. 

2 ~ o m e  carbonate e x i s t s  i n  O r g u e i l ,  b u t  i t  i s  t o o  r a r e  t o  be wor th  e x t r i c t i n g .  
(Refs. 3-9 and 3-10.) 



( 2 )  A s e r i e s  o f  o p t i o n s  e x i s t s ,  depending on how much energy one 
i s  w i l l i n g  t o  expend t o  o b t a i n  a  g i ven  proddct .  Hydrogen and 
oxygen f rom water  a r e  a t  once t h e  most va luab le  p roduc ts  
( f rom t h e  p o i n t  o f  view o f  p r o p u l s i o n )  and t h e  most e a s i l y  
ex t rac ted .  Then come t h e  hydrocarbons. To o b t a i n  more than 
t h e  second i n s t a l l m e n t  of  water  ( "Ho t "  o p t i o n ) ,  o r  
p h y l l o s i l i c a t e  water ,  i s  d i f f i c u l t  ~ l s i n g  s o l a r  energy, 
th rough d i s h  c o l l e c t o r s  alone, a t  I A.U. f rom t h e  Sun, as 
700°C i s  t h e  p r a c t i c a l  l i m i t  a t t a i n a b l e  by d i shes  a t  t h a t  
d i s t a n c e ;  and r a t h e r  p o i n t l e s s ,  s i n c e  t h e  p roduc t  o f  t h e  
" U l t r a - h o t "  o p t i o n  i s  CO, which has a  very low s p e c i f i c  
impulse. With hydrogen and hydrocarbons a v a i l a b l e ,  who would 
want t o  go t z ~  g rea t  expense t o  make CO? 

To sum up t h e  argument thus  f a r :  

The b e s t  we can hope f o r  i s  a  source o f  abundant w a t e r - i c e  o r  o f  
w a t e r - r i c h  s a l t s ,  supplemented by p y r o l y z a b l e  hydrocarbons. Otherwise, we 
must make do w i t h  rock. 

The p o s s i b i l i t y  o f  u s i n g  e lec t rowon a l m i n u m  as a  f u e l  i n  p l a c e  o f  
hydrogen has been d iscussed by R. F r i s b e e  ec a l .  (Ref. 3-11) Here, we c o n f i n e  
ourse lves  t o  t h e  t e c h n i c a l  problems o f  g e t t i n g  Magma E l e c t r o l y s i s  t o  work 
re1 i a b l y .  

3.3 PRACTICAL CONSTRAINTS 

3.3.1 Heat Balance, Tempera t~ res ,  and Containment M a t e r i a l s  

Fo r  Magma E l e c t r o l y s i s  t o  work a t  a l l ,  one must f i r s t  m e l t  t h e  
rock,  u s i n g  heat  a lone (no f l u x ) .  Th is  p u t s  t h e  process i n  t h e  range 1200- 
1700°c, o r  more r e a l i s t i c a l l y ,  1 5 3 0 - 1 7 0 3 ~ ~ .  The s t r a i n  t h i s  p u t s  on 
m a t e r i a l s  of  c o n s t r u c t i o n  i s  extreme. ( F o r t u n a t e l y ,  much o f  t h i s  s t r a i n  can 
be r e l i e v e d ,  on t h e  works sca le ,  by p r o p e r l y  des ign ing  t h e  thermal  g r a d i e n t s  
w i t h i n  t h e  c e l l  -- i t  i s  on t h e  l a b o r a t o r y  s c a l e  t h a t  t h e  problem i s  most 
severe. ) 

Where i s  t h e  necessary heat  t o  come from? 

E a r l i e r  a t tempts  a t  t h e  problem suggested a  need f o r  cont inuous 
s o l a r  ;:e;ting o f  t h e  c e l l ,  as th rough  a  t r a ~ s p a r e n t  window. More r i g o r o u s  
t rea tment  by 3. Schroeder, g iven elsewhere i n  t h i s  r e p o r t  (Ref. 3-12),  shows 
t h a t  t h e  o r d i n a r y  r e s i s t a n c e  losses i n v o l v e d  i n  e l e c t r o l y s i s  a r e  s u f f i c i e n t  t o  
keep a  works-scale c e l l  a t  t h e  p roper  temperature.  Hence t h e r e  i s  no need f o r  
a  window, which w o ~ l d  p rcve  an embarrassment i n  t h e  p r a c t i c a l  case, as t h e r e  
i s  no easy way t o  deep i t  c lean and t r a n s p a r e r t .  

I n  e f f e c t ,  once a  mol ten poo l  has been es tab l i shed ,  i t  i s  p o s s i b l e  
t o  i n s e r t  temporary e lec t rodes  and t o  heat  i t  by p u r e l y  e l e c t r i c a l  neans u n t i l  
i t  has grown (by m e l t i n g  i t s  sur round ings)  t o  a  s i z e  p r a c t i c a l  f o r  f u l l - s c a l e  
e l e c t r o l y s i s .  A t  t h i s  p o i n t ,  t h e  permanent e l e c t r o d e s  can be a c t i v a t e d ,  
o x y g e n - c o l l e c t i n g  apparatus i n s t a i l e d ,  etc., and a  s e r i o u s  campaign begun. 



The process o f  es tab l i sh i ng  a molten pool ,  through such methods as 
s t r i k i n g  an arc,  etc., i s  w ide ly  known i n  t e r r e s t r i a l  i n d u s t r i a l  p rac t i ce .  So 
i s  the  process o f  e r l a r g i n g  t he  pool through res is tance  losses -- t h i s  i s  t he  
standard s ta r t - up  procedure f o r  an e l e c t r i c  furnace. ( "Sku l l "  m e l t i n g  i s  a 
nanle o f t e n  given t o  t he  procedure.) Again, t h e  procedure o f  enc los ing  a 
molten pool w i t h  s o l i d s  t h a t  themselves u l t i m a t e l y  d i sso l ve  i n  t h e  pool has 
been standard p r a c t i c e  i n  the  glass i ndus t r y  f o r  a t  l e a s t  2000 years. 

3.3.2 Process Chemistry and Semiconduction 

Quest ions l e f t  unanswered by prev ious analyses, and which remain t o  
be s e t t l e d  by experiment, are:  

(1 )  Are t he re  k i n e t i c  b locks t o  t he  reduct ion o f  p a r t i c u l a r  
metal s? 

(2 )  What r o l e  d ~ e s  e l e c t r o n i c  conauct ion ( r - t ype  semiconductionj 
p l ay  i n  t h e  d i s s i p a t i o n  o f  pcwer by t he  me l t ?  

On quest ion ( 1 ) -  i t  has been r a t h e r  g l i b l y  s t a ted  t h a t  s i l i c o n  and 
aluminum cannot be reduced d i r e c t l y  from magma. Ac tua l l y ,  t he re  i s  no d i r e c t  
evidence f o r  t h i s .  The reasoning f o l l ows  an analogy w i t h  aqueous so lu t i ons  o f  
s i l i c a t e s  and aluminates, i n  which these anions a re  r epe l l ed  from the  
cathode. I n  a magma r i c h  i n  s i l i c a  o r  alumina, however, such repu l s i on  as may 
occur cannot e n t i r e l y  deple te  t he  l a y e r  nex t  t o  t h e  cathode o f  these elements, 
so t h a t  t h e i r  reduc t ion  remains poss ib le ,  even l i k e l y .  The sub jec t  i s  thus 
more complex than has been s ta ted  previously.3 Such mat te rs  can on ly  be 
s e t t l e d  by experiment, and not  by a debate i n  t he  s t y l e  o f  t he  a n m t  Greeks, 
even though t h e  debaters might be Socrates, P la to ,  and A r i s t o t l e  r t i ncarna ted .  
Hence experimental t e s t s  o f  the  reduc t ion  o f  these elements, s i l i c o n ,  aluminum, 
and several o thers ,  a re  e a r l y  on our  l i s t s  o f  t h e  cathode e f f i c i e n c y  s tuJ i es  
t h a t  must be performed. 

Quest ion ( 2 )  i s  more e a s i l y  answered on t h e o r e t i c a l  grounds. Semi- 
conduction i n  oxides has been we l l - s t ud ied  i n  t h e  past  few decades. Consider 
m i l l - s ca le ,  Fe304. Th is  i s  a remarkably good conductor, and, be ing 
cathodic  t o  i r on ,  i s  thus a pronounced promoter o f  co r ros ion  i n  t h e  bas is  
metal. Semiconduction i n  Fe304 i s  t he re fo re  no t  a mat ter  so arcane as t o  
be considered an academic i n a n i t y ,  bu t  has profound economic consequences. We 
need nc. f u r t h e r  apology f o r  us ing  magnetite/mi 11-scale as a model o f  ox ide 
semiconduction. 

3ke may remind those t h a t  ho ld  t o  t he  aqueous s o l u t i o n  analogy t h a t  chromium 
i s  p l a ted  from so lu t i ons  o f  chromic ac id ,  i.e. those r i c h  i n  dichromate - an- 
:w-ts, which a re  r epe l l ed  from the  cathode, w h i l e  chromium cat ions,  e.g. t he  C r  

' (  m) aquo complex, a re  - not  usual l y  reduced t o  metal a t  thT?X! iCcie,  owing t o  
k i n e t i c  (stereochemical ) f ac to r s !  



3.3.2.1 A Model f o r  Semiconduction. The framework o f  t h e  Fe3O4 c r y s t a l  
i s  a  close-packed a r ray  o f  ox ide ions (cub ic  c lose-packing).  I n  making a 
model o f  t h i s  c r y s t a l ,  one might represent t he  ox ide ions by t enn i s  b a l l s  -- 
on t h i s  scale, t h e  i r o n  atoms would be about t h e  s i z e  of marbles o r  o f  ;arge 
bear ing b a l l s ,  which can f i t  i n t o  t he  "ho les"  i n  t he  a r ray  o f  t enn i s  b a l l s .  
(There a re  twg types and s izes c f  holes:  "octahedra l "  and " te t rahedra l , "  bu t  
t h i s  d i s t i n c t i o n  need no t  concern us here.) On t h i s  model, two "marbles" can 
never touch each o ther :  t he re  i s  always " t enn i s  b a l l  s t u f f "  i n  between them. 

Imagine now two marbles, one co lo red  blue, t he  o the r  rzd,  t h a t  a re  
as c lose  toge ther  as permi t ted  by t h e  i n t e r ven ing  t enn i s  b a l l s .  Le t  t h e  b l ue  
marble be a ferrous ion,  t he  red  one, f e r r i c .  The elementary a c t  o f  e l e c t r o n i c  
conduction i s  t h e  sw i tch  o f  t he  co l o r s  o f  these two marbles., by t h e  passage o f  
one e l e c t r o n  from t h e  fe r raus  t o  t he  f e r r i c  ion,  conver t ing  t h e  f e r r i c  t o  
ferrous, and v i c e  versa. Th is  elementary a c t  would be abso lu te ly  t r i v i a l  i n  a  
metal, where a l l  valence e lec t rons  a re  he ld  i n  common as a "conduct ion band," 
s ince a l l  t h e  metal i ons  a re  cheek-by-jowl. But i n  magnetite, t h i s  i s  a  non- 
t r i v i a l  process. The e l ec t r on  must " tunne l "  through a negat ive,  r e p e l l i n g  
p o t e n t i a l  ( t h e  negat ive charge on t he  ox ide ion,  represented by t h e  t enn i s  
b a l l )  t o  get t o  i t s  des t ina t ion .  The process does take place, bu t  i t  i s  o f  
comparat ively low p r o b a b i l i t y ,  as r e f l e c t e d  b y m  f a c t  t h a t  t h e  c o n d u c t i v i t y  
o f  magnet i te i s  o f  several  orders  of magnitude l ess  than t h a t  o f  a  metal ,  when 
these are compared i n  t h e  s o l i d  s ta te ,  as a t  room temperature. 

L e t ' s  p l ay  w i t h  t h i s  magnet i te s t ruc tu re .  We can rep lace some o f  
the  red marbles, o r  f e r r i c  ions,  w i t h  aluminum ions,  which c a n ' t  be reduced t o  
a  lower valence s t a t e  h i t h o u t  a  la rge  expendi ture o f  energy. Th is  decreases 
the  chances o f  e l ec t r on - t r ans fe r  i n  p ropo r t i on  t o  t h e  decrease i n  
concent ra t ion o f  f e r r i c  ions. 

A l ternat i .de ly ,  we can replace some o f  t he  b lue  marbles, fe r rous  
ions, w i t h  magnesium ions, which a re  hard t o  ox id ize .  Again t h e  average 
d is tance from red t o  b lue  i s  increased, and conduc t i v i t y  goes down. 

On t h i s  reasoning, we might expect t h a t  decreasing both t he  fer rous 
and f e r r i c  concent ra t ions s imultaneously and i n  equal p ropor t ions  would r e s u l t  
i n  some such double e f f e c t  as t h e  e l e c t r o n i c  conduct ion f a l l i n g  o f f  as t h e  
inverse square o f  concent ra t ion ( i  .e., be ing p ropo r t i ona l  t o  t he  product o f  
the  i n d i v i d u a l  concent ra t ions) .  But t h i s  i s  no t  so. Re fe r r i ng  again t o  our 
t enn i s  b a l l  and marble analogy, we can see t h a t  reducing both concent ra t ions 
increases t he  avera e  d is tance between marbles o f  d i f f e r e n t  colLjrs.  NOW, t h e  
p r o b a b i l i t y  --f o f  e ec t ron  t u n n e l l i n g  through a b a r r i e r  f a l l s  o f f  e x p ~ ~ l e n t i a l l y  
w i t h  t he  d is tance through t h e  b a r r i e r ,  every th ing  e l s e  being e q u a T ) , % c e  
e l e c t r o n i c  conduct ion f a l l s  o f f  --. f a r  more r a p i d l y  than as t he  inverse  square. 

This argument has l a i d  no s t r ess  on t he  ac tua l  c r y s t a l  s t r uc tu re ,  
and i s  i n  f ac t  l a r g e l y  independent o f  any s t r u c t u r e  o ther  than t h e  a l t e r n a t i o n  
o f  " tenn is  b a l l s "  w i t h  "marbles". Such an a l t e r n a t i o n  would be maintained 
even i n  an amorphous substance, by the  e l e c t r o s t a t i c  a t t r a c t i o n  between anions 
and cat ions.  Hence we can - melt  t he  c r y s t a l  w i thou t  s u b s t a n t i a l l y  changing t he  
argument. The on l y  r e a l  change i s  t h a t  t he  volume increases by roughly  
one-seventh, and hence t h e  average f e r r o u s - f e r r i c  d is tance by roughly  5%. 



 his i s  enough t o  drop t h e  e l e c t r o n i c  conduc t i v i t y  by a subs tan t i a l  f ac to r ,  
bu t  no t  so much as t o  change t he  q u a l i t a t i v e  p i c t u re :  t h e  change i n  
ssr?iconductior~ upon m e l t i ~ g  w i l l  be l ess  than an o rder  o f  magnitude. 

I f  we then p l ay  t he  d i l u t i o n  game i n  the  l i q u i d  as we d i d  i n  the  
s o l i d ,  we should c b t a i n  t he  same q u a l i t a t i v e  r e s u l t s ,  most no tab ly  a d r a s t i c  
decrease i n  e l e c t r o n i c  conduct ion i f  both valence s ta tes  a re  c u t  back 
simultaqeously. 

Note t h a t  i o n i c  conduct ion remains e s s e n t i a l l y  una f fec ted  
throughout a1 1 these exercises.  We1 1 below t h e  me l t ing -po in t  (m.p.), w i t h i n  
t h e  r i g i d  c r y s t a l ,  i t  i s  e s s e n t i a l l y  zero. As t he  m.p. i s  approached, t h e  
r a t e  o f  sol . id-state d i f f u s i o n  increases, and i o n i c  conduct ion o f t e n  (bu t  no t  
always) becor~ies de tec tab le  and measurable. With me1 t i n g ,  t h e  s i t u a t i o n  
changes d r a s t i c a l l y ,  w i t h  t he  i o n i c  component o f  conduct ion jumping by t h ree  
t o  t en  orders o f  magnitude. F i n a l l y ,  i o n i c  conduct ion w i l l  increase i n  t he  
l i q u i d  w i t h  inc reas ing  temperature, f o l l ow ing  an Arrhenius L-x vs. 1/T 
makes a s t r a i g h t  l i n e )  corresponding t o  the  decrease i n  v i s c o s i t y  w i t h  
inc reas ing  temperature. ( I n  e f fec t ,  i o n i c  cotlduction i s  p ropo r t i ona l  t o  t h e  
r ec i p roca l  o f  v i s cos i t y ,  so both, when taken on a logar i thmic  basis,  a re  
l i n e a r  w i t h  1 / T ) ,  I n  con t ras t ,  e l e c t r o n i c  conduct ion remains steady, o r  
a c t u a l l y  decreases w i t h  t he  d i l a t i o n  of the  melt. 

We may draw several  p r a c t i c a l  conclusions from t h i s  model: 

F i r s t ,  t he re  i s  no p o s s i b i l i t y  of semiconduction i n  t h e  me l t  unless 
a metal i o n  i s  present wii ich can e x i s t  i n  more than one valence s ta te .  

Second, t h e  p o t e n t i a l i t y  o f  e x i s t i n g  i n  several  valence s ta tes ,  
though necessary, i s  no t  s u f f i c i e n t  - -  t he re  must be more than one valence 
s t a t e  a c t u a l l y  present. ( I f  we e l im ina te  fe r rous  i o n  by s u b s t i t u t i n g  
magnesium, o r  f e r r i c  w i t h  aluminum, t h e  e l e c t r o n i c  c o n d u c t i v i t y  col lapses, as 
noted. ) 

Third,  p r a c t i c a l l y  any metal w i t h  more than cne valence s t a t e  
a v a i l a b l e  under t h e  cond i t i ons  p r e v a i l i n g  i n  t h e  magma w i l l  f o s t e r  semi- 
conduction. Since the ne t  e f f e c t  o f  t h e  elementary a c t  o f  c m d u c t i o n  i s  
merely t o  "swap" two ions,  w i thou t  a ne t  reduc t ion  o r  ox ida t ion ,  t he re  i s  no 
ne t  energy change t o  be taken i n t o  account. 

Apart  from the  two s ta tes  o f  i r on ,  we may no te  t h e  many valence 
s ta tes  a v a i l a b l e  t o  t i t a n i u m  (Fig. 3-1). These two elements a re  q u i t e  lunar -  
abundant, and one might expect them t o  be e s p e c i a l l y  troublesome. 

Other elements which have been used i n  experimental work, o r  
proposea f o r  use, are l i k e l y  t o  f o s t e r  semiconduct iv i ty  i n  magmas. Among 
these a re  lead ( two s ta tes )  and molybdenum ( s e v ~ r a l  valence s ta tes ) ,  as w i l l  
be discussed l a t e r .  

A jump o f  several  orders o f  magnitude i n  conduc t i v i t y  upon me l t i ng  
thus s i gna l i zes  t h e  i o n i c  process, wh i l e  e l e c t r o n i c  conduct ion w i l l  break 
downwards as abrup t l y .  O f  course both processes can coex is t ,  but ,  i n  case o f  
doubt, t b2  d i l u t i o n  te;t can be appl ied:  i o n i c  conduct ion should be 
unaffected, wh i l e  e l e c t r o n i c  conduction w i l l  drop o f f  exponen t ia l l y .  
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Figure  3-1. Reduction Voltages -- Lunar-Abundant Meta ls  
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F i f t h ,  DC met!surement, i f  prolonged, can f a l s i f y  t h e  r e s u l t s  
( independent ly o f  e lec t rode  corros ion) .  Consider a  me1 t i n  which fe r rous  i o n  
i s  a  m a j o r i t y  species, and i n  which f e r r i c  i o n  i s  i n i t i a l l y  absent. Impose a  
s l rbstant ia l  DC vol tage. I n i t i a l l y ,  a l l  conduct ion ( i n  the  absence o f  o ther  
semiconductive systems) w i  11 be i on i c .  But., w i t h  t h e  passage o f  t ime, some 
fe r rous  ions w i l l  t r a n s f e r  e lec t rons  t o  t he  anode. Hence a  f e r r o u s - f e r r i c  
m ix tu re  w i l l  be es tab l i shed  near t he  anode, and spread outward from it. 
Wi th in  t he  reg ion  o f  t h i s  mix ture,  and a t  i t s  boundary, e l e c t r o n i c  conduct ion 
w i l l  compete w i t h  i o n i c ,  t o  t h e  confusion of  t h e  experimenter. 

I n  t h e  context  of t he  lunar-abundant rocks and minera ls  a v a i l a b l e  
f o r  magma format ion,  these p r a c t i c a l  conclusions have the f o l l o w i n g  
app l i ca t ions :  

(1) Semiconduction i s  no t  t o  be expected from f e l d s p a r - r i c h  mel ts  
(e.g. a m r t h o s i t e ,  maskelyn i te)  unless eros ion o f  t h e  c e l l  
ma te r i a l  (e.g. molybdenum) cor?t r ibutes t o  i t  i n  t h e  course o f  
a  p ro t r ac ted  experiment. There s imply are no t  enough 
po lyva len t  species present i n  fe ldspars  t o  support e l e c t r o n i c  
conduct.ion on an apprec iab le  sca le  ( i .e., t o  reach w i t h i n  two 
orders  o f  magnitude o f  i o n i c  conduct ion i n  such me l ts ) ,  

( 2 )  Semiconduction i s  no t  t o  be expected i n  a  l una r  i r o n - r i c h  
me l t  under s ta r t -up  condi t ions.  I n i t i a l l y ,  v i r t u a l l y  a1 1  
i r o n  w i l l  be i n  t he  fe r rous  s t a t e  (and t i t a n i u m  i n  t h e  
t e t r a v a l e n t  s t a t e )  so t h a t  the  mixed-valence c o n d i t i o n  does 
no t  e x i s t .  

( 3 )  The passage of cu r ren t  over a  prolonged pe r i od  can 
d r a s t i c a l l y  a l t e r  t h c  conduction p rope r t i es  o f  such an 
i r o n - r i c h  melt. Consider a  magma con ta in ing  subs tan t i a l  
amounts o f  i lmnn i te ,  o r  o f  o ther  minera ls  t h a t  c o n t r i b u t e  
fe r rous  i on  and t i t a n a t e .  Even i f  fe r rgus  i o n  i s  no t  
ox id ized  t o  f e r r i c  a t  t h e  anode, t he  l i b e r a t i o n  o f  oxygen 
t he re  w i l l  i n d i r e c t l y  produce f e r r i c ,  by t he  i n t e r a c t i o n  o f  
t h e  pure oxygen, as i t  bubbles out ,  w i t h  t h e  adjacent melt. 
E l ec t r on i c  conduct ion may thus r i s e  t o  an apprec iab le  l e v e l  
w i t h  t he  passage of t ime. S i m i l a r l y ,  t i t a r r a te  i s  u n l i k e l y  t o  
be reduced d i r e c t l y  t o  t he  metal a t  t he  cathode, even i f  the  
vo l tage i s  very high. What i s  more l i k e l y  i s  reduc t ion  t o  
one o r  more in termediate  valence s ta tes.  With e i t h e r  
element, i r o n  o r  t i t an i um,  t he  mixed valence s t a t e  cond i t i on  
i s  l i k e l y  t o  be estab l ished,  and on a  scale s u f f i c i e n t  t o  be 
compared t o  i o n i c  conduction. 



3.3.2.2 Po ten t i a l  E f f e c t  of Semiconducticn, It i s  c l e a r  t h a t  t h e  sub jec t  i s  
worthy o f  e x p e r i m e n m u 3 .  This y e a r ' s  work (see summars below) has been 
c a r r i e d  c u t  i n  such a way as t o  exclude semiconduction. s he i m p l i c i t  
assumption has been t h a t  Magma E l e c t r d l y s i s  requ i red  a separate source o f  heat 
t o  ma in ta in  t h e  molten s ta te .  (Ea r l y  versions o f  an e l e c t r o l y t i c  c e l l  showed 
a window f o r  admission o f  so l a r  energy from a concentrator.)  Under t h i s  
assumption, e l e c t r i c a l  losses due t o  semiconduction were economical ly harmless, 
as they would be sources o f  t h a t  heat supplement which needed t o  be superadded 
i n  any case. J. Schroeder's more r igo rous  analys is ,  (Ref. 3-12) proved t h a t  
assumption t o  be i nco r rec t .  

I n  t he  new p i c t u r e ,  semiconduction i s  shown as an e s s e n t i a l l y  
p a r a s i t i c  process, s t e a l i n g  hard-earned watt-hours from t h e  manufacture o f  
use fu l  products:  oxygen and metals. It now becomes needful t o  incorpora te  
t h i s  rev ised  t h i n k i n g  i n t o  our exper imental  program, f o r  we must f i n d  out  
whether t h i s  p a r a s i t i c  process assumes p ropor t ions  comparable t o  t h a t  o f  i o n i c  
conduction i t s e l f .  I f  so ( t h a t  i s ,  i f  i t  amounts t o  10% o r  more o f  t h e  d i r e c t  
product ion process), we must exp lore methods o f  c i rcumvent ing i t. 

This i s ,  c f  course, a ref inement r a t h e r  than a fundamental 
problem. When one con t ras ts  Mzgma E l e c t r o l y s i s  w i t h  any o ther  process 
proposed f o r  t h e  purpose, i t  emerges as t h e  most ene rgy -e f f i c i en t  o f  them a l l ,  
and would s t i l l  do so even i f  i t s  e f f i c i e n c y  were c u t  a r b i t r a r i l y  by 50%. 
That such ref inements can now be se r i ous l y  considered i s  a measure o f  t he  
progress made, on both t he  experimental and t h e o r e t i c a l  l eve ls ,  i n  t h e  past 
year. 

3.4 EXPERIMENTAL STUDIES 

3.4.1 F i r s t  Phase: Conduc t i v i t y  Measurements 

Conduc t i v i t y  o f  magma samples was f i r s t  determined i n  a c r u c i b l e  
formed o f  bored-out molybdenum bar  stock. The c r u c i b l e  served as cne 
e lect rode,  t h e  o ther  be ing a molybdenum rod supported i n  t he  magma pool ,  and 
insu la ted  from t h e  c r u c i b l e  by a boron n i t r i d e  l i d .  The c r u c i b l e  a l s o  served 
as a susceptor i n  an i nduc t i on  furnace. An AC p o t e n t i a l  ( 6  v o l t s  RMS) was 
imposed between t he  e lect rodes a t  60 Hz f o r  a . f r a c t i o n  o f  a cecond, thus 
avo id ing compl icat ions from chemical r eac t i on  a t  t he  electrodes. Hence t he  
observed conduc t i v i t y  i s  who!!y i ~ n i c .  

These c r u c i a l  experiments es tab l i shed  t he  essen t ia l  'dct: molten 
basa l t  i s  conduct ive enough t o  support e l e c t r o l y s i s ,  even a t  temperatures j u s t  
above the  l i q u i d u s  l i n e  ( a t  which a l l  c - i s t i t u e n t s  a re  whol ly  l i q u i d ) .  

Since these and r e l a t e d  s tud ies  have shown t h a t  t he  c o n d u c t i v i t y  o f  
magma increases w i t h  temperature, t he  p r a c t i c a b i l i t y  o f  Magma E l e c t r o l y s i s  was 
thus firmly establ ished. 

Representat ive experimental data a re  given below. Conduc t i v i t i e s  
are i n  r e c i p r c c z l  ohms per  cent imeter  ( t h a t  i s ,  [ohm-cmj-1). 
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These data accord we l l  w i t h  t h e  more r e l i a b l e  o f  t h e  few t o  be 
found i n  t h e  l i t e r a t u r e .  (The data a re  d i s t r i b u t e d  v e r t i c a l l y  -- a long t he  
conduc t i v i t y  a x i s  -- about t he  r eg r r ss i on  l i n e  as Student 's  t w i t h  f o u r  degrees 
o f  freedom, and a  standard dev ia t i on  o f  very near l y  5% i n  boyh cases. The 
accompanying Arrhenius p l o t  -- F igure 3-2 -- of t he  l o g  o f  c o n d u c t i v i t y  vs. 
l /TK  shows t he  exce l l en t  corre:ation. I n  t h i s  f i gu re ,  t he  e r r o r  e l l i p s e s  
show approximate "two-sigma" l i m i t s ,  i.e., t he re  i s  roughly  one chance i n  a 
hundred t h a t  a  datum w i l l  f a l l  ou ts ide  such an e l l i p s e . )  I t  i s  c l e a r  t h a t  
t h i s  method can be used i n  eva lua t ing  any simulated sample o f  l una r  rock. 

Note t h a t  t he  s imulated lunar  basa l t  conta ins very considerable 
percentages of  i r o n  and t i tan ium,  bu t  i n  s i n g l e  valence s ta tes  ( fe r rous  i o n  
and t i t a n a t e  i o n  r espec t i ve l y ) .  Hence semiconduction i s  n e i t h e r  expected nor  
observed. Had e x t r a  f e r r i c  ion  been added t o  the  me l t  ( o r  any o the r  
appropr ia te  i o n  o r  i o ~ s  i n  l a r g e  amount), t o  b r i n g  semiconduct iv i ty  up t o  
values comparaS12 w i t h  i o n i c  conduc t i v i t y ,  no s t r a i g h t  l i n e  would e x i s t  on .be 
Arrhenjus p l o t  f o r  basa l t :  i t  would be concavz downwards. 

3.4.2. Second Phase: D i  r e c t  Current Experiments 

Work on ac tua l  e l e c t r o l y s i s  was begun w i t h  a  h i g h l y  r e s t r i c t e d  
budget, which permi t ted  t he  use of few ma te r i a l s  beyond those a l ready a t  hand. 
Our watchword was t h a t  o f  Sa in t  Bartimaeus: "Patience i n  Poverty." It was 
na tu ra l ,  therefore,  t o  re-use the  molybdenum apparatus (shown i n  F igure  3-3) 
f o r  DC e l e c t r o l y s i s .  

Using t h e  c e n t r a l  rod as anode, and a  mo k  basa l t  magma a t  1550°c, 5 cu;*rent was passed a t  a  formal dens i t y  o f  1.25 A/cm (on t h e  o r i g i n a l  anode). 
This v i r t u a l l y  destroyed the  anode by ox i da t i on  i n  less  than dn hour and a  h a l f  
(1.4 hr,  est imated).  Small depos i ts  o f  molybdenum t r i o x i d e  (Moo3), which i s  
v o l a t i l e  a t  t h i s  temperature, were found ou ts ide  t he  c ruc i b l e ,  where i t  had 
been c a r r i e d  t o  a  coo le r  area by the  argon used as sweep gas. 

Had we been sure t h a t  t he  e n t i r e  anode had been converted t o  MoO3, 
i t  would have been easy t o  compute t h e  cu r ren t  e f f i c i e n c y .  The g rea te r  l i k e l i -  
hood was, however, t h a t  Moo2 and lower o r  in termediate  oxides had a l so  been -- formed, and had d isso lved  i n  t l b c  magma -- no t  t o  mention several  minor s ide -  
reac t ions  t h a t  might have caken place. Thus i t  i s  use fu l  t o  c a l c u l a t e  
e l e c t r o l y s i s  e f f i c i e n c y  on t he  bas is  o f  I he  simp1 conversion o f  t he  anode t o  
d iox ide,  ins tead  o f  t h e  t - i o x i d e ,  as a  f i r s t  cut.$ This g ives an 

4 ~ h e  d iox ide  and t r i o x i d e  are the more f r equen t l y  produced o f  t he  oxides 07 
molybdenum. Now, if cond i t ions  had been favorable f o r  conversion o f  most o f  
the  anode t o  the  t r i o x i d e ,  t h e  gas e x i t  wou;d have been e n t i r e l y  clogged w i t h  
it. The o ther  l o g i c a l  choice i s  d iox ide.  



ORIGINAL PACZ i:fS 
OF POOR QUALITY 

Figure 3-2. Arrhenius P lo t  o f  the  Log o f  Condlcctivity vs 1 / I K  
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Figure  3-3. Conductivi ty c e l , ,  w i t h  scale  
magnified by 2.54, i . e . ,  
1 'nch on the f i g u r e  = 1 cm 
on the  ac tua l  object .  



e l e c t r o l y s i s  e f f i c i e n c y  of 101.76%, a remarkable agreement, which must be 
p a r t l y  due t o  happy coincidence, considering the errors invo l  ved. (Note, 
however, t ha t  w i t h  our c e l l  geometry, as shown i n  Figure 3-3, the greatest 
errors,  e r ro rs  due t o  misestimation o f  the depth o f  immersion o f  the  anode, 
cancel one another, as the  mass of anode immersed, - and the anode surface 
exposed t o  e f f e c t i v e  e l e c t r o l y t i c  ox i  a t ion,  - both are incremented i n  
propor t ion t o  the depth sf  immersion.' Several other  major sources o f  e r r o r  
cancel a l3ost  as neat ly.  ) The observed production o f  MOO , which would ? ra ise  the pu ta t i ve  e l e c t r o l y t i c  "ef f ic iency"  above the  ca culated value, i f  
included i n  the  calculat ion,  must be compelsated f o r  i n  some way. These are 
the p o s s i b i l i t i e s :  p a r t i a l  formation o f  a lower oxide o f  molybdenum (probably 
Mo203), and d i r e c t  chemical attack on the anode by metal ions contained i n  
the magma ( f o r  which there are several candidates). 

When a l l  o f  these e f f e c t s  are taken i n t o  account, i t  s t i l l  seems 
c lea r  t h a t  the actual e l e c t r o l y t i c  e f f i c i e n c y  approaches IOU%, and i s  almost 
c e r t a i n l y  higher than 95%. 

But t h i s  resu l t ,  though s a t i s f y i n g  as f a r  as ;t goes, i s  not 
enough. More d i r e c t l y  re levant  DC experiments would quant i fy :  

(1) Oxygen as the element, produced a t  the anode. 
(2)  I r on  o r  other  metals produced a t  the  cathode, and 
(3) The corresponding number o f  c ~ u l o m t s  passed zcross the  c e l l .  

But both anode and cathode condi t ions are d i f f i c u l t  t o  study on the 
small s c a l ~  o f  laboratory models, and under the a r t i f i c i a l  condit ions thereby 
imposed . 

5 ~ e r e  i s  the reasoning i n  greater d e t a i l :  the resistance o f  the magma i s  
high, and current  i s  propor t ional  t o  the  rec iprocal  o f  re. is tance.  Hewe 
most o f  the current  w i l l  f o l l ow  the shortest route, s t r a i g h t  across the annu- 
l a r  space between the  anode and the wa l l  o f  the crucible. End e f f e c t s  are 
thus neg l ig ib le ,  a few percent a t  most. The i n i t i a l  current  densi ty  a t  the 
anode i s  therefore fuund by d i v i d i n g  the t o t a l  current  by the  product o f  the 
circumference o f  the anode times i t s  depth o f  immersion. The m3ss o f  the 
anode tha t  w i l l  be dissolved i s  the cross-sect ion o f  the anode, times the 
depth, times the density. Increasing the depth therefore increases both the 
mass and the t o t a l  char92 passed dur ing the experiment i n  "exact" proport ion, 
"exact" meaning: "w i th  a few percent error." 



3.4.3 The Anode Problem 

C ~ s t  o f  t h e  p o t e n t i a l  anode ma te r i a l s  t h a t  su r v i ve  temperatures o f  
1550°C ( o r  h igher )  a re  sub ject  t o  ox idat ion.  (The no tab le  except ion i s  
plat inum, o f  which more below.) We can r u l e  ou t  a l l  bu t  t h e  r a r e  o r  prec ious 
metals on t h e  grounds o f  me l t ing -po in t ,  s u s c e p t i b i l i t y  t o  ox ida t ion ,  o r  both. 
As f o r  t h e  conduct ive non-metals, carbon i s  r a p i d l y  a t tacked  by i r o n - r i c h  
magmas, y i e l d i n g  metal 1  i c  i r o n  wit-he passage o f  cur rent .  Carbon 
t he re fo re  defeats t h e  purpoqe (namely, measuring an ou tpu t  o f  elemental 
oxygen). It i s  d i f f i c u l t  t o  see how a  carbon anode experiment would improve 
on t h e  molybdenum anode experiment descr ibed above, as i t  shares - a l l  o f  i t s  
e r ro rs .  Likewise, si' ,con carbide, 4 i c h  i s  o r d i n a r i l y  p ro tec ted  by a  f i l m  o f  
s i l i c a  (produced by an i n i t i a l  o x i d a t i c n )  w i l l  no t  be thus i m u n i z e d  when 
bathed i n  b a s a l t i c  magi, I, f o r  t h i s  r a p i d l y  d isso lves  t he  s i l i c a  layer ,  
exposing t h e  bas is  t o  f u r t h e r  ox idat ion.  Again t h e  r e s u l t  i s  l i k e l y  t o  be t h e  
re lease o f  CO o r  C02 i n  t h e  p lace of elemental oxygen, and t h i s  w i t t ~ o u t  t h e  
passage o f  cu r ren t  be ing necessary f o r  t h e  des i red  react ion.  

Plat inum i s  t he re fo re  t h e  o n l y  r e a d i l y  a v a i l a b l e  anode ma te r i a l  
capable o f  g i v i n g  a  c lean r e s u l t .  But t h e  m e l t i i ~ g  p o i n t  of pure p la t inum i s  
1772O~, compared t o  t h a t  o f  i ron ,  1535'~. Thus, r a p i d  temperature 
excursions of t h e  furnace could  me l t  t h e  p la t inum components o f  t h e  c e l l ,  
p a r t i c u l a r l y  those exposed more d i r e c t l y  t o  r a d i a t i o n  from t h e  hea t ing  
elements o r  from low thermal mass p a r t s  o f  t h e  system. Th is  i s  p a r t i c u l a r l y  
t r u e  of experiments done i n  resistdnce-heated furnaces, which a re  d i f f i c u l t  t o  
con t ro l  i f  t h e  temperature i s  r a p i d l y  ra ised.  A number o f  f a i l u r e s  have 
occurred, w i t h  t he  c h a r a c t e r i s t i c  aspect t h a t  a l l  p la t inum components ou ts ide  
t h e  magma are  damaged, w h i l e  those immersed i n  ( o r  touch ing)  t h e  magmap- 
survive.  An a l t e r n a t e  hypothesis i s  t h a t  b a s a l t i c  magma produces a  gaseous 
"emanation" capable o f  causing damage t o  t he  p la t inum below 1600°C. 

Resolu t ion o f  t h e  a l t e r n a t i v e  hypotheses has no t  been accomplished 
because o f  h igher  p r i o r i t i e s  f o r  o the r  experiments. However, some f a c t s  a re  
appropr ia te  t o  t h i s  discussion: 

( 1 )  While som? compounds (no tab ly  meta! ha1 ides and carbony ls)  
cou ld  conceivably f i l l  t h e  r o l e  o f  t h e  "emanation," they a re  
l i k e l y  t o  be present i n  p a r t s - p e r - b i l l i o n  q u a n t i t i e s  ( c r  
less).  i n  t h e  gas phase, amounts inadequate ' to  produce' the 
r e s u l t s  observed, and, 

(2 )  F i n a l l y ,  "emanations" f rom t h e  magnia k i l l  have lower 
f u g a c i t i e s  i n  the  gas phase than i n  t h e  magma i t s e l f .  Hence, 
t he  p la t inum submerged i n  t h e  magma should be damaged f i r s t ,  
no t  t he  p la t inum i n  t h e  gas phdse -- which i s  con t ra ry  t o  the  
observat ions repor ted  so fa r .  

Unfortunately,  as w i l l  be seen below, i n  Sect ion 3.4.5, the  best 
experirlrental work i s  t o  be done i n  ceramic c ruc i b l es ,  which must be heated i n  
a  res is tance  furnace, wh i l e  t he  eas ies t  r e s o l u t i o n  o f  t he  prcblem would be done 
' - a n r u c i h l ~ ;  .usceptor, i n  an i nduc t i on  furnace. To keep w i t h i n  f i s c a l  
cons t ra in ts ,  we h a ~ k  t he re fo re  de fe r red  t h i s  t e s t ,  wh i l e  proceeding w i t h  
mat ters  more d i r e c t l y  r e l a t e d  t o  our  char ter .  But t h e  t ime i s  f a s t  approach- 
i n g  when the  r e s o l u t i o n  o f  t h i s  issue becomes indispensable t o  t he  char te r ,  
f o r ,  as i nd i ca ted  above, p la t inum i s  t h e  most p r a c t i c a l  anode r e a d i l y  ava i lab le .  



3.4.4 The Cathode Problem 

This i s  3 problem of experimental design, which i s  expected t o  
disappear upon scale-up. The cathode product i s  i r o n  ( a t  l e a s t  i n  t h i s  
present generat ion o f  experiments) and i r o n  i s  e i t h e r  so lub le  in ,  o r  d isso lves,  
t he  p r a c t i c a l  ma te r i a l s  o f  which a cathode might  be made. Haskins and 
Lindstrom (Ref. 3-13) encountered t h i s  problem i n  t h e i r  micro s tud ies,  a l l  o f  
t he  i r o n  they produced be ing  found i n  s o l i d  s o l u t i o n  i n  t h z i r  p la t inum cathode, 
and de tec tab le  on ly  by spectrographic analys is .  

On a t r u l y  l a r g e  scale,  t h e  problem ceases t o  e x i s t :  t h e  cathode 
can i t s e l f  be made o f  i r on ,  molten a t  t he  r eac t i on  surface, bu t  w i t h  the 
d i s t a l  reg ion cooled t o  below t h e  me l t ing -po in t  o f  whatever metal  i s  used f o r  
the  e l e c t r i c a l  connection. But i n  an experiment i n  which t h e  e n t i r e  
apparatus, i n c l u d i n g  t h e  cathode and i t s  connectar, must be imnersed i n  a 
furnace, t h i s  p r a c t i c a l  s o l u t i o n  does no t  apply. 

B e n e f i t i n g  from Haskins' experience, we r e f r a i n e d  from us ing  
p la t inum as cathode ma te r i a l ;  i ns tead  molybdenum and tungsten were used on 
var ious occasions. Pred ic tab ly ,  t h e  cathode products were i r o n  a1 l oys  ( o r  
i n t e r m e t a l l i c  compounds) w i t h  t h e  cathode elements, r a t h e r  than pure i r o n  o r  
spiegeleisen. 

Nevertheless, these products represented a cons iderab le  advance 
over t h e  prev ious e f f o r t s  repor ted  i n  t h e  l i t e r a t u r e ,  f o r  several  reasons. 

F i r s t ,  i r o n  was produced i n  q u a n t i t i e s  up t o  a gram o r  more. 

Second, t h e  i r o n  product,  even though a l loyed,  was i s o l a b l e  from 
t h e  bu lk  o f m a t h o d e .  (Usual ly  t h e  product was c l e a r l y  v i s i b l e  upon t a k i n g  
apar t  t he  e l e c t r o l y s i s  c e l l . )  

Such compounds as F e y 0 2  were r e a d i l y  i d e n t i f i e d  as cathode 
product by X-ray d i f f r a c t i o n  and EDAX. L i t t l e ,  i f  any, o f  the  i r o n  t h a t  was 
made d i f f used  i n t o  t h e  cathode bulk.  Hence: 

Third,  q u a n t i f i c a t i o n  o f  cathode e f f i c i e ~ c i e s  became poss ib l e  w i t h  
t h i s  type o-eriment, and t h i s  promis ing avenue o f  work w i l l  be fo l l owed t o  
i t s  p r a c t i c a l  conclusion. 

Note t h a t  est imates o f  cathode e f f i c i e n c y  a re  sub ject  t o  ambigui ty,  
depending on 

(1) magma composit ion, and 
(2)  t he  vo l tage drop a t  t h e  cathode. 

The ambigui ty can be resolvt!d by c a r e f u l  work, as we s h a l l  see. 



For  an example, take a t y p i c a l  experimental magma composit ion, which 
was (wt. %) 42 s i l i c a ,  40 magnetite, and 18 magnesia. Given a su f f i c i en t l ;  
low vo l tage drop a t  t h e  cathode, on ly  magnet i te would be reduced, g i v i n g  i r o n  
as t he  so le  product.6 But t he re  a re  o ther  res is tances i n  t he  c i r c u i t ,  an4 
no t  a l l  o f  these have been evaluated. Hence, t o  produce a p r a c t i c a l  r e s u l t  i n  
a reasonable t ime, t h e  o v e r a l l  vo l tage may be increased t o  a p o i n t  where t h e  
l o c a l  vo l tage a t  t h e  cathode may ~ x c e e d  t h e  value needed t o  produce i r o n  
alone. Under these condi t ions,  s i l i c a  o r  magnesia may be reduced also.  I n  
some experiments, t he re  seems t o  be evidence f o r  t h e  product ion o f  magnesium 
o r  s i l i c o n  monoxide a t  t E t h o d e ,  i n  t h a t  some v o l a t i l e  has l e f t  a t r z c e  i n  
t he  form o f  bubbles i n  t h e  magma extending from t h e  cathode. Both magnesium 
and s i l i c o n  monoxide a re  gases a t  t h e  magma t e m p e r a t m 5 0 0 .  The quest ion 
o f  which species i s  respons ib le  remains t o  be reso lved by more extens jve work. 

Th is  w i l l  inc lude:  

(1 ) Coul ometry. Exact comparisons between weighable cathode 
product and t he  cu r ren t  i n t e g r a l  w i l l  be made. 

(2)  Search f o r  a1 t e rna te  products:  

(a)  Vo la t i l e ,  such as Mg and SiO, and 

(b )  Reduced s ta tes  o f  metals i n  t h e  mel t ,  exempl i f y ing  
no tab ly  t h e  reduc t ion  o f  f e r r i c  t o  fer rous,  and 
t ransformat ions between s ta tes  o f  t i t an ium,  and 

( c )  L ight -weight  cathode products, no tab ly  s i l i c o n .  
C lear l y ,  one need no t  proceed beyond step (1 )  i f  t he  
i r o n  produced a t  t h e  cathode exac t l y  equals t h e  
i n t e g r a l  o f  cu r ren t  (over t ime)  determined i n  t he  
course o f  t he  experiment. I n  some cases t h i s  w i l l  
perhaps be so. Yet each such experiment w i l l  suggest a 
f u r t h e r  urle i n  which cu r ren t  dens i t i e s  and vo l tages a re  
r a i sed  by an a r b i t r a r y  fac to r .  A t  some po in t ,  the  
cathode process w i l l  r e s u l t  i n  an a d d i t i o n a l  product o r  
products. Then 2a, b, and c apply. 

3.4.5 The Containment Pr 3blem. 

Again, this problem i s  an a r t i f a c t  o f  t he  small sca le  o f  t h e  
experimerts. 

6 ~ r o d u c t i o n  o f  m e t a l l i c  i r o n  may be delayed du r i ng  p re l im ina ry  reduc t ion  of 
t he  +3 state,  t o  t h e  +2 s ta te .  Obviously t h i s  mel t ,  con ta i n i ng  bo th  fe r rous  
and f e r r i c  ions,  i s  capable o f  semiconduction. 



For two thousand years, t h e  glass i ndus t r y  has l i v e d  w i t h  the  f a c t  
t h a t  most o f  i t s  t o o l s ,  i n c l u d i n g  me l t ing -po ts  (and t h e  furnace-br icks 
themselves) u l t i m a t e l y  become p a r t  o f  t he  glass. Thf p o i n t  i s  t h a t  t h e  
con ta iner  has a h igher  me1 t i n g - p o i n t  than t he  me1 t cmta ined ,  and d isso lves  
on ly  s low ly  i n t o  t h e  mel t ,  r a t h e r  than t oo  rap id l y .  Hence t he  components o f  
t h e  con ta iner  rems:n m i n o r i t y  components o f  t h e  mel t ,  g iven a f a s t  throughput 
o f  more f u s i b l e  ingred ients .  The bas is  o f  t h i s  t r i c k  i s  t h a t  t he  r eac t i on  
products o f  t h e  con ta iner  and t h e  me l t  a re  ~ u c h  more viscous than t h e  me i t  
i t s e l f ,  which slows t h e  r a t e  of erosion. 

An a l t e r n a t i v e  way o f  reaching t h e  same r e s u l t  i s  t o  impose a 
thermal grad ient ,  r a t h e r  than a composi t ional  one. For "works-scale" 
experiments, o r  any o ther  p r a c t i c a l  use i n  t h e  lunar  context ,  thermal 
grad ients  a re  seen as t he  basic 3itswer. (Th is  i s  no t  t o  exclude mixed 
s t ra teg ies . )  

But where t h e  furnace imposes i t s  own thermal grad ient ,  which i s  
f requen t l y  t h e  oppos i te  o f  t h a t  d e ~ i r e d , ~  t h e  v i s c o s i t y  s h i e l d  must be 
obtained by means o f  a  composi t ional  grad ient .  B a r r i e r s  o f  aluminum ox ide a;e 
p a r t i c u l a r l y  e f f e c t i v e ,  as t h i s  r e f r a c t o r y  r e a r t s  w i t h  b a s a l t i c  magmas t o  forr i  
h i g h l y  viscous a luminos i l i ca tes .  Representat ive experimental setups w i l l  be 
found i n  Figures 3-4 and 3-5. 

I n  sum, the  y e a r ' s  endeavor has praduced no tab le  advances: 

(1  ) Product ion f gram q u a n t i t i e s  of i r o n  

(2)  R2 l  i a b l e  measurements o f  conduc t i v i t y  

and posed t h e  next  generat ion of problems, which a re  now i n  t h e  proces- o f  
being overcome. 

71hat i s ,  t he  furnace creates a  cond i t i on  where t he  reac t i on  zone i s  h a t t e r  
on t h e  ou ts ide  than on t h e  ins ide.  (Th is  i s  t y p i c a l  of a  r a p i d l y  heated 
res is tance  furnace.) Put 3. Schroeder has shown (Ref. 3-12) t h a t  large-sca l e  
e l e c t r o l y s i s  produc2s t h e  des i red  cond i t i on ,  i.e., a  h o t t e r  i n t e r i o r ,  due t o  
res is tar ice losses along t he  path o f  t he  e l e c t r o l y s i s  cur rents .  
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SECTION 4 

VAPOR PHASE REDUCTION 

Wolfgang H. Steurer and Bruce 4. Nerad 

4.1 INTRODUCTION 

The term "vapor phase reduct ion"  comprises a fami ly  o f  processes i n  
which metals and/or oxygen are ex t rac ted  from the  vaporized, d issoc ia ted  o r  
ion ized  raw ma te r i a l  by var ioas separat ion and recovery techniques. As 
po in ted out  i n  t he  preceding annual r epo r t  (Ref. 4 - l ) ,  these processes r e l y  
e n t i r 2 l y  on space environment and have there fo re  no t e r r e s t r i a l  counterpart .  
By the  same token, they are h i g h l y  adaptable t o  space operations. St,611e o f  the  
a t t r a c t i v e  features o f  these processes are: 

(1) Complete absence o f  consumables whose import  from Earth i s  extremely 
expens i ve. 

(2)  I ns tan t  and complete consumption o f  the  raw mate r ia l .  

( 3 )  The process can be turned on o r  o f f  a t  any t ime, w i thou t  any 
preheat4 ng o r  shut-down time. 

(4)  Extensive u t i  1 i z a t i o n  o f  space environments, such as vacuum and 
sol a r energy. 

(5) High p red i c t ab i  1 i t y  o f  process performance by t h e o r e t i c a l  ana lys is .  

The so:e disadvaqtage i s  t he  h igh  energy consumption, p a r t i c u l a r l y  
i n  the case o f  operat ion i n  the  ion ized  s ta te .  For  t h i s  reason, extens ive 
emphasis has been placed i n  FYI82 on the  recovery o f  products from the  
d issoc ia ted  vapor, which requi res only moderately h igh temperatures and, 
therefore,  lends i t s e l  f t o  d i r e c t  so l a r  heat ing.  

4.2 SELECTION OF SPEClF I C  PROCESSES 

A de ta i  l e d  ana lys is  o f  var ious process concepts, i d e n t i f i e d  i n  
p r i n c i p l e  i n  the  foregoing annual repor t ,  l e d  t o  t he  se lec t i on  o f  two s p e c i f i c  
pr*ocess types which serve as the bas is  o f  f u r t h e r  t h e o r e t i c a l  and experimental 
i nves t iga t ions .  These two processes have been designated as "Vapor 
Separation" and "Select ive Ion iza t ion" .  

The vapor-separation process i s  aimed a t  the  product ion o f  oxygen, 
which has been de f ined  as t he  most des i rab le  product f o r  use as prope:lant i n  
near-term space operat ions.  Ir t h i s  process, the  granulated raw-material 
oxides are vaporized and t he  temperature ra ised  t o  a p o i n t  where d i s s o c i a t i o r  
takes p lace and a subs tan t ia l  amoilnt o f  oxygen i s  set  f ree.  Rapid coo l ing  o f  
t he  d issoc ia ted vapor t o  a d i s c r e t e  temperature causes condensation o f  the  
oxides and suboxides wh i l e  t h e  f r e e  oxygen remains i n t a c t  and can be co l l ec ted  
downstream. The process concept i s  i l l u s t r a t e d  i n  F igure 4-1. 
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Theoret ica l  s tud ies i n d i c a t e  t h a t  t h e  optii,ium operat iona l  
temperature f o r  t h i s  process i s  on t he  order o f  3000 K. This moderate 
temperature permits extens ive use o f  d i  r e c t  (concentrated) so l a r  energy, which 
reduces the  t o t a l  f a c i  1 i ty mass subs tan t ia l  l y  as opposed t o  s o l a r - e l e c t r i c  
energy. A disadvantage o f  t he  process i s  t he  low operat iona l  pressure which 
imp l ies  e i t h e r  a low throughput or  a h igh  equipment volume, and consequently, 
equipment mass. 

It could be argued t h a t  a f u r t h e r  temperature increase by some 
1000 K would produce a h igher  degree o f  d i s soc ia t i on  and a h igher  oxygen 
y i e l d ;  condensation o f  t he  f r e e  metal atoms would f u r t h e r  produce a me ta l - r i ch  
residue. However, t h i s  p o t e n t i a l  was no t  pursued, a t  l e a s t  t o r  t h e  t ime 
being, because i t  no longer lends i t s e l f  t o  d i r e c t  s o l a r  heat ing and en ta i  1s 
o ther  technolog ica l  d i f f i c u l  t i e s .  Once sol  a r - e l e c t r i c  heat ing i s  introduced, 
i t  w i l l  probably be more e f f e c t i v e  t o  go one step f u r t h e r  and t o  increase t he  
temperature t o  a magnitude where a thermal plasma i s  obtained. The ion ized  
species can then be separated, according t o  t h e i r  p o s i t i v e  o r  negat ive charge, 
i n  an e l e c t r o s t a t i c  o r  an electromagnet ic f i e l d .  

Studies and ~ a l c u l a t i o n s  on t h e  degree o f  i o n i z a t i o n  o f  var ious 
species over temperatu-e l e d  t o  t he  r e a l i z a t i o n  t ha t ,  between 1OGO and 8000 K, 
metals are inc reas in f l l y  i on ized  (+), whi l c  t h e  oxygen remains e s s e n t i a l l y  
neu t ra l  up t o  9000 K. This e f fec t  i s  i l l u s t r a t e d  i n  F igure 4-2, i n  which t he  
i o n i z a t i o n  potent. is1 o f  var ious elements i s  p l o t t e d  over temperature. It can 
be seen t h a t  a t  8000 K ( v e r t i c a l  l i n e )  over 90% o f  t he  metals a re  ionized, 
whi le  oxygen, n i t r ~ g e n  o r  argon are below 1%. Consequently, i n  passing t h i s  
plasma through an e l e c t r o s t a t i c  f i e 1  d ,  t h e  gosi t i v e l y  charged metals a re  
captured a t  t he  cathode(s), wh i le  the  neu t ra l  oxygen cont inues t o  f l ow 
downstream i n t o  an appropr ia te  co l  l e c t i o n  system (Figure 4-3). 

Designated as "Se lec t i ve  I on i za t i on "  t h i s  concept wes chosen as the 
second model process f o r  in -depth study i n  view o f  the  f o l l o w i n g  unique 
features : 

(1)  It takes advantage o f  t he  i o n i z a t i o n  gap occur r ing  a t  a d i s c r e t e  
temperature. 

(2) It provides a clean separat ion o f  metals and oxygen. 

(3 )  It reqv i res  no earth- imported consumables, as i t  i s  based 
exc l us i ve l y  on space environments ( s o l a r - e l e c t r i c  energy, vacuum). 

( 4 )  It can be turned on and o f f  w i thou t  leav ing  any residue o r  
needing extended hea t - l~p  or  cool  -down periods. 

4.3 VAPOR SEPARATION 

The i n v e s t i g a t i o n  o f  t h i s  process, descr ibed i n  p r i n c i p l e  above, 
was conf ined t o  t heo re t i ca l  s tud ies w i t h  the  ob jec t i ve  t o  quan t i f y  the proc.ess 
e f fec t iveness i n  terms o f  recoverable products, and t o  i d e n t i f y  those problems 
which can only be solved by experiments, scheduled f o r  FY'83. The a n a l y t i c a l  
s tud ies cons is ted o f :  
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(1) Determination o f  the degree o f  d i ssoc ia t i on  o f  s i ng le  oxides, 
as re l a ted  t o  temperature. 

(2 )  Assessment o f  the  product y i e l d  w i t h  emphasis on oxygen. 

(3 )  Composition o f  tC? vapor o f  an oxide mix ture representat ive o f  t h e  
1 unar so i  1  (basa l t  ) . 

( 4 )  Deterinination o f  the energy requirements. 

Conceptual s tud ies were a lso  c a r r i e d  out on process equipment and labora to ry  
experirnmt designs. 

4.3.1 D i  ssoc : a t  i o n  o f  Single Oxides 

The increas ing degree o f  vapor izat ion and d i ssoc ia t i on  as re l a ted  
t o  temperature was measured bv the  vapor pressure o f  i n d i v i d u a l  species vs 
temperature. Four oxides, predominant i n  the  lunar  basa l t  ( s o i l )  were 
selected f o r  t h i s  analys is :  

The approach taken i s  best i l l u s t r a t e d  by an example (TiO,). I n  examining t h e  
JANAF tab les (Ref. 4-2), the  poss ib le  vapor izat ion products c f  Ti0, are 
Ti02(91 and 02(g).1 TO determine the equ i l i b r i um vapor pressures a t  a 
g iven emperature, the f o l  1  owiny equations were introduced: 

The equ i l i b r i um constants (K)  f o r  these react ions are: 

l ~ h e  subscr ip ts  (s ) ,  (1 ) and (g)  denote the sol i d ,  l i q u i d  and gaseous s ta te ,  
respect ively.  



where y i s  the "ac t i v i t y " .  These equ i l ib r ium constants can be s i m p l i f i e d  by 
not ing tha t  the a c t i v i t y  o f  a gas, i f  i d e a l i t y  i s  assumed, i s  equal t o  the 
p a r t i a l  pressure. Furthermore, the a c t i v i t y  o f  a s o l i d  i s  def ined t o  be 1 
(un i ty )  . Therefore: 

Equation 4-2 fu r ther  ind icates 

We now have three iniependent equations (4-5, 4-6, and 4-7) w i th  three 
unknowns, PTio2 (g), P T ~ O ( ~ )  and Po 2(9)*  

Using the f ree  energy (AG) data from the JANAF tables and the 
thermodynamic re la t ionsh ip  

the temperature dependence o f  the vapor pressures can be determined. For 
example, a t  500 K, the f ree energies o f  the ind iv idua l  species are: 

Ti02(,): AG = -203.692 kcallmole 

Thus, the equi l ibr ium constants a t  500 K are 

Kl = exp + (g))/RT] = 9.43 x 

From Equations 4-5 and 4-9 we f i n d  

r ioz (9) = 9.43 x 1 0 - ~ 3  atm = 7.16 x 10-60torr 



TO calculate P ~ i o ( ~ ) w e  use equat io l r  4-6. 4-7, and 4-10. Subst i tu t ing  

Equation 4-7 i n  Equation 4-6 wc f ind :  

Thus 

and 

(500 K)  = 2.20 x atm = 1.67 x 10-59 t o r r  

(500 K) = 1.10 x 10-62 atm = 8.35 x 10-60 t o r r  

For Si02, the ca lcu la t ion  o f  the p a r t i a l  pressures o f  the 
ind iv idua l  vapor species (SO2, SiO,  02) fol lowed the same procedure as 
ou t l ined above f o r  Ti02. The vaporizat ion products of A1203 consist  of A1202, 
A120, A102, A10 and 02; thus, the calculat ions involve 5 independent 
equations. For FeO(S), the work i s  t r i v i a l ,  as the sole vapor species 
present i s  FeO(g). 

The resu l t s  o f  the calculat ions f o r  the four selected oxides (Si02, 
Ti02, A120 , FeO) are presented i n  Table 4-1. The temperature dependence of 
the part ia!  pressures o f  the ind iv idua l  d issociat ian species i s  f u r the r  
i l l u s t r a t e d  i n  Figure 4-4 i n  the form o f  the customary I n  P (atm) vs 1/T 
p lo t .  While the Clausius-Clapeyron equation postulates s t r a i g h t  l i n e s  f o r  
ideal gases and constant enthalpy changes vs temperature, the calculated data 
produce s l i g h t  bowed l i n e s  due t o  the  now-constant AH over the e n t i r e  
temperature range. 

An examination o f  these data indicates r e l a t i v e l y  high p a r t i a l  
pressures a t  temperatures above 2,500 K which permit hign throughput and 
production rates. This appl i e s  p a r t i c u l a r l y  t o  the f ree oxygen, considered 
the prime n e a r - t e n  product o f  in te res t .  A quant i ta t i ve  assessment o f  the 
oxygen y i e l d  i s  presented i n  the  fo l low ing section. 

4.3.2 Oxygen Yield 

The oxygen y i e l d  was defined as the oxygen weight f rac t i on  o f  the 
t o t a l  gas weight or  

Wei ght o f  Gaseous Oxygen 

X 02 " Weight o f  Total Gas x 100 (4-14) 



Figure 4-4. P a r t i a l  Pressures of the Dissociation 
Species of  Selected Oxides vs Temperature: 

a)  S i  0, , b) T i  0, , c) A1 203, d) FeO. 



Table 4-1. Vapor Pressure o f  Oxide D issoc ia t ion  Species a t  1ncreasir.g Temperature. 

Vapor Pressure o f  Species ( t o r r )  a t  K 
Vapor 

Oxi de Spec i es 1000 1500 2000 2500 3000 

A1,03 A l2O2  --- 2.52 x lo- ' '  8.13 x lo- ' '  1.50 x 5.46 x 

A1 0, --- 4.15 x 10- l6  5.72 x lo- '  7.30 x lo -5  2.84 x 

A120 --- 9.80 x lo-' '  4.63 x lo- '  2.99 x 6.43 x 

A1 0 --- 1.31 x 10-l3 2.24 x 9.42 x 2.11 x lo- '  

- --- -- 

FeO FeO 3.18 x 10-l6 1.88 x l o -7  2.56 x l o -3  5.81 x 10-1 1.92 x 10' 

For t he  example o f  Ti02 the  oxygen y i e l d  i s  

where M i s  the  mole weight and P the  p a r t i a l  pressure of each species. 
In t roduc ing  the numerical values f o r  Ti02 a t  2000 K: 



Species M(g/mole) P ( t o r r )  
- 7 

T i  02 (g ) 79.9 8.22 x 10 
-5 

Ti0(9) 63.9 4.78 x 10 

- 5 

O2 (9 )  32 2.39 x 10 

r e s u l t s  i n  an oxygen y i e l d  o f  19.7%. The ca lcu la ted  oxygen y i e l d s  ( i n  X by 
weight) f o r  the four se lected oxides and var ious temperatures are l i s t e d  i n  
Table 4-2. 

Table 4-2. Oxygen Y ie ld  (% by Weight) o f  Oxides vs Temperature 

Temperature 
-- - - - - - - - - 

Oxide 1000 K 1500 K 2000 K 2500 K 3000 K 

T i  0, 20 .O 19.9 19.7 19.6 19.5 

S i  O2 26.6 26.4 25.9 25.3 24.5 

FeO 0 0 0 0 0 

* l z03  - 17.7 19.6 20.1 18.2 

To place these data i n  perspective, the  approximate oxygen y i e l d  i n  the  
2000-3000 K range i s  compared w i t h  the t o t a l  oxygen ( i n  % by weight) contained 
i n  each oxide: 

02Yie ld  Total  O2 rJ2 Y ie l d  
Oxi de - (% o f  Oxide) (% of Oxide) ( X  o f  Total 02) 

% % 

Thus, i n  every case except Feu, approximately h a l f  o f  a1 1 oxygen contained i n  
each oxide i s  ext ractab le .  



Two add i t iona l  observations can be made from the  data o f  Table 4-2: 

(1) The oxygen y i e l d  i s  i n s e n s i t i v e  t o  temperature. It should be noted, 
however, t h a t  only the h igher  temperature regime (above 2000 K )  i s  
o f  p r a c t i c a l  i n t e res t ,  s ince the  h igher  overa l l  pressure permi ts  a 
usefu l  throughput and, consequently, output rate.  

( 2 )  The oxygen y i e l d  o f  FeO i s  zero. It w i l l ,  therefore,  be bene f i c i a l  
t o  remove Fe-r ich p a r t i c l e s  p r i o r  t o  vapor-phase processing by 
magnetic separation. The ex t rac ted  FeO/Fe3(X, could be used t o  
advantage i n  e l  e c t r o l y t  i c processi ng. 

4.3.3 Oxygen and Metal Recovery 

As s ta ted  i n i t i a l l y ,  the  envisioned technique o f  suboxide removal 
i s  r ap id  coo l ing  o f  the gas t o  a tenperature i n  the  order o f  500 Y and a t  a 
r a t e  which prevents reac t ion  w i t h  the  f r ee  oxygen and recombination t o  t h e  
o r i  g i  ca l  oxide. The produced oxygen f lowi  ng downst ream under a con t ro l  1 ed 
pressure d i f f e r e n t i a l  can then be co l l ec ted  i n  a ba l loon (see F igure 4-!J, 
whose pumping capabi 1 i t y  i s  provided by the  environmental vacuum of 10- 
t o r r .  (L ique fac t ion  may not be neccsary, s ince i n  t he  drag-free and 
vo l  ume-i nsensi ti ve envi  ronment o f  space operat ions the  use o f  oxygen i n  
gaseous form i s  e n t i  r e l y  feas ib le . )  

I n  the rap id  coo l ing  process the condensing vapors, such as TiO, 
S iO,  Ti02, S O 2 ,  A10, etc., w i l l  i n  some instances d isp ropor t iona te  t o  fonn 
t he  o r i g i n a l  oxide and f r e e  metal , according t o  the  f o l l ow ing  equations. 

As can be seen from Equations 4-18 and 4-19 t he  condensation o f  the  suboxides 
o f  A1 and S i  may be associated w i t h  the format ion o f  f r e e  metals. Tentat ive 
ca lcu la t ions  o f  the metal y i e l d  i n d i c a t e  t he  f o l l ow ing  maxima ( i n  % by weight 
o f  the o r i g i n a l  oxide): 

Oxide - Metal - 1000 K 1500 K 2000 K 2500 K 3000 K 

The data represent c lose t o  h a l f  o f  a l l  metal contained i n  the oxide 
(Si02 46.8% and A1 203 52.9%). 



4.3.4 Vapor Composition of Oxide Mixtures 

To approach the condi t ions o f  the processing o f  lunar  s o i l  by vapor 
phase techniques more accurately,  the t heo re t i ca l  ana lys is  was extended t o  the  
p red i c t i on  o f  t he  vapor composit ion o f  a mix ture o f  oxides. The model mix ture 
consisted (as i n  the  treatment o f  i nd i v i dua l  oxides i n  4.2.1) o f  Si02, Ti02, 
FeO and A1203, represent ing major cons t i tuen ts  o f  the lunar  s o i l .  The vapor 
composition was again expressed i n  terms o f  p a r t i a l  pressures. 

Assuming an idea l  mix ture o f  these oxides, i .e., t h a t  the a c t i v i t y  
o f  a l l  so l i ds  i s  equiva lent  t o  the mole f r ac t i on ,  and the  a c t i v i t y  o f  the 
gases i s  equal t o  t h e i r  respect Sve p a r t i a l  pressures, the  thermodynamic data 
o f  the JANAF tab les (Ref. 4-2) can be used t o  ca l cu la te  composit ional vapor 
pressures. The equi 1 i brium constants f o r  the var ious species o f  d i  s soc ia t i  on 
were def ined as f o l  1 ows : 

Sol i d + Gas Equi 1 i brium Constants 

+ S i O  + 102 
2 

S i  O2 + Sio2 F = C S ~  02 11xSi O2 (4-25) 

1 

T i  O2 + T i0  + LO2 G = [Ti 0][02 f / X ~ i  o2 (4-26) 
2 

T i  0, + TiO, H = ~ ~ 1 0 2  I/xT~ o2 (4-27) 
t .  

FeO + FeO 1 = [~eo]/xFeO (4-28) 

l'he equ i l i b r i um vapor species are coupled through the comnon evo lu t ion  o f  
oxygen. From s t o i c h i m e t r y  the t o t a l  oxygen vapor pressure i s :  



Subs t i t u t i ng  i n  terms o f  the var ious equ i l i b r i um  constants, above, t he  oxygen 
vapor pressure can be expressed as: 

M u l t i p l y i n g  by 4[02] and l e t t i n g  y = [02]1/4 leads t o  t h e  f o l l o w i n g  e i g h t h  
power equation: 

By so l v i ng  t h i s  e i gh th  power equat ion and the n ine  equ i l i b r i um  equations, the  
composit ional vapor pressure can be determined. This was c a r r i e d  out by a 
s p e c i a l l y  developed computer program f o r  the  temperature range from 1000 t o  
3000 K and fo r  the f o l l ow ing  model composit ion o f  t he  s t a r t i n g  mate r ia l ,  
rep resen ta t i ve  o f  major cons t i tuen ts  o f  l unar  basal t :  

Oxides % (Weight) 

15 

FeO 2 5 

The r e s u l t s  i n  terms of composit ional vapor pressures are presented 
i n  Table 4-3. The t a b l e  shows t h a t  the  pressures r i s e  sharp ly  w i t h  
temperature, as expected. A t  3000 K, f o r  example, the pressure o f  the  f r e e  
oxygen i s  on the  order o f  0.1 atm. While t he  oxygefi y i e l d  per u n i t  of raw 
mate r ia l  i s  almost independent o f  temperature (as shown 4.3.2/3able 4-2) and 
on the  order  o f  20%, higher pressures permi t  h igher  throughput and, 
consequently, output rates. 

The output can be f u r t h e r  increased by magnetic removal o f  t he  
i ron-ox ide p a r t i c l e s  from the  raw mate r ia l  p r i o r  t o  processing, s ince FeO does 
no t  con t r i bu te  t o  t he  generat ion o f  f r e e  oxygen. The enhancement o f  the  f r e e  
oxygen content by such bene f i c i a t i on - - i n  terms o f  vapor pressure-- is 
i d e n t i f i e d  i n  Table 4-4. This enhancement increases t he  oxygen y i e l d  from the 
e a r l i e r  def ined 20% t o  24% o f  t he  feedstock (=loo%). 



Table 4-3. Composit ional Vapor Pressure (atm) o f  a Mix tu re  c~f A1 203, 
Si02, Ti02 and FeO. 

Species 1000 K 1500 K 2000 K 2500 K 3000 K 

AlO(9) atm 4.6 x 1.6 x 10- l8 7.3 x 10- l2 5.6 x 1.8 x 

A120(9) atm 4.1 x 9.9 x 2.5 x 10- l6 1.6 x 10- l1 1.6 x 

A102(g) atm 1.7 x 6.7 x 10- l8 2.9 x 10- l1 2.0 x lo-?  5.8 x lo-' 

A1202(g) atm 1.9 x 3.3 x 6.8 i 10- l7 3.7 x 10-l2 3.2 x lo-' 

SiO(g) atm 1.1 x lo-'' 1.8 x 10- lo 6.5 x 3.0 x lo-3 1.6 x l o - '  

Si02(g) atni 5.3 x 1.2 x 10- l2 1.4 x 1.4 x lo-' 1.1 x 10-~  

TiO:g) atm 9.6 x lo-'$ 8.4 x 10- l6 4.8 x 10- lo  9.3 x 1.0 x lo-' 

Ti02(g) atm 2.7 x 1.8 x 10- l6 8.4 x 10''' 1.4 x lo-' 1.3 x lo-' 

FeO(g) atm 1.1 x la-'' 5.3 x lo-" 8 .1  x 2.0 lo-' 5.9 *; 

- - - 



Table 4-4. Oxygen Vapor Pressure o f  the Model Mlx ture With and Without 
P r i o r  Benef ic ia t ion.  

Temperature (K)  Without (atm) With (atm) Enhancement ( X )  

4.3.5 Energy Requi rements 

The assessment o f  the energy requi red f o r  t he  vapor separat ion 
process invo lves the two major consumers: 

(1)  The vapor izat ion and d i ssoc ia t i on  o f  the raw mater ia l .  

(2)  The quenching o f  the vapors fo r  the  condensation o f  the sub-oxides. 

For (1) reasonably accurate ca l cu la t i ons  were c a r r i e d  out using thermodynamic 
data from Refs. 4-2 and 4-3. Energy data fo r  the  quenching phase (2) were 
merely estimated since they depend extens ive ly  on the not y e t  def ined design 
o f  t he  cool i ng system. 

Since thermodynamic data for  oxide mixtures a re  not  ava i lab le ,  t he  
energy requirements f o r  the vapor izat ion phase (1) were ca lcu la ted  f o r  easl. 
i nd i v i dua l  oxide from data on the  heats of formation, vapor iza t ion  and 
d issoc ia t ion .  The r e s u l t i n g  f i gu res  were then adjusted comnensurate w i t h  the  
rav-mater ial  f r a c t i o n  o f  each oxide. The energy requirement o f  the  s t a r t i n g  
mix ture was determined as the sum o f  the  , Indiv idual  adjusted data. It 
amounted t o  4.8 kca l /g  o r  5,100 kWh/ton. I n te rac t i ons  i n  the  vapor, which may 
a l t e r  t h i s  f i y u r e  s l i g h t l y ,  were disregarded, s ince a t  t h i s  t ime only a  f i r s t  
approximati on was requi  red. 

For the coo l ing  phase (2)  a  conservat ive est imate o f  2000 kWh/ton 
was introduced. Thus, +be t o t a l  energy requi red f o r  processing i s  on the  
order o f  7,1000 kWh/ton o f  raw-material . 

As mentioned e a r l i e r ,  a t  t h i s  t ime the  emphasis i s  on oxygen 
product ion (even though the condensed metal - r i c h  oxides and pure metals may 
eventual l y  be a l so  o f  i n t e r e s t ) .  Since the niaximum oxygen output i s  on t h e  
order o f  24% ( w i t h  enhancement), the t o t a l  energy requi red per ton o f  oxygen 
i s  



o r  roughly 30,000 kWh/ton o f  oxygen. 

It should be remembered, however, t h a t  the  njajor p a r t  o f  the t o t a l  
energy i s  provided by d l  r e c t  so l a r  heat ing ( so l a r  concentrator) .  E l e c t r i c  
energy app l ies  p r i m a r i l y  t o  the  coo l i ng  system. Assuming 65% d i r e c t  s o l a r  
heat ing,  t he  energy forms and amounts f o r  the product ion o f  oxygen are: 

D i r e c t  Solar 19.2 kWh/tono2 

E l e c t r i c  10.4 kWh/t ono, 

4.3.6 Experiments 

I n  the  ove ra l l  p lan o f  the  RUSR program, experiments on vapor phase 
r e  ':ction were defer red t o  FY'83. The ob jec t i ves  o f  experimental 
i n ves t i ga t i ons  planned f o r  FY'83 a re  as f o l  1 ows: 

(1) Qua1 i t a t i v e  and q u a n t i t a t i v e  determinat ion o f  t h e  
vapo r i za t i  on/di ssoc ia t  i o n  species o f  s i ng l e  oxides and 0x1 de 
mix tures f o r  v e r i f i c a t i o n  o r  updat ing o f  t h e  t h e o r e t i c a l  data. 

(2) Determinat ion o f  the  oxygen y i e l d  o f  mixed oxides and of s yn the t i c  
1 unar raw mater ia l .  

(3 )  Effect iveness o f  var ious cooling-system designs w i t h  regard t o  
sub-oxide condensation and t he  clean1 iness o f  t he  recovered oxygen. 

Experiments (1) w i l l  be p r i m a r i l y  c a r r i e d  out by Purdue U n i v e r s i t y  
(JPL Contract 956322) a t  temperatures up t o  2000 K, us ing mass-spectrometry 
techniques f o r  t he  q u a n t i t a t i v e  measurement o f  d i s s o c i a t i o n  species. S t a r t i n g  
mate r ia l s  w i l l  comprise s i ng le  oxides, oxide mixtures and meteor i te  samples. 

Experiments (2)  and (3) w i l l  be performed a t  J?L us ing induc t ion  
heating. Temperatures w i l l  range from 2000 K t o  3000 K. Samples w i l l  
comprise s i ng ie  oxides, mixed oxides and syn the t i c  l una r  minerals. I n i t i a l  
experiments w i l l  use argon as c a r r i e r  gas, t o  be g radua l l y  e l iminated.  

4.4 SELECTIVE IONIZATION 

As descr ibed i n  p r i n c i p l e  i n  Section 4.1, t h i s  processing concept 
u t i l i z e s  t he  i o n i z a t i o n  gap f n  a thermal plasma a t  a d i sc re te  temperature 
range f o r  the  separat ion o f  metals and oxygen. The eva lua t ion  of t h i s  process 
was conf ined t o  t heo re t i ca l  s tud ies i n  the r epo r t i ng  per iod,  wh i le  exper lnents 
were defer red t o  FY '83. The s tud ies were aimed a t  the d e f i n i t i o n  o f  the 



encountered species a t  var ious temperature l e v e l s  o f  t he  thermal plasma, t h e  
degree o f  i on i za t i on ,  the  expected metal and oxygen y i e l d  and the  requi  red 
pracessi ng energy. 

It i s  emphasized t h a t  the pr imary purpose o f  the  generated data was 
t o  subs tan t ia te  t h e  f e a s i b i l i t y  and e f fec t i veness  o f  the  process. They 
should, therefore,  be regarded as t en ta t i ve ,  t o  be r e f i n e d  i n  subsequent 
s tud ies supported by experimental data. 

4.4.1 I on i za t i on  Ef fect iveness and I o n i z a t i o n  Species 

The previous i 1 l u s t r a t i o n  o f  the  i o n i z a t i o n  gap between metal s  and 
oxygen i n  t he  7000 t o  10,000 K temperature regime (Figure 4-2) was based 
so le l y  on t he  i o n i z a t i o n  p o t s n t i a l s  of se lected elements. I n  order  t o  ob ta i n  
more ac:urate numerical data on the  equ i l i b r i um  r a t i o  o f  i on ized  t o  neu t ra l  
atoms vs. temperature, t he  Saha equat ion (Ref. 4-4) was app l ied  t o  t he  
i nd i v i dua l  elements o f  i n t e r e s t .  For t he  purpose o f  t h i s  phase o f  
i n ves t i ga t i on ,  i t  was deemed adequate t o  r e w r i t e  the Saha equat ion f o r  
f i  r s t - l e v e l  i on i za t i on ,  which reads as fo l  lows: 

nine 2 ~ 1  ( T I  (21m,k)3/2 312 - - 
no - Uo h  T  exp 

where : 

number dens i t y  of a l l  neu t ra l  species 
number dens i t y  o f  a l l  pos;tive ions 
number dens i t y  of e lec t rons  
p a r t i t i o n  func+ion o f  t he  neu t ra l  atom 
p a r t i t i o n  f unc t i on  o f  the  charged i o n  
e l ec t r on  r e s t  mass 
Planck 's  constant 
601 tzmann constant 
i o n i z a t i o n  energy 
absolute temperature 
lower ing o f  i o n i z a t i o n  energy 

To evaluate t h i s  equation, a  system con ta in ing  a  s i n g l e  element a t  
1 itmosphere was assumed. The e q u i l i b r i u m  between the  neu t ra l  species and 
s i n g l y  charged ions was ca lcu la ted,  i n  the temperature range from 4000 t o  
15,000 K, f o r  elements present i n  s i g n i f i c a n t  concentrat ions i n  t h e  l una r  
s o i l ,  namely A1 , Fe, 0, S i  and T i .  The r e s u l t s  are depic ted g raph i ca l l y  i n  
F igure 4-5 and i n  t abu la r  form i n  Table 4-5. A subs tan t ia l  gap e x i s t s  between 
the  temperature a t  which the  metal atoms and oxygen f i r s t  show i on i za t i on .  It 
i s  t h i s  gap which i s  exp lo i t ed  i n  s e l e c t i v e  i o n i z a t i o n  t o  separate metals and 
oxygen. 

Assuming 100% c o l l e c t i o n  e f f i c i e n c y  o f  the  charged species, a  
t heo re t i ca l  y i e l d  can be est imated f o r  t h i s  simp1 i f l e d  s i ng le  element 
approach. As can be seen from Figure 4-5, the  t heo re t i ca l  degree o f  metal 
i o n i z a t i o n  ranges from 27% f o r  S i  t o  91% f o r  T i  a t  8000 K and from 72% t o  98% 



Figure 4-5. Percent i o n i z a t i o n  o f  Metal and Oxygen 
vs Temperature 



Table 4-5. Degree o f  Ion iza t ion  o f  Metals and Oxygen Between 7000 K 
and 10,000 K 

Rat io Temperature, K 

M'lMTot a1 7000 8000 9000 10,000 

a t  10,000 K, respectively2. I n  contrast - the oxygen remains essen t i a l l y  
neutral  w i th  only 0.25% ion i za t i on  a t  80~0 K ana 2.6% a t  10,000 K. However, 
these theore t ica l  ionlatom r a t i o s  may be lowered t o  a ye t  t o  be determined 
deg-ee by several ef fects,  such as: 

(1) The presence o f  s table metal -oxygen equi 1 i b r i  um products a t  
high temperatures could reduce the predicted product y ie ld .  A 
thermodynamic approach was adopted t o  examine the equ i l ib r ium 
product d i s t r i b u t i o n  over the temperature range o f  4000 t o  
10,000 K. The equ i l ib r ium d i s t r i b u t i o n  species o f  the oxides 
A1203, Fe203, Si02 and Ti02 a t  1 atmosphere were i n d i v i d u a l l y  
calculated. Free energy data were obtained from the JANAF 
tables (Ref. 4-2) and extrapolated quadra t ica l l y  t o  10,000 K. 

Other work (T. Yoshida e t  a l ,  Ref. 4-5) suggests tha t  be t te r  t h a ~  a 90% 
y i e l d  o f  95% pure i r o n  i s  achieved a t  10,000 i n  an iron-oxygen system. 



The quadrat ic ext rapolat ion avoided excessive computer t ime 
and y ie lded data w i th  an uncer ta inty  o f  a few percent a t  
6000 K and approximately 20% a t  10,000 K. The data f o r  the 
ind iv idua l  oxides are presented i n  Figures 4-6 t o  4-9. I n  a l l  
cases, the only s table metal -oxygen compound i s  the 
mono-oxide. A t  10,000 K, inc lud ing  an uncer ta inty  of 20%, the 
mono-oxide i s  present i n  concentrations three orders o f  
magnitude less than the f ree  o r  charged metal. Therefore, 
r e t a l  -oxygen equi 1 i b r i  um compounds w i  1  1 not a f fec t  the 
possib i  1  i ty o f  obta in ing theore t ica l  y i e l d s  o f  70-100%. 

(2) I n  the se lec t ive  i on i za t i on  process, f r @ e  electrons are formed 
from the i on i za t i on  o f  several species, and thus the  
i on i za t i on  o f  one element i n  a mixture w i l l  a f - s c t  the  
equ i l ib r ium loss o f  an e lect ron from another. This 
"comnon-ion" e f f e c t  i s  s im i l a r  t o  the reduced s o l u b i l i t y  o f  
mixed s a l t s  i n  water when an i on  i s  comnon t o  each sa l t .  The 
s o l u b i l i t y  o f  the leas t  soluble s a l t  w i l l  be suppressed by the 
presence o f  the common ion. I n  se lec t ive  ionizat ion,  the 
tendency o f  oxygen t o  lose an e lect ron w i  11 be 1 essened by the 
format ion o f  metal -derived f ree  electrons. Therefore, the 
oxygen ion i za t i on  leve ls  should be less than predic ted by the 
simple s ing le  element approach o f  Figure 4-5. 

(3) The theore t ica l  ca lcu la t ion  o f  y i e l d s  i s  dependent on the 
existence o f  thermodynamic equi 1 i brium dur ing the se lec t i  ve 
i on i za t i on  process. I n  the conceived thermal plasma method, 
near-equi l ibr ium condit ions e x i s t  f o r  heavy o a r t i c l e s  such as 
molecules, atoms and ions. Electrons, however, v i o l a t e  Saha 
equi l ibr ium, due t o  t h e i r  rap id  d i f f u s i o n  and the h igh 
temperature gradients near the confinement tube (Ref. 4-6). 
The resu l t  i s  two-fold: F i r s t ,  the Saha-derived tempc. ature 
i s  too high near the walls. This f a c t  i s  important only i n  
plasma diagnost ics and w i l l  not a f f e c t  the predicted 
theore t ica l  y i e ld .  Second, the t o t a l  amount o f  i on i za t i on  i s  
l i m i t e d  by the d i f f u s i o n  o f  electrons t o  the confinement tube, 
where electron-wal l  c o l l  ~ s i o n s  d iss ipa te  e lec t ron  k i n e t i c  
energy and resu l t  i n  ion-e lect rcn recombination rates higher 
than assumed by the Saha equation. The l i m i t a t i o n  on 
i on i za t i on  may affect the p o s s i b i l i t y  o f  obta in ing the 
equ i l ib r ium elect ron density assumed i n  Figure 4-5, and thus 
would resu l t  i n  a decrease i n  the product yield. The impact 
of t h i s  e lect ron non-equil ibrium on i on i za t i on  leve ls  and 
y ie lds  w i  11 be examir?d when experimental data become 
avai lab le i n  FY183. 

4.4.2 Product Yield 

Considering the factors ou t l ined above, i t  i s  t o  be expected tha t  
the e f fec t i ve  metal and oxygen y i e l d  o f  a mu1 t i p l e  oxide system i s  
subs tant ia l l y  less than indicated by the single-oxide evaluation. To a r r i v e  
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Figure 4-6. E q u i l i b r i u n  Species D i s t r i b u t i o n  o f  A1 203 
vs Temperature 



F i i : ~ r e  4-7. Equil i b r i  un Species D i s t r i b u t i o n  o f  Fe203 
vs Temperature 
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Figure 4-8. Equi 1 i b r i m  Species Distr ibut ion o f  SiO, 
vs Temperature 
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Figure 4-9. E q u i l i b r i u n  Species D i s t r i b u t i o n  of TiO, 
vs Temperature 



a t  a  f i r s t - o r d e r  d e f i n i t i o n  o f  product y i e l d s  and t o  es tab l i sh  a bas is  f o r  the  
assessment o f  the a l l - impo r tan t  energy requirements, an e f f e c t i v e  ion/atom 
r a t i o  o f  0.65 t o  8000 K and 0.90 a t  10,000 K was t e n t a t i v e l y  adopted. Since 
the raw mater ia l  cons is ts  o f  approximately 57% metals and 43% .oxygen, a  f i r s t  
approximation o f  the product y i e l d s  i s  as fol lows: 

Temp. Y ie ld  Product Yiel  d/Throughput 
K Factor 

8,000 0.65 kta:s 0.3 3%- 
10,000 0.90 0.51 0.39 

The product y i e l d  values a re  re l a ted  t o  the raw mater ia l  i npu t  and may be 
considered as ton/ton. 

4.4.3 Energy Requi rements 

For the  purpose o f  a  f i r s t - o r d e r  numerical assessment, the energy 
requirements were broken down i n t o  th ree  steps o r  consumptiot phases: (1)  
vapor izat ion and atomizat ion a t  298 K, (2)  temperature r i s e  t o  equ i l i b r i um 
condi t ions a t  10,000 K, and (3) e l e c t r o s t a t i c  separation of the charged metal 
ions from the neu t ra l  oxygen. Energy tequirements f o r  Steps (1) and (2)  were 
der ived from thermodynamic analys is ,  based on the fo l low ing  t ransformat ion:  

Ste 1 
&) (298) + xM(g) (298) + yO(9) (298) 

To quan t i f y  the f i r s t  energy need, the values o f  model compounds of 
simple oxides were averaged t o  ob ta in  an est imate f o r  the  complex metal 
s i l i c a t e s  o f  the lunar  s o i l .  The thermodynamic values f o r  some simple o ~ i d e s  
are l i s t e d  i n  Table 4-6 w i t h  the  average about 6000 kWhr/ton. Heating of the  
atoms t o  t h e i r  eqa i l i b r i um l eve l s  o f  i o n i z a t i o n  a t  10,000 K uses an add i t iona l  
5500 kWhr/ton. Therefore, t o  form a 10,000 K plasma composed s o l e l y  o f  
\ q o r i z e d  l una r  s i l i c a t e s  would thermodynamically requ i re  11,500 kWhr/ton o f  
nrti.al and oxygen produced based on an aver ige y i e l d  o f  90% (see Table 4-5). 

For e l e c t r o s t a t i c  separat ion (Step 3), which may be considered as a 
form o f  "vapor-phase e iec t ro l ys i s , "  add i t i ona l  energy i s  requi red t o  mainta in  
the vol tage between the charged p la tes  due t o  the  cur ren t  drawn by the 
d ~ p o s i  t i n g  e lect rons and metal cat  ions. This deposi t ion process i s  s i m i l a r  t o  
the e l e c t r o p l a t i n g  o f  metal w i t h  the  except ion t h a t  the f l u i d  medium i s  
gaseous ra ther  than l i q u i d .  Therefore, as a f i r s t  est imat ion o f  the  
c o l l e c t i o n  p l a t e  vol tage d i f fe rence ,  a  value i n  the range of those used i n  
l i q u i d  e l e c t r o p l a t i n g  was chosen. For convenience, the vo l tage selected was 1 
vo l t .  (Theoret ica l  s tud ies i nvo l v i ng  t he  m o b i l i t y  o f  ions i n  an e l e c t r i c  



f i e l d  are underway t o  determine i f  1 v o l t  i s  a s u f f i c i e n t  co l  l e c t i o n  voltage.) 
This leads t o  an energy f i g u r e  o f  450 kWhr/toq o f  metal and oxygen produced. 

The t o t a l  energy requi red f o r  the  process, from raw mater ia l  t o  
product, i s  there fo re  : 

Step 1 6,000/0.9 = 6,700 kWh/ton 
2 5,500/0.9 = 6,lCd 
3 45010.9 = 500 -- 

Total 13,300 kWh/ton 

Present ly,  oxygen i s  favored as the f i r s t  near-term product. If 
only the oxygen j s  used, the simultaneously recovered metal m ix tu re  may be put 
aside f o r  l a t w  refinement. Depending on the  des i red product and in t roduc ing  
a loss  f ac to r  o f  10% the energy requirements per ton  are as fo l lows:  

Oxygen 34,500 kWh/ton 
Metals only 26,000 kWh/ton 
Met3ls and oxygen 14,800 kWh/ton 

Studies are p resen t l y  underway t o  t r a n s l a t e  these values i n t o  e l e c t r i c a l  
energy requirenents and t o  assess the feas i  h i1 i t y  o f  the p a r t i a l  use of d i r e c t  
(concentrated) so la r  energy. 

Table 4-6. Energy Required t o  Atomize Some Oxides a t  298 K and 1 atm. 

- - -- - - - - - 

Compound Energy, kWhr/Ton 

A1203 7500 
S i  O2 7200 
Fe203 3700 
Fe3 04 3600 
A1 ,Si O3 7500 
T i  O2 5900 
FeSi 03, Fe2Si O4 4800 
FeTi O3 4700 
MgSi O3 , Mg2Si o4 6800 
CaSi03, Ca2Si04 6000 

Average 6000 

4.4.4 Experimental Techniques 

A l i t e r a t u r e  survey o f  the  s ta te-of - the-ar t  o f  plasma techniques 
f o r  the  decomposition o f  oxides was completed. Emphasis was placed on the  
processing o f  those metal oxides present i n  the lunar  s o i l .  Most a r t i c l e s  
accompl ished the decomposition o f  oxides by the add i t i on  o f  reducing agents t o  
chemical ly b ind  the oxygen, a method of 1 im i ted  app l i ca t i on  t o  
e x t r a t e r r e s t r i a l  processing. However, Rains e t  a1 (Ref. 4-7) and Borgianni e t  



a1 (Ref. 4-8), achieved y i e l d s  o f  up t o  33% f r e e  metal by the  rap id  coo l ing  o f  
the plasma e f f luen t .  They found t h a t  the y i e l d  was dependent upon the amount 
of heat t rans fe r red  t o  t he  oxide p ~ r t i c l e s .  Therefore, h igher  power 
dens i t ies ,  longer residence timps, and smal ler p a r t i c l e s  would con t r i bu te  t o  
greater  y ie lds .  

No l i t e r a t u r e  i s  ava i l ab le  on the  magnetic o r  e l e c t r o s t a t i c  
separation o f  metals and oxygen from a plasma. M i t i n  and Pryadkin (Ref. 4-9), 
however, have shown the  manipulat ion o f  an argon plasma w i t h  a magnetic 
f i e l d .  Therefore, due t o  the l i m i t e d  body o f  reference mater ia l  and 
experimental data, a comprehensive experimental program i s  planned t o  s t a r t  i n  
FY'83. 

4.4.5 Experimental Program 

The goals o f  the experimental p lan are: 1) t o  evaluate t he  
ef fect iveness o f  the se lec t i ve  i o n i z a t i o n  and the  vapor separat ion techniques, 
2) t o  i s o l a t e  the parameters determining y i e l d ,  and 3) t o  judge t he  
a p p l i c a b i l i t y  o f  the "vapor phase reductf  on" techniques t o  e x t r a t e r r e s t r i a l  
materi a1 s processing. The experimental p lan i s  designed as a stepwi se 
bu i ld-up o f  c a p a b i l i t i e s  from a pure gas plasma t o  the exc lus ive  use o f  metal 
ox'ides (without a c a r r i e r  gas). These steps are as fo l lows :  

Mater ia l  Object ives 

1. Argon (on ly)  Techniques t o  s t a r t  i on i za t i on .  
Gas flow cha rac te r i s t i c s  f o r  
plasma containment, sustainment. 

2. A r  + metal p a r t i c l e s  Plasma d i  agnost i cs/col  d p l a t e  
recovery o f  metals. 

3. A r  + oxide p a r t i c l e s  E l e c t r o s t a t i c  recovery o f  metal s. 
Degree o f  gas (Ar, 0) i on i za t i on .  
Measurement o f  oxygen and metal y i e l d .  

4. Oxide p a r t i c l e s  (on ly)  Plasma i n i t i a t i o n  (e.g., sodium). 
Pressure/temperature opt imizat ion.  
Refinement o f  metal recovery systems. 
Recovery o f  oxygen. 

Imp1 ementati on of r e s u l t s  o f  (4). 5. Process demonstration 
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SECTION 5 

INVESTIGATION INTO METALS SEPARATION 

E. du Fresne 

5.1 INTRODUCTION 

A n t i c i p a t i n g  t h a t  one o r  another o f  the  processes now under t e s t  
f o r  producing metals from l una r  ma te r i a l s  w i l l  u l t i m a t e l y  be developed t o  a 
p r a c t i c a l  l e ve l ,  we have sought methods t o  render those meta ls  use fu l .  This 
imp l ies  ach iev ing s p e c i f i c a t i o n  p u r i t i e s  r e l evan t  t o  t h e  uses intended. Both 
o f  the  proposed processes, Plasma D i ssoc ia t i on  and Magma E l e c t r o l y s i s ,  a re  
l i k e l y  t o  produce metal mix tures a t  some stage o f  operat ion,  mix tures having 
undes i rab le  p rope r t i es  unless r e f i n e d  t o  h igher  p u r i t y .  

( I n  some modes o f  operat ion,  t h e  plasma process i s  l i k e l y  t o  
produce mixtures.  P o t e n t i a l l y ,  t he re  are methods o f  overcoming t h i s ,  bu t  
these methods have no t  y e t  been inves t iga ted ,  and i n  any event a re  r e l a t e d  t o  
the  d i s t i l l a t i o n  process t o  be discussed below. For s i m p l i c i t y ,  and w i thou t  
p re jud ice  t o  t h e  plasma system, t h e  d iscuss ion t o  f o l l o w  w i l l  r e f e r  t o  t h e  
e l e c t r o l y t i c  process, bu t  t he  fundamentals w i l l  be understood t o  apply t o  any 
process generat ing mix tures,  be i t  t h e  plasma process o r  some other.)  

5.1. i Axiomat ics 

To understand why mixes are l i k e l y  t o  be produced, i t  i s  necessary 
t o  grasp why processes t h a t  proved successful  i n  metal w inn ing on Ear th  have 
been dismissed out  o f  hand, l eav i ng  on ly  Plasma D i ssoc ia t i on  and Magma 
E l e c t r o l y s i s .  The reasoning goes thus: 

Axiom I: Nei ther  t h e  Moon nor t he  as te ro ids ,  as f a r  as we know, 
conta in  "ores" i n  t h e  t e r r e s t r i a l  sense: t h a t  i s ,  concent ra t ions o f  metal 
s u l f i d e s  o r  o the r  compounds t h a t  have been deposi ted i n  l i m i t e d  areas and show 
concent ra t ion f a c t o r s  over t h e  count ry  rock o f  3 t o  20 orders  o t  magnitude. 
Such ores are t he  r e s u l t  o f  aqueous e x t r a c t i o n  ( usua l l y  hydrothermal)  and 
subsequent p r e c i p i t a t i o n .  T e r r e s t r i a l  exper ience has shown t h a t  anhydrous 
d i f f e r e n t i a t i o n  o f  magmas simply does no t  produce such concent ra t ion fac to rs .  
On the  other  hand, t h e  opera t ion  o f  aqueous so lu t i ons  on t h e  Moon and the  
parent bodies o f  t he  meteor i tes  (except f o r  t h e  carbonaceous chondr i tes )  has 
been minimal. Do no t ,  therefore,  expect "ores" on the  Moon. 

Axiom 11: Any me ta l l u rg i ca l  process conducted on t he  Moon must be 
done w i t h  t m u t e  minimum o f  imported mate r ia l s .  I n  p a r t i c u l a r ,  major 
cons t ruc t ion  ma te r i a l s  and a l l  process chemicals must be o f  l unar  o r i g i n  (see 
Sect ion 8.8.3). 

Co ro l l a r y :  Water, f l uo r i des ,  ch lo r ides ,  etc., which have proved so 
usefu l  i n  t e r r e s t r i a l  metal winning, have no p a r t  i n  l una r  meta l lurgy.  The 
same i s  t r u e  o f  such converliences as consumable carbon anodes. (On t he  o ther  
hand, t he  outgassing of  t h e  Moon has no t  proceeded t o  t h e  complete l oss  of 
s u l f u r ,  and i t  i s  t h e o r e t i c a l l y  poss ib le  t o  use lunar  s u l f u r  i n  some metal 
separations.) 



The f l uxes  used i n  t e r r e s t r i a l  metal l u r g y  have s e l e c t i v e  chemical 
o r  e lectrochemical  e f f e c t s ,  sometimes by changing reduc t ion  f r e e  energies and 
vol tages through t h e  format ion o f  meta l - f l ux  complexes, and sometimes by 
reducing on l y  v i s cos i t y ,  which nonetheless has t h e  impor tant  e f f e c t  o f  
improving s e l e c t i v i t y .  I n  t h e  l una r  m i l i e u ,  t h e  o n l y  f l u x  cheap enough f o r  us 
t o  a f ford  i n  t h e  near f u t u r e  i s  - heat.1 Th is  i s  a h i g h l y  e f f e c t i v e  f l u x  f o r  
magmas low i n  network-forming elements, such as (no tab ly )  s i l i c o n  and 
aluminum. When these elements - s r e  abundant i n  t h e  magma, however, s e l e c t i v i t y  
drops o f f  i n  rough p ropo r t i on  t o  t he  increase i n  v i s c o s i t y  (which can increase 
by a f a c t o r  o f  a m i l l i o n  o r  more f o r  magmas h i gh  i n  bo th  alumiilum and s i l i c o n ,  - 
compared w i t h  those poor i n  these elements), so t h a t  t h e  cathode product  x n  
be expected t o  cons i s t  o f  a crude m ix tu re  o f  t h e  metals i n  roughly  t h e  
propor t ions e x i s t i n g  i n  t h e  magma i t s e l f  .2 

A f u r t h e r  cons t ra i n t  i s  t h a t  t h e  most important i n i t i a l  prodl  1 

be made on t h e  Moon i s  no t  a metal, bu t  oxygen. I n  s p i t e  o f  our  i n t e r e s l  
the  metals, they a re  a t  f i r s t  on ly  a byproduct o f  t h e  product ion o f  oxygt - 
1  i fe-support  , propuls ion,  and export .  Eventual l y  , o f  course, t h e  meta ls  w r I I 
assume t h e i r  own importance: i n i t i a l l y  i n  t he  same context  as oxygen, i.e., 
f o r  containment o f  l i f e - s u p p o r t  systems, and as vessels f o r  p r o f u l s i v e  oxygen 
( i n c l u d i n g  t h a t  exported),  and, i n  due course, as the  s t r u c t u r a l  elements o f  
Moon-fabricated spacecraf t .  

5.1.2 P r a c t i c a l  Consequences f o r  E l e c t r o l y s i s  i n  t he  Lunar Context 

Once t h i s  cons t ra i n t  i s  understood, one looks f o r  t he  most 
e f f i c i e n t  e l e c t r o l y t i c  process f o r  producing oxygen. I n  t he  1 unar context ,  
one searches f o r  ma te r i a l s  t h a t  produce low-v iscos i t y  me l ts  a t  r e l a t i v e l y  low 
temperatures. These a re  i r o n - r i c h  s i  1 i c a t e s  and t i t ana tes ,  which a1 so have 
the advantage of simple magnetic separat ion from t h e  lunar  r e g o l i t h .  Oxygen 
product ion from more troublesome 1 unar (mock) ma te r i a l s  has a1 ready been 
demonstrated, as has been t he  product ion of small amounts o f  i r o n  a l l o y .  (As 
c e l l  con f i gu ra t i on  problems a re  sglved, p e r m i t t i n g  t he  c o l l e c t i o n  o f  reduced 
i r o n  i n  q u a n t i t y  - -  a task now i n  progress --  we expect t o  demonstrate 
i ron loxygen product ion under even more favorab le  cond i t i ons  than those now i n  
use.) The a n t i c i p a t e d  byproduct o f  oxygen manufacture from i r o n - r i c h  me1 t s  i s  
i r o n  con ta in ing  vary ing amounts o f  s i l i c o n ,  manganese, chromium, and n i c k e l  
(and perhaps sodium and potassium as w e l l ) .  See F igure  5-1, "Reduction 
Voltages. " 

l ~ x t r a c t i o n  o f  l una r  a l k a l i e s  f o r  use as f l u xes  i s  a l so  poss ib le ,  bu t  
obv ious ly  belongs t o  a second-generation e f f o r t .  

2paradoxical ly,  an excess o f  heat leads t o  t h e  same r e s u l t ,  as, i n  t h e  gas o r  
plasma phase, a l l  i o n i c  species o f  t h e  same s i gn  o r  charge, which i n  t h i s  case 
means t he  metals,  a re  capable of mix ing rap id l y .  The best-known remedy i s  t o  
lower t h e  dens i t y  o f  t h e  gas o r  plasma t o  accomnodate t h e  s e l e c t i o n  process. 
The r e s u l t  of low dens i ty ,  unfor tunate ly ,  i s  low y i e l d  o r  low e f t i c i e n c y .  
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Zince oxjgen i s  t he  pr imary j oa l ,  i t  i s  des i r ab le  t o  keep oxygen 
productic:< e f f i c i e n t .  This imp l ies  low temperatures, low v ~ l t a g e s ,  and hence 
low v i scos i t i e s ,  wh i l e  ( i n  t h e  i n t e r e s t  o f  product ion volume and heat 
e f f i c i e n c y )  keeping cur ren t  high. Under these condi t ions,  e l e c t r o l y s i s  o t  an 
i r o n - r i c h  s i l  i c a t e / t i t a n a t e  me l t  w i l l  y i e l d ,  as vo l tage p rogress ive ly  
increases, n i cke l  i n  small quan t i t y  (due t o  low abundance), i r o n  i n  l a rge  
quant i ty ,  then chromium and manganese (bo th  o f  low abundancej , t h e  a l k a l i e s ,  
and f i n a l l y  s i l i c o n  i n  quan t i t y .  Titanium, aluminum, and magiesium are  
u n l i k e l y  t o  be reduced wh i le  s i l i c o n  i s  s t i l l  abundant i n  t h e  melt .  Given 
reasonable convect ion o r  turbulence i n  t h e  ox ide phase, i r o n ,  s i l i c o n ,  etc., 
w i l l  be de l i ve red  t o  t h e  cathode i n  s u f f i c i e n '  quan t i t y -per -un i t - t ime  t o  
permit  t he  e lec t rode  reac t ion  t o  proceed w i thou t  f u r t h e r  vo l tage increase a t  
the cathode surface. 

5.1.2.1 Uses f o r  Metal Byproducts o f  Oxygen Manufacture. The issue i s  
academic as long  as t he  cathode depos i t  i s  a  byproduct meant onl j '  f o r  d isposal .  
But when the  i r o  i s  requi red f o r  s t r u c t u r a l  purposes, t he  s i  1  i con  content  
becomes o f  great  inter-est. Such alloy;r?g elements as n i c k e l ,  chromium, and 
manganese toughen i ron ,  bu t  s i l i c r n ,  beyond a c r i t i c a l  l i m i t ,  e m b r i t t l e s  it. 
Four t o  s i x p e r c e n t  o f  s i  1  i con  can be t o l e ra ted ,  bu t  much more i s  damaging. 
T e r r e s t r i a l  mstal  l u rgy  knows a 50-50 s i  1  i c o n / i r o n  product as sp iegele isen -- 
"m i r ro r - i ron" ,  because o f  i t s  p r o c l i v i t y  t o  sha t te r ,  producing m i r r o r - l i k e  
f r ac tu re  surfaces. We have used, and w i l l  use here, t he  term "sp iegele isen"  
t o  descr ibe any i r o n  a l l o y  embr i t t l ed  w i t h  s i l i c o n .  

Any spiegeleisen by-product o f  oxygen manufacture can be used f o r  - ---- 
fur the r  work. Here a re  t he  ways: 

(1) S i l i c o n  can be removed, and i r o n  ( p l us  Ni ,  C r ,  and Mn) added, 
by p o u r i i g  t he  metal me l t  through an i r o n - r i c h  ox ide  melt .  
This provides the  needed a g i t a t i o n  and contact  sur face f o r  
add i t i ona l  i r o n  t o  be reduced a t  t h e  expense o f  t b e  o x i d t t i o n  
o f  elemental s i l i c o n .  The r e s u l t  i s  a  s t ruc tu ra l -g rade  
metal: impure, perhaps, bu t  q u i t e  5erv iceable  f o r  many 
app l i ca t i cns .  (Any a l k a l i e s  w i l l  be l o s t  by evaporation, o r  
by reox ida t ion  i n  con tac t  w i t h  t he  ox ide melt.) 

( 2 )  Spiegeleisen can be used as a  consumable anode i n  t he  
reduct ion o f  f u r t h e r  metals. 

I n  t he  l a t t e r  case, we are cons ider ing a  m i n o r i t y  process, who l l y  
subordinate t o  t he  product ion o f  oxygen, which - must be t he  major product o f  
lunar  chemistry. A p o r t i o n  of t he  by-product o f  oxygen manufacture, t he  i r o n  
o r  spiegeleisen, can be dedicated t% use as consumable anodes, r a t h e r  than 
converted t o  s t r u c t u r a l  i r o n  o r  s imply dumped. I t  i s  a  f a c t  o f  na tu re  t h a t  
use of a  consumable anode w i l l  - not  y i e l d  oxygen, and hence d i v e r t s  e l e c t r i c a l  
power from the  main purpose of t he  luner  chemical i n d u s t r y .  Yet, a t  a  c e r t a i n  
stage of development, t h i s  d i ve r s i on  o f  power w i l l  become necessary. I r o n  may 
be useful  for  s t r u c t u r a l  products employed on t h e  Moon, bu t  i s  n o t  e f f i c i e n t  
f o r  s t ruc tu res  t h a t  must be 1 i f t e d  - off  t h e  Moon, whether vessels f o r  oxygen 
transshipped elsewhere, o r  f o r  o ther  sparocraf t  components. This imp l i es  a  
need fo r  one o r  more elements i n  t h e  1  i s  ~f lunar-abundant 1  i g h t  metals:  A l ,  
Mg, T i ,  and poss ib ly  Ca. I n  add i t i on ,  i t  t he  Moon i s  t o  be t r u l y  s e l f -  
s u f f i c i e n t  i n  energy, imported power sources must g i ve  way t o  pho tovo l t a i c  
u n i t s  made from lunar  s i l i c o n ,  07  other  power systems based on l una r  mate r ia l s .  



5.1.2.2 Common Reduction o f  the  L igh t  Metals and Si l icon.  Clear ly ,  t he  
refinement of i r o n  by the ox idat ion of s i l i c o n ,  as sketched above, does not  
a f f o r d  a route t o  pure s i l i con .  This element must therefore be won i n  a 
d i f f e r e n t  campaign from tha t  which y i e l d s  i r o n  and the  siderophi les (Ni, C r ,  
Mn); i n  view o f  the "voltage c lus ters"  shown i n  Figure 5-1, and the higher 
v i scos i t i es  o f  iron-poor oxide melts, the f i r s t  candidate f o r  a process t o  win 
s i l i c o n  must be tha t  which a lso  wins the l i g h t  metals: A l ,  Mg, T i ,  etc. 

This exceptional e l e c t r o l y s i s  uses a spiegeleisen consumable anode 
because no known mater ia l  i s  su i t ab le  as a permanent anode: between the heat 
and the ox ida t ion  po tent ia l ,  nothing tha t  i s  e l e c t r i c a l l y  conductive enough t o  
y i e l d  a prodllct a t  a reasonable r a t e  w i l l  stand up. A t  these h igh 
temperatures, the spiegeleisen anode i s  molten. This leads t o  an odd-looking 
geometry, w i th  a cent ra l  cathode pool, i n  which l i g h t  metals accumulate upon 
reduction, surrounded by pools o f  molten anode spiegeleisen i n  the process o t  
d issolut ion.  (See Figure 5-2.) (Doubtless refinements of t h i s  scheme are 
possible: a d r ipp ing  anode, f o r  example, i n  which se lec t ive  ox ida t ion  takes 
place. For the moment, we w i l l  go w i t h  the  cruder design, because i t  i s  
easier t o  visual ize.)  

The net effect of nigh voltage, high v iscosi ty ,  etc., i s  t o  reduce 
a l l  avai lab le metals i n t o  a comnon m e t a l l i c  l i q u i d .  The problem i s  then t o  -. 
separate them, a t  leas t  t o  a degree tha t  w i l l  render them u l t ima te l y  useful .  
I n  many cases, as w i t h  i r o n  where the use i s  s t ruc tu ra l ,  t h i s  does not  requi re 
h igh pu r i t y ,  w i t h  s i l i c o n  as the notable exception. 

5.2 VACUUM DISTILLATION 

Vacuum d i s t i l l a t i o n  i s  an easy so lu t i on  t o  some o f  the  separations. 
A glance a t  Figure 5-3 ("Vapor Pressures") shows t h a t  the a l k a l i  and a l ka l i ne -  
ear th metals can be eas i l y  separated from the cathode mixture, and from each 
other, by simple one-stage evaporation processes. Moreover, the f i n a l  
separations can be conducted i n  i r o n  vessels of lunar manufacture. The bther  
separations are less obvious. 

With the removal of magnesiua and calcium, the major const i tuents 
o f  the remainiog metal are s i l i c o n  and aluminur, s ince these are h igh ly  
abundant i n  lunar  rock and rego l i th .  ( I r o n  and t i tan ium w i l l  occur ;n 
var iable quant i t ies ,  which are t o  some degree cont ro l lab le ,  as these elements 
go together i n  magnetic minerals such as i lmenite. We can thus increase the 
amount of i r o n  and t i tan ium i n  the magma by magnetic b e n e f i c i a t i a  the 
charge, o r  reduce these elements by tak ing  the nonmagoetic -- o r  - least 
magnetic -- por t ion  of the feedstock. Later  on we w i l l  need t o  come t o  gr ips  
w i th  t i tan ium production and consider the t i tan ium/ i ron  separation. For the 
moment l e t ' s  consider a charge of r e l a t i v e l y  nonmagnetic i t later ial ,  depleted i n  
i r o n  and t i tanium. The separation of aluminum from s i l i c o n  and most o f  the 
remaining elements (manganese being the only  known exception) provzs t o  be 
easy when done by d i s t i l l a t i o n .  

I n  e f fec t ,  aluminum i s  so much more v o l a t i l e  than s i l i c o n  a t  low 
temperature ( j u s t  above the mel t ing po in t )  and low pressure ( d  thousandth 
atm), that,  i f  Raoult ls Law i s  followed, a one-stage vacuum evaporation should 
y i e l d  aluminum o f  high pu r i t y .  
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5.2.1 Aluminum-Silicon Separation: An Example 

It would thus be poss ib le  t o  pour an aluminum/;i 1  i con  me l t  down 
through a shot tower, t he  metal s o l i d i f y i n g  i n t o  p e l l e t s  on t h e  way because o f  
the heat loss  by evaporat ion and rad ia t i on ,  and subsequently recover r e t i n e d  
aluminum by s t r i p p i n g  t he  s o l i d  from t h e  w a l l s  of  t h e  tower. (Th is  
" p r i l l - t o w e r  evaporator"  i s  discussed i n  greater  d e t a i l  l a t e r . )  Moreover: 

( I )  L i t e r a t u r e  searzh has uncovered data i n d i c a t i n g  t h e  dev ia t ions  
from Raou l t ' s  Law t h a t  may be expected. The excess f r e e  
energies of  s o l u t i o n  f o r  aluminum and s i l i c o n  a re  ne a t i ve ,  
i n d i c a t i n g  s t rong assoi ia+'?n i n  t he  melt .  Paradoxica +- ly, 
t h i s  cond i t i on  i s  known t c  r e s u l t  i n  g rea tc r  separat ion upon 
d i s t i l l a t i o n .  P i c tu re  en atom o f  s i l i c o n  1 1 1  $n aluminum-rlcn 
melt. The atom i s  t i e d  t o  one o r  more a1umlirll:m atgms, 
e f f e c t i v e l y  r a i s i n g  i t s  molecular weight. Thus s i l i c o n  does 
no t  escape i n t o  t he  vapor phase as r e a d i l y  as p red ic ted  by 
Raou l t ' s  Law. The excess, o r  unassociated, aluminum. however, 
i s  j u s t  as v o l a t i l e  as t h a t  i n  an " i d e a l "  (Raou l t ' s  Law) 
so lu t ion .  The r e s u l t  i s  t h a t  t he  vapor phase i s  enr iched i n  
aluminum over t h e  Raou l t ' s  Lah p red i c t i on ,  throughout the  
whole rdnge o f  1  i q u i d  composition. 

(2) We have developed computer programs t o  design metal  
d i s t i  1  l a t i o n  p l an t s  under a  broad range o f  pressure and 
temperature condi t ions.  Even a t  one atmosphere, and again 
assuming Raoul t 's  Law f o r  the  purposes o f  s i m p l i c i t y  and 
conservatism, on ly  3  t o  5 t h e o r e t i c a l  p l a tes  ( i n  t h e  standard 
chemical engineer ing sense) a re  requi red t o  convert  a  50-50 
aluminum/si l icon me l t  t o  aluminum r a t e d  "h i gh l y  pure" by 
present-day comerc ia1  standards. The exact number o f  p l a tes  
needed i s  a  f unc t i on  of  t he  " r e f l u x  r a t i o N  assumed. The 
h igher  t h i s  r a t i o ,  t he  fewer p l a t e s  needed, bu t  energy 
consumption goes up w i t h  the  r e f l u x  r a t i o .  (Ref. 5-1). 

5.2.2 Review o f  the  Precondit ions f o r  Vacuum D i s t i l l a t i o n  i n  the  Lunar 
Context: Easy Separations 

L e t ' s  review developments up t o  t h i s  stage. 

(1) The main product o f  t he  lunar  chemical indus t ry  i s  t o  be 
oxygev. 

(2)  Tc assure the  e f f i c i e n c y  o f  oxygen product ion, i t  i s  best t o  
work w i t h  a  low-v iscos i t y  magma con ta in ing  an easi ly-reduced 
cat ion.  

(3)  Given t he  composit ion o f  lunar  rocks and r e g o l i t h ,  t h i s  w i  11 
be a magma r i c h  i n  i r on ,  w i t h  a  low content o f  s i l i c a t e  and 
aluminate, bu t  con ta in ing  some t i t a n a t e .  The feedstock f o r  
t h i s  magma i s  e a s i l y  se lected by convent ional  magnetic 
b e n e f i c i a t i o n  o f  r e g o l i t h .  



( 4 )  The by-product o f  t h e  e l e c t r o l y s i s  o f  t h i s  magma i s  an impure 
form o f  i ron .  I f  t h e  i r o n  i s  no t  imnediate ly  f i t  f o r  
s t r u c t u r a l  purposes ( "sp iege le isen" )  i t  can be rendered so by 
i n t i m a t e  contact  w i t h  more i r o n - r i c h  magma. 

(Note t h a t  any l i gh t -me ta l  admixture i n  t he  crude i r o n  w i  11 
be removed by one process o r  another: s i l i c o n ,  aluminum, and 
t h e  a l k a l i n e  ea r t h  elements by ox ida t ion ,  t h e  a l k a l i  meta ls  
e i t h e r  by ox i da t i on  o r  evaporat ion from t h e  mol ten i ron.)  

Mat ters  a re  considerably d i f f e ren t ,  however, when we cons ider  t h e  
process f o r  ob ta i n i ng  l i g h t  metals, us ing  crude i r o n  as a  consumable anode: 

(5) Oxygen i s  no t  produced i n  t h i s  process, on ly  raw metal. 

( 6 )  Magmas r i c h  i n  aluminum and poor i n  i r o n  a re  o f  h i g h  
v i s c o s i t y  (assuming the  s u i t e  o f  minera ls  observed i n  l una r  
r e g o l i t h  and rock, and c a l c u l a t i n g  abundances o f  e leaents  i n  
t he  magma on t h a t  bas is) .  

( 7 )  Owing t o  t h e  h i gh  v i s c o s i t y ,  e lec t rochemica l  reduc t ion  lacks  
s e l e c t i v i t y ,  and a m i x tu r?  o f  metals c o n s t i t u t e s  t h e  cathode 
product,  i f  our present  model i s  accurate. 

(8 )  Assuming t h a t  a  r e g o l i t h  f r a c t i o n  o f  low magnetic 
s u s c e p t i b i l i t y  i s  taken as feedstock f o r  t h i s  process, the  
p r i n c i p a l  cons t i tuen ts  o f  t h e  crude metal w i l l  be a lumin~m, 
s i l i c o n ,  t he  a l k a l i n e  ear ths  (magnesium and ca lc ium),  w i t h  
minor amounts o f  t i t an ium,  t he  fe r rous  metals,  and t h e  a l k a l i  
metals. 

(9)  Most, i f  no t  a l l ,  o f  t h i s  crude meta: w i  11 remain molten a t  
temperatures s u b s t a n t i a l l y  below t h e  me l t i ng  p o i n t  o f  i r o q .  

It w i l l  be noted from Figure 5-3 t h a t  t h e  vapor-pressure curves o f  
t he  a l k a l i  metals a re  q u i t e  low: much o f  t h e  sodium and potassium content  o f  
t h e  crude metal cou ld  be l o s t  by merely pour ing i t  from one vessel t o  another!  

Indeed, calc ium and magnesium can a l s o  be separated from t h e  crude 
metal by vapor izat ion,  and t h a t  q u i t e  simply. It i s  easy t o  show t h a t  t he  
p r i n c i p a l  obs tac le  t o  t h e  l oss  o f  these metals i s  t h e  slowness o f  d i f f u s i o n  i n  
the  melt ,  no t  t he  passage o f  the  l i qu id - to -vapor  in te r face :  i t  fo l l ows  t h a t  
a g i t a t i o n  i s  t h e  needed f a c t o r  i n  t he  process o f  separat ion,  and w i l l  be 
successful even a t  q u i t e  low temperatures, as long as t he  l i q u i d  phase remains. 

Since t h e  d i s t i l l a t i o n  o f  metals such as magnesium i s  a  w e l l -  
es tab l  ished metal l u r g i c a l  p r a c t i c e  today, here a t  t he  Ea r t l l ' s  surtace, t ne re  
i s  no need t o  dwel l  on it. We the re fo re  can f ine  ourselves t o  a  few remarks, 
before g e t t i n g  on t o  more cha l leng ing  problems: 

(1) Throughout a  r a the r  long ( p r a c t i c a l )  temperature range, t h e  
i n i t i a l  " d i s t i l l a t e "  from the  crude metal w i l l  c ons i s t  o f  the  
a l k a l i n e  e a r t h  metals (Ca and Mg), t h e  a l k a l i  meta ls  (Na and 
K )  i n  e s s e n t i a l l y  t h e  p ropor t ions  present i n  t he  feedstock, 
and a va r i ab l e  content  of aluminum. 



(2) The content  o f  aluminum i s  p r i n c i p a l l y  dependent on t h e  
temperature o f  t he  i n i t i a l  d i s t i l l a t i c n .  

( 3 )  The i n i t i a l  d i s t i l l a t i o n  can be conducted i n  equipment made 
o f  l unar  i ron .  

(4) The subsequent separat ions (of  Na, K, Ca, ana Mg from A1 and 
from each o ther )  can thus  a l s o  be conducted i n  a  s imple 
apparatus made from l una r  i r on ,  and, w i t h  on ly  one poss ib le  
except ion (Na from K), w i l l  i n vo l ve  one " t h e o r e t i c a l  p l a t e "  
( o r  l ess )  t o  a t t a i n  p r a c t i c a l  degrees o f  p u r i t y .  

5.2.3 Aluminum P u r i f i c a t i o n  

These a re  t h e  "easy" d i s t i l l a t i o n  problems. The f i r s t  d i s t i l l a t i o n  
process t h a t  can be descr ibed as p resen t ing  any d i f f i c u l t i e s  i s  t h e  
p u r i f i c a t i o n  o f  aluminum, which we have a l ready mentioned a t  t h e  beginn ing o f  
t h i s  summary. The " d i f f i c u l t i e s "  depend upon t h e  end use proposed. 

(1 )  For s t r u c t u r a l  purposes, small amounts o f  o ther  metals such 
as Fe, Mn, and Si  a re  t o l e rab le ,  o r  even des i rab le .  

(2) For e l e c t r i c a l  conduc t i v i t y ,  as i n  w i r ing ,  p u r i t y  above 99% 
o r  99.5%, o r  as h i gh  as poss ib le ,  cons is ten t  w i t h  cost ,  i s  
pre fer red.  

( 3 )  For semiconductor use, as i n  t he  preparat ion o f  Alp, a  111-V 
semiconductor, on ly  par ts -per -b i  11 i o n  amounts o f  impu r i t y  a re  
admissible.  

Case 3 can be dismissed immediately. Only t he  s u b s t i t u t i o n  o f  A1P 
f o r  s i l i c o n  o r  germanium can j u s t i f y  p roduc t ion  o f  A1P on t h e  Moon i n  t h e  
foreseeable fu tu re .  Now the  pr imary need f o r  semiconductor ma te r i a l s  i n  bu lk  
quan t i t y  on t h e  Moon i s  l i k e l y  t o  be f o r  pho tovo l t a i c  power sources. The 
adaptat ion o f  A1P t o  t h i s  purpose i s  prob lemat ica l ,  i n  view o f  t h e  l a rge  
d i f f e rence  i n  band gap between A1P and a i l ~ c o n . ~  

Given t he  d i f f i c u l t y  o f  u l t r a p u r i f y i n g  metals, i t  i s  more l i k e l y  
t h a t  h i gh -pu r i t y  s i l i c o n  w i l l  be a t t a i n a b i e  r a t h e r  than h i g h - p u r i t y  aluminum, 
which would then be adapted t o  an e s s e n t i a l l y  f o re i gn  purpose. This, o t  
course, i s  a p r g d i c t i o n  from the  Cloudy C rys ta l  B a l l ,  which - may be se t  as ide  
by some f u t u r e  innovat ion.  

I n  case 1, i t  i s  poss ib le  t o  cont inue processing i n  i r o n  equipment, 
a l though molten aluminum i s  cdpable o f  d i s s o l v i n g  small amounts of i ron .  

3 ~ h e  room-temperature energy gap f o r  s i l i c o n  i s  1.107 vo l t s ,  w h i l t  t h a t  f o r  
A1P i s  about 2.5, c r  111ore than double. 

5-10 



Minor amounts of i r o n  a re  ob jec t ionab le  by t e r r e s t r i a l  standards 
because o f  an adverse e f fec t  on co r ros ion  res is tance,  which i s  scarce ly  a  
problem i n  a  vacuum environment. For  most s t r u c t u r a l  purposes, t h e  f ron  i s  a  
s t rengthening element. (So, f o r  t h a t  mat ter ,  a re  most of t h e  minor i m p u r i t i e s  
expected: s i l i c o n ,  manganese, magnesium, etc.)  It f o l l o w s  t h a t  two ra the r  
simple operat ions,  which can be conducted i n  vessels made o f  l una r  i r on ,  w i l l  
be s u f f i c i e n t  t o  produce aluminum t o  s t r u c t u r a l  spec i f i ca t i ons .  These 
operat ions are: 

(1 )  L iquat ion.  

( 2 )  D i s t i l l a t i o n .  

5.2.3.1 L i qua t i on  as an A u x i l i a r y  Process. L i qua t i on  i s  t h e  process o t  
p a r t i a l  f reez'ng o f  t h e  metal me l t  w i t h  pour ing-of f  o f  t h e  remaining l i q u i d .  
I n  t h i s  process, much o f  t he  hardening elements i s  l o s t ,  s ince  these elements 
harden by forming high-me1 t i n g p o i n t  i n te rmeta l  1  i c  compounds w i t h  aluminum. 
Crys ta ls  o f  these compounds s ink i n  t he  me l t  o r  adhere t o  t he  c ruc i b l e ,  
l eav ing  a  me l t  o f  nea r l y  e u t e c t i c  composit ion. Th is  se ts  a  na tu ra l  upper 
l i m i t  t o  most o f  the  hardening elements i n  aluminum, as long  as l i q u a t i o n  i s  
pract iced.  Th is  app l ies  t o  t he  i r o n  impu r i t y  a lso,  even if i r o n  vessels a re  
used t o  nandle t h e  aluminum melt. 

By t h e  same token, t h e r r  i s  a l i m i t  t o  what l i q u a t i o n  can do 
(unless one i s  prepared t o  c l a s s i f y  var ious compl icated procedures o f  
f r a c t i o n a l  c r y s t a l l i z a t i o n  and zone-refinement as " l i q u a t i o n " ,  which i s  no t  a  
good use o f  t h e  word). L iquat ion,  as de f ined  above, w i l l  - not  movs a  
composit ion from the  aluminum-poor t o  t he  aluminum-rich s ide  o f  t n e  e u t e c t i c ,  
unless the re  i s  a  s t ronger  a f f i n i t y  between t h e  i m p u r i t i e s  than between any o f  
the i m p u r i t i e s  and alumi num. 

Note t h a t  t h i s  in t roduces t he  concept o f  adding a  f o re i gn  substance 
t o  scavenge impur i t i es .  A l i k e l y  candidate i s  s u l f u r ,  a  r e l a t i v e l y  abundant 
element on t h e  moon, one t h a t  forms s tab le  compounds w i t h  manganese and i r o n  
and v o l a t i l e  compounds w i t h  s i l i c o n ;  t h e  a l um i~um compound i s  r e l a t i v e l y  
unstable. Since t h i s  p o s s i b i l i t y  i s  no t  y e t  f u l l y  i nves t iga ted ,  i t  i s  u n t a i r  
t o  inc lude  i t  i n  t he  p r i n c i p a l  d iscussion. We t he re fo re  con f i ne  ourse lves t o  
the  f o l l o w i n g  remarks: 

( 1 )  M e t a l l i c  i m p u r i t i e s  t h a t  a re  no t  renewed from some o the r  
source -- manganese as an example -- can be removed t o  a  
l e v e l  depending on: 

( a )  The e q u i l i b r i a ,  as determined by f r e e  energies o f  
formation. 

(b )  The number o f  p u r i f i c a t i o n  stages and t he  l oss  o f  
aluminum t h a t  one i s  prepared t o  accept. 

( c )  The na tu ra l  abundance of  t he  impu r i t y  i n  t h e  feedstock. 

( 2 )  M e t a l l i c  i m p u r i t i e s  t h a t  a re  renewed, as by d i s s o l u t i o n  o f  
i r o n  from i r o n  vessels, cannot be reduced beyond a  minimum 
t h a t  i s  se t  by t h e  secular  e q u i l i b r i a  between t h e  competing 
processes. 



Hence manganese, which appears as an impu r i t y  i n  l una r  i r o n .  can be 
reduced t o  a very low l e v e l  i n  - one stage o f  p u r i f i c a t i o n  o f  aluminum conducted 
i n  equipment made o f  l una r  i r o n ,  upon a d d i t i o n  o f  s u l f u r ,  bu t  c a n w t  be 
f u r t h e r  reduced by su l f u r - a i ded  l i q u a t i o n  i n  such equipment. Tke e q u i l i b r i u m  
l i m i t  w i l l  be reached i n  one stage, a f t e r  which manganese w i l ;  be suppl ied 
from the  equipment as r a p i d l y  as i t  i s  removed by s u l f u r .  

Without becoming q u a n t i t a t i v e ,  i t  i s  s t i l l  poss i b l e  t o  p r e d i c t  t h a t  
t h e  degree o f  removal o f  manganese w i l l  be inadequate t o  produce 
semiconductor-grade aluminum, bu t  s t i l l  s u f f i c i e n t  t o  make good conductor- 
grade aluminum f o r  e l e c t r i c a l  buses and w i  r i nq .  

5.2.3.2 Quan t i t a t i ve  Aspects. A f t e r  t h i s  d igress ion,  we can r e t u r n  t o  t h e  
main s u b j e c c  namely the  removal o f  elements o ther  than manganese from 
aluminum, and t h e  general u t i l i t y  o f  vacuum d i s t i l l a t i o n  i n  l una r  meta l lurgy.  

The a luminum/s i l icon separat ion,  a l ready a l luded  to ,  g ives a good 
example of t h e  power o f  vacuum d i s t i l l a t i o n  as app l ied  t o  l una r  metals. I n  
what fo l l ows ,  we w i l l  use Raoult  ' s  Law t o  be conservat ive,  and ignore  
separat ions such as aluminum/titanium. 

For aluminum/si l icon, then, vapor pressures over t h e  range o f  
1 t o  760 t o r r  a re  a v a i l a b l e  from the  Handbook o f  Chemistry and Physics. These 
data c o r r e l a t e  we l l  on an Arrhenius p l o t ,  (See F igure  5-4 j  i.e., t h e  vapor 
pressure can be expressed as 

For A l ,  m = -31205.89396 
b = 20.03844917 

and f o r  S i  , m = -60161.57516 
b = 30.13548273 

I f  Raou l t ' s  Law can be assumed f o r  t h e  l i q u i d  phase, then  t h e  t o t a l  
pressure above a l i q u i d  m ix tu re  o f  aluminum and s i l i c o n  w i l l  be equal t o  t he  
sum o f  t he  vapor pressures o f  each element t imes i t s  respec t i ve  mol f r a c t i o n ,  
o r  

Th is  equat ion can be solved f o r  1/T, and t h i s  i n  t u r n  can be used 
t o  ca l cu l a te  p, Y = p/P, and Y '  = pl/P, so t h a t  a phase diagram can be 
constructed, wh i l e  a McCabe Th ie le  d i s t i l l a t i o n  p l o t  can be l a i d  ou t  from a 
graph o f  Y vs X. 

The t r a d i t i o n a l  method o f  c a l c u l a t i n g  Y i s  by a graphica l  
const ruct ion,  as t h e  algebra i s  ha i ry .  A Newton-Raphson s o l u t i o n  i s  more 
convenient f o r  our purposes, and has been used here. 

For 760 t o r r ,  we ob ta in  t he  f o l l o w i n s  tab le :  



Table 1. Newton-Raphson-Generated Data  f o r  A l /S i  a t  760 t o r r  ( 1  atm) 

X (A; ) t (OC) Y (A1 ) 

2286.68 
(compare Ref. 5-2) 

2273.58 
2260.13 
2246.45 
2232.66 
2218.86 
2205.18 
2191.72 
2178.57 
2165.79 
2153.44 
2141.54 
2130.11 
2119.16 
2108.68 
2098.66 
2089.07 
2079.91 
2071.16 
2062.78 
2058.72 
2056.33 
2054.91 
2054.77 
2054.76 

(compare H'bk 2056) 

When t h i s  i s  p l o t t e d ,  t he re  i s  no t  much d i f f e r e n c e  from a  chemical 
eng ineer 's  c l a s s i c a l  d i s t i l l a t i o n  char t .  Several t h e o r e t i c a l  p l a t e s  w i l l  be 
requi red t o  ob ta i n  reasonable p u r i t y .  

Since we a re  in tend ing  . d  conduct t h e  process on t h e  sur face o f  t he  
Moon, w i t h  f r e e  vacuum ava i lab le ,  i t  i s  o f  i n t e r e s t  t o  f i n d  ou t  what t h e  Y - X  
c h a r t  would look l i k e  a t ,  k ~ y ,  103 atm = 0.76 t o r r .  (Th is  b r i ngs  us c lose  
t o  the  me l t ing -po in t  o f  pure S i  = 1420.) 



Table 11. Newton-Ra hson-Generated Data f o r  A l / S i  a t  0.76 t o r r  
(1 x  lo-J'atm, 

0 
0.95560 
0.98821 
0.99484 
0.997198 
0.998288 
0.998897 
0.999228 
0.9994459 
0.9995952 
0.999699 1 
0.9997826 
0.9998307 
0.9998729 
0,999931 1 
0.99995398 
0.99998865 
0.99998960 
0.99999133 
0.99999585 
0.99999839 
1.0 ( t o  accuracy o f  method) 
1.0 ( t o  accuracy of  method) 
1.0 ( t o  accuracy o f  method) 

I n  t h e  Y column, t h e  s i x t h ,  seventh, and e i g h t h  decimals a r e  probab ly  n o t  
s i g n i f i c a n t ,  i n  v iew o f  t h e  p r e c i s i o n  o f  t h e  o r i g i n a l  data.  

N o t i c e  t h a t ,  i f  Table I 1  bears any resemblance t o  r e a l i t y ,  we can 
take  a  m i x t u r e  o f  85 mol% S i ,  15 mol% A1 ( t h i s  i s  p r a c t i c a l l y  we igh t  percent ,  
i n  t h i s  case) and o b t a i n  commercia i ly  pu re  A1 i n  one pass. Again, a  
s t r u c t u r a l  o r  c a s t i n g  a l l o y ,  95% Al ,  w i l l  y i e l d  a  p u r i t y  grade seldom ach ieved 
i n  t h e  l a b o r a t o r y .  It i s  much b e t t e r  t han  c o n d u c t i v i t y  grade. 

5.2.3.3 Exper imental  V e r i f i c a t i o n .  The p r e d i c t i o n s  made by Table I 1  a r e  so 
r a d i c a l  t h a t  t hey  r e a d i l y  l e n d  themselves t o  exper imenta l  t e s t .  S i l  i c o n - r i c h  
s lugs  can be b r h g h t  t o  Sust  above t h e  m e l t i n g  p o i n t  w i t h  a  tungs ten  h e a t e r  i n  
a  standard b e l l  j a r .  The vapor emanating from these  j u s t - m e l t e d  s lugs  w i l l  
condense on any c o l d  sur face,  and can be analyzed. 



I n  a  p r a c t i c a l  scheme, one would make a  1 i m i t e d  s e l e c t i o n  o f  
h i g h - s i l i c o n ,  low-aluminum slugs and b r i n g  them t o  appropr ia te  temperatures 
j u s t  above t h e  1  iqu idus  1  i n e e 4  A reasonable correspondence w i  t t ~  theory  
between t h e  ana lys is  o f  t h e  s lug, t h e  temperature, and t h e  ana lys is  o f  t h e  
depos i t  would j u s t i f y  t he  cond i t i ona l  acceptance o f  Raou l t ' s  Law, and, more 
impor tant ly ,  v e r i f y  engineer ing f e a s i b i  1  i t y .  

5.2.3.4 En i n e e r i n  Embodiment. Molten aluminum welds t o  glass,  reduces 
s i l i c a  an H many o  e r  oxides, and d isso lves  s i g n i f i c a n t  amour~ts o f  i r on .  
B u i l d i n g  a  convent ional  r e c t i f i c a t i o n  column, f o r  aluminum, o f  Moon-won 
s i l i c a t e s  o r  fe r rous  a l l o y s  i s  hence l i k e l y  t o  be absurd. Impor ta t ion  o f  
spec ia l  ma te r i a l s  f o r  such a  column i s  uneconomic. A one-pass system changes 
a l l  tha t .  

I have e l  sewhere d isc losed t he  concept o f  t h e  p r i  11 -tower 
evaporator.5 It app l ies  here as fo l l ows :  Le t  molten a l l o y  be discharged 
downward as d rop le t s  o f  p rec ise  s i ze ;  l e t  these d rop le t s  f a l l  through a  long  
tube under an e f f e c t i v e  vacuum; dur ing  t h e  f l i g h t ,  the  d rop le ts  cool  by 
evaporat ion and r a d i a t i o n ;  t h e  evaporated ma te r i a l  moves t o  t h e  w a l l  o f  t h e  
tube and condenses. 

I n  t he  present case, t he  condensate can be assumed t o  be s o l i d ,  and 
of h igh  r e f l e c t i v i t y ,  n i n i m i z i n g  t he  r a d i a t i v e  l oss  o f  heat. Hence, f o r  a 
reasonable t ime  o f  f l i g h t  and s i ze  o f  d rop le t ,  evaparat ion can he brought t o  a  
p r a c t i c a l  maximum. The tube need no t  be i n t e g r a l ,  and might be made o f ,  e . g . ,  
i r o n  s l a t s ,  from which t h e  product i s  subsequently peeled as s t r i p s  of pure 
metal. The he igh t  o f  t h e  p r i l l  tower i s  minimized by l una r  g rav i t y .  P r i l l  
towers 15 t o  30 meters h igh  have been used f o r  " sho t t i ng "  and o ther  purposes 
on Earth. Given t h a t  

t = 1.77 seconds fo r  a  15-meter t e r r e s t r i a l  tower, and on ly  2.5 seconds f o r  8 

30-meter tower. For a  15-meter tower on t h e  Moon, t h e  t ime o f  f l i g h t  i s  4.33 
seconds. Proper choice o f  d rop le t  s i z e  ( i n  t u r n  detera ined by o r i f i c e  
diameter and head) would assure e f f i c i e n t  evaporat ion so t h a t  t h e  metal need 
no t  be r e c i r c u l a t e d  t o  excess. O b ~ ~ o u s l y ,  t he re  w i l l  be t rade-o f f s ,  depending 
on such var iab les  as f e e l  composit ion, des i  red output  cc-90" t i o n ,  and 
sens ib l e / l a t en t  heat r a t i o .  There seems no doubt, nowevtr, t h a t  t h e  des i red  
p u r i t y  o f  aluminum can be produced from ,ui te crude i n p u t  a t  a  reasonable 
energy cost  and w i t h  a  minimum o f  imported equipment. 

4 ~ h e s e  need no t  be a t  atm, Ca lcu la t ions  can be done f o r  any 
reasonable T  and P. 

5 ~ h e  p r i  11-tower evaporator i s  now the  sub jec t  o f  a  JPL-Caltech-NASA patent  
app l i ca t ion ,  



5.3 INTERIM REVIEU 

To sum up so f a r ;  t he  f o l l o w i n g  lunar-abundant metals can be 
p u r i f i e d  f o r  convent ional  s t r u c t u r a l  o r  r e l a t e d  purposes: 

(1) I ron ,  by reduc t ion  a n d o x i d a t i v e  r e f i n i ng .6  

( 2 )  Magnesium .d aluminum by one-pass vacuum d i ~ t i l l a t i o n . ~  

Two lunar-abundant metals remain, one o f  s t r u c t u r a l  i n t e r e s t  ( T i )  and t h e  
o ther  p resen t ing  a  chal lenge i n  u l t r a p u r i f i c a t i o n  (S i ) .  

5.4 DIFFICULT PURIFICATIONS 

5.4.1 T i  t a n i  um 

The p u r i f i c a t i o n  o f  t i t a n i u m  by vacuum d i s t i l l a t i o n  i s  s imple i n  
p r i n c i p l e ,  bu t  l i k e l y  t o  be extremely d i f f i c u l t  i n  p rac t i ce .  While t he re  i s  a  
wide spread i n  vapor-pressure curves, t h e  t.ask of separat ion must be 
undertaken a t  an exceedinsly h i qh  temperature: i t  i s  no l ess  than t h a t  o f  
b o i l i n g  t he  i r o n  out  o f  molten t i tan ium.  This can be seen from the  
v  a  po r - p r ~ u ~ u ~ s 7 n ~ e ~  

This i s ,  o f  necess i ty  ( i f  h i gh -pu r i t y  t i t a n i u m  i s  t o  be obta ined) ,  
a  mul t ipass process, whether a  p r i l l - t o w e r  evaporator i s  used, o r  a more 
convent ional  d i s t i l l a t i o n  u n i t .  But what i s  t h i s  "convent ional  u n i t "  t o  be 
made o f ?  The b o i l i n g  p o i n t  o f  i r o n  ( a t  760 t o r r )  i s  2750'~. O f  t h e  var ious 
r e f r a c t o r i e s  t h a t  might be ex t rac ted  from the  lunar  surface, t he  h iqhes t -  
me l t i ng  i s  magnesia, a t  2800°c, bu t  t i t a n i u m  reduces MgO i n  t h i s  temperature 
range (see F igure 5-1). Calc ia  i s  t he  nex t  best,  me l t i ng  a t  about 26140C. 

It cannot be assumed t h a t  c a l c i a  has subs tan t ia l  s t r eng th  c lose  t o  
i t s  me l t i ng  po in t .  Fur ther ,  a t  much above 2700°C, t i t a n i u m  reduces CaO. 
Worse ye t ,  we can expect t h a t  t he  h igh vapor pressure o f  calciurn metal, t h a t  
i s ,  i t s  h igh  f ugac i t y  o r  "escaping tendency," w i l l  d r i v e  t h e  reduc t ion  o f  Ca0 
a t  temperatures s u b s t a n t i a l l y  below 27000C. 

The vapor pressure of (pure) i r o n  i s  40 t o r r  a t  2223OC and 100 
t o r r  a t  23600C. The a t tack  o f  t i t a n i u m  on CaO miqht be t o l e r a b l e  i n  t h i s  
temperature range, and i f  t i t a n i u m  could  maintain-an o v e r a l l  pressure i n  t h e  
range of 40 t? 100 co r rTwe  might e f f e c t  a  good separat ion b . v d i s t i l l a s o r  
Theunhappy T i c u s t h a t  t h i s  pressure cannot be maintained a t  p r a c t i c a l  
temperatures. 

6 ~ h e  s t rengthening o f  l unar  i r o n  t o  t he  l e v e l s  customary i n  s t e e l s  i s  t he  
sub ject  o f  ongoing research. 

7 ~ s  noted. calc ium can a lso  be ~ u r i f i e d  and i s  a  ~ o t e n t i a l  s t ruc tu ra :  l i u h t  
metal, b" t  i t  i s  no t  convent iohal  , being subject '  t o  co r ros ion  i n  a i r .  Th is  

- i s  unimportant i n  t he  lunar  o r  space context .  
8 ~ n  what fo l lows,  read " i r o n "  as "Fe, Cr, and Ni." The vapor pressure 
curves o f  these t h ree  a re  c lose  enough t o  be almost i nd i s t i ngu i shab le .  



There i s  no containment ma te r i a l  t h a t  meets t h e  requirements o f  a 
con ta iner  f o r  t i t a n i u m  vapor a t  a reasonable pressure. The pressure o f  the  
t i t a n i u m  vapor emi t ted  by t h e  bottom stage o f  t he  conta iner  ( t h e  " r e b e i l e r " )  
must equal o r  exceed9 the  o v e r a l l  pressure a t  the  h igher  p l a tes :  t h a t  i s ,  
i t  must be 40 t o  100 t o r r  o r  h igher,  But t h e  temperature a t  which t i t a n i u m  
a t t a i n s  100 t o r r  pressure i s  nea r l y  30000C! Only a few substances w i l l  take 
t h i s  temperature (no tab ly  tungsten) and i t  i s  no t  gudranteed t h a t  they w i l l  
no t  s low ly  d i sso l ve  i n  molten t i tan ium.  I n  any event, they would have t o  be 
imported. 

5.4.1.1 So lu t ion  by "Sparginy." S t ra igh t fo rward  d i s t i  1 l a t i o n ,  enhanced by 
vacuum, i s  thus u n l i k e l y  t o  work. I n  such cases, t he  cnemical engineer t u rns  
t o  such techniques as "sparging" o r  steam d i s t i l l a t i o n ,  i n  whil:h a substance 
of low v o l a t i l i t y  i s  c a r r f e d  a long by one of h i gh  v o l a t i l i t y ,  t h i s  l a s t  making 
u the  ressure d e f i c i t s  created by t he  f i r s t  substance, and thus moving i t s  
g p ~ r u h r o u g h  t he  m a K o n t o -  Logica l sparging substances f o r  
t i t a n i u m  would be the  noble gases such as He and A r .  Unfor tunate ly ,  these a re  
er t remely  r a r e  on t h e  Moon. 

There are, however, lunar-abundant substances t h a t  might serve: 
sodium i s  one. A n h e  temperatures we a re  t a l k i n g  about, 20000C and up, 
sodium might w e l l  be regdrded as a "permanent gas." We can t he re fo re  
conceptual ize a spargSng ( o r  steam d i s t i l l a t i o n )  u n i t  a lgng t h e  f o l l o w i n o  
1 ines:  

The u n i t  i s  a f a i r l y  convent ional  p ;a te  tower, b u i l t  o f  
c a l c i a ,  and ope ra t i ns  a t  roughly  2200 t o  230U0C, w i t h  
an i n t e r n a l  pressare o f  around 100 t o r r  o r  so. There i s  
no r e b o i l e r  -- per se, on ly  a sumv f o r  p u r i f i e d  t i t an ium.  
Above t h i s  sump, sodium vapor i s  introduced; i t  s t r i b ) -  
t h e  lowest p l a t e  o f  r es i dua l  i ron .  The vapor proceeds up 
t he  tower. becoming r i c h e r  i n  i r on ,  and passes t he  feed 
p l a te .  A few p l a tes  above t h a t ,  t h e  over f low l i q u i d  
conta ins l i t t l e  ,itanium, and i s  s u b s t a n t i a l l y  pure i r o n  
(i.e., the re  i s  no p o i n t  i n  f u r n i s h i n g  f u r t h e r  p l a tes ) .  
The mixed vapor then proceeds t o  a condenser opera t ing  a t  
1600°C, where e s s e n t i a l l y  a1 1 i r o n  condenses. Par t  o f  
t h i s  i r o n  r e tu rns  t o  the  t op  p l a t e  o f  t h t  tower, t he  
remainder leav ing  t he  system. The scJ"i1:rn vapor goes on 
t o  a condenser operated a t  500°C o r  less,  i s  l i q u e f i e d ,  
and f lows by g r a v i t y  t o  the  b o i l e r ,  where i t  i s  vaporized 
f o r  r een t r y  above t he  sczp. 

On t he  Earth, such a process u n i t  would be regarded as sheer 
insan i t y ,  owing t o  the l i k e l i h o o d  o f  such hazards as sodium f i r e s ,  r eac t i on  o f  
t i t a n i u m  w i t h  oxygen and n i t rogen,  and the  a t tack  o f  mois ture on t he  c a l c i a  
body. Viewed i n  a k inder  l i g h t ,  ds s c i e n c e - f i c t i o n  r a the r  than absolu te  
madness, t he  scheme has the  f o l i o w i n g  weaknesses: 

9 ~ n  a lower-pressurr  system, such as t h i s ,  t he  hyd ros ta t i c  head o f  molten 
metal on each p l a t e  must be taken 'n to  account: even under 1/6 t e r r e s t r i a l  
g rav i t y ,  t h i s  i s  no t  t r i v i a l ,  and may amount t o  100 t o r r  o r  more, depending 
on the number o f  p la tes .  



( 1 )  How i s  t he  system t o  be sealed against vacuum? W i l l  t h e  
sea l ing  mater ia l  (e.g., g raph i te  gaskets) need t o  be imported? 

(2)  How r a p i d l y  w i l l  a t t r i t i o n  of c a l c i a  and o f  any b ind ing  o r  
sea l ing  substances occur? What impu r i t i es  w i l l  t h i s  
in t roduce i n t o  t he  products? Oxygen, i n  p a r t i c u l a r ,  makes 
t i t an ium v i r t u a l  l y  unworkable, and i s  hence a more obnoxious 
impur i t y  than most rnetals.10 

( 3 )  How w i l l  t he  c a l c i a  be manufactured and shaped? 

These questions a re  no t  unanswerable, bu t  r equ i re  separate 
consideration. Hence these d e t a i l s  w i l l  be dea l t  w i t h  i n  a separate repor t ,  
t o  be issued l a t e r .  

5.4.1.2 A1 t e r n a t i  ves. For the  moment, we may suggest several  a1 t e r n a t i  ves : 

(1 ) M u l t i p l e  s tag ing o f  p r i  1 l - tower  evaporators. The 
disadvantage i s  h igh energy consumption. 

(2 )  Processing of the  metals as ch lor ides.  Halogens a re  scarce 
an the Moon, as t he  r e s u l t  o f  several  outgassing episodes. 
Nonetheless, there  i s  a small content o f  these elements i n  
;unar rock, and the  halogens w i l l  appear as i m p u r i t i e s  i n  
e l e c t r o l y t i c  oxygen, from which they can (and - must) be 
separated before the  oxygen i s  l i q u e f i e d  o r  otherwise used. 
A small stock of  ch lo r ine ,  t h e  most abundant halogen, could 
thus be accumulated f o r  t i t a n i u m  processing. 

(T ru th fu l l y ,  one can be l i eve  t h a t  t h e  pure t i t a n i u m  produced 
by t h i s  route,  i f  i t  should prove t he  on ly  p r a c t i c a l  one, i s  
more l i k e l y  t o  be used f o r  t h e  l o c a l  coinage than f o r  
spacecraft. It w i l l  be more expensive, i n  terms o f  l o c a l  
values, than go ld i s  on Earth. Th is  i s  a consequence o f  t h e  
sca rc i t y  of c h l o r i n e  on t he  Moon, and o f  t he  f a c t  t h a t  any 
p r a c t i c a l  process e n t a i l s  losses o f  t he  process chemicals.) 

( 3 )  Sparging ("steam d i s t i  1 l a t i o n " )  w i t h  s i l i c o n  o r  aluminum. I n  
the  l a s t  analys is ,  t h i s  scheme has as many p o t e n t i a l  
disadvantages as us ing sodium, p lus f u r t h e r  problems, such as 
the  need t o  heat upper stages o m e  tower. 

I 

The case o f  t i t an ium w i l l  be examined f u r t n e r  dur ing  t h e  coming 
year ' s  work. 

l O ~ h e  add i t i on  o f  small amounts of calc ium vapor t o  the  sodium vapor stream 
should ass i s t  i n  slowing t he  eros ion r a t e  of ca l c i a ,  and i n  keeping down the  
oxygen content o f  the  t i t an ium product. It i s  simply a mat ter  o f  Le C h a t e l i e r ' s  
Rule: d isp lac ing  t h e  d i ssoc ia t i on  of c a l c i a  i n  t h e  reverse d i r e c t i o n ,  and 
hence making f r ee  oxygen less avai lab le .  



5.4.2 S i l  i con  

5.4.2.1 The P u r i f i c a t i o n  o f  S i l i con .  Compared t o  t he  p u r i f i c a t i o r ~  o f  
t i tan ium,  t 5e  p u r i f i c a t i o n  of s i l i c o n  appears f a i r l y  easy, bu t  has a number o f  
pecu l i a r  features. It w i l l  be observed from Figure 5-3 t h a t - t h e  l i n e s  f o r  
s i l i c o n  and i r o ~  d ive rge  a t  h igher  pressure and temperature.ll Th is  i s  an 
unusual s i t u a t i o r ,  causing compl icat ions, as w i l l  be shown below. I n  e f f e c t ,  
h~ her pressures (and hence temperatures) a r e  an advantage i n  t h e  separation, -,hi- w i c  i s  d i r e c t l y  con t ra ry  t o  t he  common observat ion t h a t  b e t t e r  separat ions 
can be obtained under vacuum. 

The normal s i t u a t i o n  i s  t h a t  Arrhenius l i n e s  ( o f  l o g  P vs 1/T) tend 
t o  converge w i t h  inc reas ing  T and P. This i s  a consequence o f  Trouton 's  Rule 
and o f  the  Clapeyron-Clausius equation. But Trouton's Rule i s  no t  an absolute 
law. L i k e  o ther  approximations t o  an i dea l ,  i t  i s  f requent l y  v io la ted.  I f  
Trouton's Rule were s t r i c t l y  fol lowed, and a l l  unassociated l i q u i d s  had the  
same entropy o f  vapor izat ion,  say t he  t r a d i t i o n a l  21 c a l o r i e s  per  degree-mole, 
then t he  heats o f  vapor izat ion o f  these l i q u i d s  would simply be the  b o i l i n g  
po in t s  ( i n  degrees K )  t imes 21. Since t h e  siopes o f  t he  Arrhenius l i n e s  are 
p ropor t iona l  t o  the  heat o f  vapor izat ion,  these l i n e s  would get s t t epe r  as we 
moved t o  p rogress ive ly  h igher  bo i l i ng -po in t s ,  c rea t i ng  t h e  impression, as we 
looked a t  t he  char t ,  t h a t  a l l  the  l i n e s  " rad ia te "  from a common reg ion  a t  t he  
top  o f  t he  char t ,  l i k e  sunbeams b u r s t i n g  through a cloud. 

Unfortunately,  i t  takes on ly  a s l i g h t  dev ia t i on  from Trouton's Rule 
- some s l i g h t  var iance i n  the  physics o r  chemistry of  t he  element - t o  upset 
t h i s  r e g u l a r i t y  and produce a r e s u l t  such as t h a t  seen i n  F igure 5-3, w i t h  t he  
Fe and S i  l i n e s  converging downwardly r a the r  than upwardly. (The 
po lymer izat ion of S i  vapor i s  the  u l t i m a t e  explanation.) The paradoxical  
r e s u l t  i s  t h a t  t h i s  p a i r  can be separated more e a s i l y  a t  h igh  pressure than 
under vacuu,~~. This conclusion, e a s i l y  reached from an examination of the  
f igu re ,  i s  made q u a n t i t a t i v e  i n  Tables 5-1 through 5-4, which have been 
obtained from the  Newton-Raphson program, assuming Raou l t ' s  Law, f o r  o v e r a l l  
pressures o f  1, 7n, 400, and 2000 t o r r .  

l l ~ h i s  i s  t he  r e s u l t  o f  the  d imer iza t ion  and t r ime r i za t i on ,  etc., of  s i l i c o n  
i n  the  vapor phase. 



Table 5-1. Si l i con / I ron :  Tota: -essure 1 t o r r  

XS i Temperature YSi 
(mole f r a c t i o n  (OC)  (mole f r a c t i o n  

i n  l i q u i d )  i n  vapor) 



Table 5-2. S i l i con / I ron :  Tota l  Pressure 20 t o r r  

XSi Temperature YSi 
(mole f r a c t i o n  (OC (mole f r a c t i o n  

i n  l i q u i d )  i n  vapor) 



Table 5-3. Sil icon/Iron: Total Pressure 400 torr 

XS i Temperature YSi 
(mole fraction (Oc) (mole fraction 

in liquid) in vapor) 



Tab1 e 5-4. Si  1 icon/ Iron: Tota l  Pressure 2000 t o r r  

XS i Temperature YSi 
(mole f r a c t i o n  ( O C )  (mole f r a c t i o n  

i n  l i q u i d )  i n  vapor) 



Notes t o  t h e  Tables 

( I )  The Y values are, o f  course, ove r l y  precise.  For o rd inary  
purposes, 3 decimal p laces would have s u f f i c e d  i n  t h e  e a r l y  
sect ions ( low Y). We need t h e  e x t r a  d i g i t s ,  however, f o r  a 
b u f f e r  against  roundoff e r r o r  i n  subsequent computations. 

( 2 )  The thermodynamic l i t e r a t u r e  shows a negat ive f r e e  energy o f  
s o l u t i o n  f o r  Fe/Si, p o i n t i n g  t o  a more f i v o r a b l e  cond i t i on  
f o r  separat ion than t h a t  i nd i ca ted  by t he  use o f  Raou l t ' s  
Law. (Th is  i s  who l l y  analogous t o  t he  A l /S i  pa i r . )  Hence 
these f i gu res  a re  on l y  " t o  hang your  ha t  on." This must be 
kept  i n  mind i n  eva lua t i ng  t h a t  which fo l lows.  

(3)  The temperatures shown i n  Table I are below t he  me l t i ng  p o i n t  
of Al2O3, as a re  most o f  those i n  Table 11. D i s t i l l a t i o n s  
a t  400 t o r r  cou ld  be handled by ca l c i a ,  and a t  2000 t o r r  
c a l c i a  might a l s o  serve. (Magnesia i s  t o o  l i k e l y  t o  be 
reduced by S i  a t  t h e  upper range of temperature, owing t o  t he  
h i gh  vapor pressure of f r e e  magnesium.) Hence we a re  l ook i ng  
a t  reasonable processes t h a t  cou ld  be conducted i n  l o c a l l y -  
a v a i l a b l e  ceramic mate r ia l s .  

( 4 )  A t  h igher  pressures, 400 t o  2000 t o r r ,  t he  improvement i n  
p u r i t y  ob ta inab le  from each stage of  d i s t i l l a t i o n  czn be 
descr ibed as "an e x t r a  nine." Thus 0.99 Si  goes t o  0.999 Si ,  
etc., approximately. Th is  compares favorab ly  w i t h  zone 
refinement. O f  course, t h e  a t tack  o f  hot  S i  on t h e  wa l l s  o f  
t h e  apparatus w i l l  pu t  a l i m i t  t o  t h e  p u r i f i c a t i o n  process, 
as here ou t l i ned ,  p a r t i c u l a r l y  a t  h igh  temperatures and 
pressures. 

( 5 )  Other p e c u l i a r i t i e s  w i  11 be presented below, i n  t h e i r  
appropr ia te  places. 

5.4.2.2 A l t e r n a t i v e  Processes. A v a r i e t y  o f  these might be proposed. For 
cxampl e: 

(1) S i  might be vapor ized as SiO, ensur ing a c lean separat ion.  
SiO d isp ropor t iona tes ,  on condensation, t o  S i  and Si02, as 
a c o l l o i d a l  mixture.  I f  t h e  condensing sur face were ca l c i a ,  
the  Sic2 would fuse w i t h  it, producing w o l l a s t o n i t e  and 
pure s i  1 icon. This deserSjcs f u r t h e r  i nves t i ga t i on .  

(2 )  S u l f u r  might be used as a p a r t i n g  agent. SiS and SiS2 a re  
d l s o o l a t i l e .  

(3 )  - I r o n  might be removed as t he  carbonyl. This requ i res  a 
source o f  carbon, s p e c i f i c a l l y  carbon monoxide. Since carbon 
i s  r a r e  on t he  Moon, t he re  i z  an apparent v i o l a t i o n  o t  t h e  
axiom, which requ i res  explanat ion.  



Of t h e  var ious human wastes t h a t  must be recyc led  o r  disposed o f  i n  
t he  context  o f  a l una r  base, carbon d i ox i de  presents a subs tan t i a l  d i f f i c u l t y  
i n  t h a t  a cons iderab le  greenhouse area ( o r  some equiva lent ,  whether 
photosynthet ic  o r  pure ly  nonb io log ica l )  must be provided per  person f o r  
complete recyc l ing .  It i s  easy enough, however, t o  remove i t  from a i r  and t o  
add oxygen i n  i t s  place. The temptat ion,  the re fo re ,  w i l l  be t o  sirnply dump 
it. That would be a dismal and s i n f u l  waste, hcwever, i f  i t  can be pu t  t o  
o ther  uses. Conversion t o  CO, o r  even t o  carbon, would be easy i n  t h e  
m e t a l l u r g i c a l  context :  r eac t i on  w i t h  sp iegele isen i n  t h e  f i r s t  case and 
magnesium i n  t h e  second. 

Some o ther  a l t e r n a t i v e  processes f o r  t he  p u r i f i c a t i o n  o f  s i  1 i con  
might be proposed. For t h e  moment, l e t  us thoroughly  examine d i s t i l l a t i o n ,  so 
t h a t  a t  l e a s t  we w i l l  have a standard o f  comparison, no t  t o  mention a workable 
process (when operated i n  combination w i t h  zone- re f in i  ng and o the r  es tab l  i shed 
techniques). 

5.5 EXAMPLES OF COMPUTER DESIGN 

Simple programs have been w r i t t e n  on t h e  bas is  o f  t h e  standard 
McCabe-Thiele const ruct ion,  as general l y  understood i n  chemical engineer ing.  
(Special  notes a re  given below.) Sample r e s u l t s  a re  shown i n  Tables 5-5 
through 5-7; t h e  inpu ts  a re  f o r  A l / S i  a t  1 atm, as given e a r l i e r ;  Xp = mol% A 1  
i n  product. 

Table 5-5. Sample McCabe-Thiele Resul ts  (Xp = 0.9995; R = 3) 

XA1 YA1 P la te  No., From Top 
(ou t f l ow ing  1 i q u i d )  ( i n f l o w i n g  gas) 

0.994864 0.996023 
0.961 977 0.971358 

F lag  down 
0.7531 65 0.81 4749 
0.41 609 0.573582 
0.23 etc. 0.427463 

We are,  i n  t h e  data above, beyond a pos tu la ted  feed composit ion, 
X f  = 0.50, which i s  achieved i n  4 p la tes .  



Table 5-6. Sample McCabe-Thiele Results (Xp = 0.9995; R = 0.5) 

XA 1 YA1 
(ou t f low ing  1 i q u i d )  ( i n f l o w i n g  gas) 

0.997955 
0.992969 
0.977843 

Flag down 
0.935027 
0.885951 
0.847547 
0.825567 
0.81 4987 

P la te  No., From Top 

a ~ h i s  output depends only on Xp, and hence i s  i d e n t i c a l  t o  t he  p l a t e  1 
ou t f low o f  t he  previous table.  

X f  i s  achieved by t he  seventh p la te.  

Table 5-7. Sample McCabe-Thiele Results (Xp = 0.9998; H = 0.85) 

XA 1 YA1 
(ou t f low ing  l i q u i d )  ( i n f l o w i n g  gas) 

0.999891 
0.999462 
0.997453 
0.988541 

F lag  down 
0.952368 
0.868783 
0.775890 
0.71 7769 
0.692254 

P la te  No., From Top 

X f  i s  reached i n  7 t o  8 p la tes.  



Notes t o  t h e  Tables 

(1) Since t h e  downflow o f  l i q u i d  from one p l a t e  ( o r  from the  
condenser) i s  t h a t  rece ived by t h e  nex t  lower p l a te ,  t he re  i s  
no p o i n t  i n  p r i n t i n g  t h i s  s t a t i s t i c  twice.  S i m i l a r l y ,  t h e  
upf lowing vapor from a  g iven p l a t e  i s  t h a t  rece ived by t h e  
p l a t e  above ( o r  by t h e  condenser). Hence t h e r e  a re  on ly  two, 
no t  four ,  data cha rac te r i z i ng  a  given p la te .  These can b r  - 
conce~ved  o f  as the  X - Y  coordinates o f  a  p o i n t  on t h e  Op l i n e  
t h a t  represents t he  p la te .  

( 2 )  "F lag down: " most computers incorpora te  t e s t a b l e  switches 
known as " f lags, "  "lamps," "1 ights , "  o r  " v i r t u a l  1  i gh t s , "  
according t o  the  jargon o f  t h e  manuals; i t 1  t he  present case, 
one o f  these "f:agsU (swi tches)  i s  used t o  d i s t i n g u i s h  
between two sect ions o f  t he  vapor curve. 

The vapor curve, f o r  t h i s  program, has been d i v i d e d  i n t o  two 
regions, "end" (above X = 0.92), and "bend" (below 0.92). 
The "end" reg ion  i s  approximated by a  quadra t i c  under a  
mod i f ied  l og - l og  transform. The "bend" reg ion  i s  
approximated by a  cub ic  under d spec ia l  t ransform. 

Thus t he  no ta t i on  " f l a g  down" represents t he  boundary b :ween 
t h e  two approximations t o  t h e  vapor curve. 

( 3 )  Prec is ion :  again, t he  p r e c i s i o n  i s  excessive t o  guard against  
round-of f e r r n r  i n  subsequent processing. 

5.6 SUMMAR Y 

I n  t he  study of metals separat ion on t he  Moon, we have developed a  
f i r s t  generat ion o f  computer programs t h a t :  

(1) Create Raou l t ' s  Law phase diagrams from l i t e r a t u r e  
vapor-pressure data. 

( 2 )  Represent t he  vapor curves o f  Y-X p l o t s  as emp i r i ca l  
transformed polynomi a1 s. 

( 3 )  Mimic convent ional  graphic  methods o f  des ign ing d i s t i  1  l a t i o n  
p l an t s ,  wh i l e  surpassing them i n  prec is ion.  

Often, vacuum d i s t i 1 ; a t i on  i s  t he  best  way t o  separate (g iven  l una r  
cond i t i ons )  c r i t i c a l  p a i r s  o f  metals. D i s t i l  l a t i o n  may be used: 

(1) To p u r i f y  aluminum f o r  s t r u c t u r a l  purposes, 

(2) To p u r i f y  s i l i c o n  f o r  e l e c t r o n i c  purposes, 

(3 )  To p u r i f y  t h e  a l k a l i  and a l ka l i ne -ea r t h  metals. O f  these, 
magnesium arid ca lc ium may be used f o r  s t r u c t u r a l  purposes, 
and a l l  may be used f o r  chemical service.  



D i s t i l  l a t i o n  may be p o t e n t i a l  l y  used t o  p u r i f y  t i t a n i u m  f o r  s t r u c t u r a l  
purposes. Mod i f ied  $y p r e l  i m z a r y  chemical steps, such as 1  i q u a t i o n  o r  
r eac t i on  w i t h  l una r  abundant elements, d i s t i l  l a t i o n  may be p o t e n t i a l  l y  used: 

(1) To u l  t r a p u r i  f y  aluminum f o r  E l e c t r i c a l  Conduc t i v i t y  (EC) l2 
o r  semiconductor use. 

( 2 )  Provide a1 t e rna te  routes t o  t h e  u l  t r a p d r i  f i c a t i o n  o f  ji 1 icon. 

I n  a l l  bu t  one of t he  processes considered i n  t h i s  r epo r t ,  imported 
ma te r i a l s  have been d e l i b e r a t e l y  excluded. (Th is  i s  t h e  r e s u l t  o f  an 
assumption, as noted e a r l  i e r .  ) The except ion i s  carbon monoxide, which m igh t  
be obtained from l i f e - s u p p o r t  wastes. 

The developments i n  t he  coming year  a re  expected t o  i nc l ude  
extensions o f  these promi s ing  beginnings, p l us  a  presentat ion o f  a  hardening 
method f o r  " lunar  s t ee l s "  independent o f  carbon. 

1 2 ~ o t e  t h a t  t he  t r a d i t i o n a l  ob j ec t i on  t o  aluminum as a  conductor does no t  
apply on t h e  Moon, s ince t h e  aluminum w i l l  no t  deveiop h igh-res is tance 
oxides a t  contact  po in ts .  Copper and s i l v e r  a re  no t  lunar-abundant. 
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SECTION 6 

ENERGY SYSTEMS 

R. Jones 

6.1 REQUIREMENTS 

Energy systr.ms may handle energy i n  var ious ways t o  perform fou r  
general func t ions :  (1) co l  l e c t i o n ,  ( 2 )  conversion, ( 3 )  storage and ( 4 )  
transmission. E ~ e r g y  systems may deal w i t h  energy i n  any one o f  i t s  several  
forms, i.e., mechanical, thermal, e l e c t r i c a l ,  magnetic, e lectromagnet ic,  
chemical, and nuclear.  Examples o f  energy systems are s o l a r  ar rays,  
ba t t e r i es ,  nuc lear  reactors ,  e l e c t r i c a l  l i n e s ,  e l e c t r i c a l  power-processing 
equipment and thermal rad ia to rs .  The o b j e c t i v e  o f  t he  RUSR energy system i s  
t o  prov ide energy i n  t he  most economical manner f o r  a l l  t he  major 
energy-consuming elements o f  t he  eventual  opera t ing  system. 

For t he  f u t u r e  opera t ing  processing f a c i  1 i t y ,  one can i d e n t i f y  
t h ree  major categor ies  of operat ions t h a t  w i l l  r equ i r e  t he  use o f  energy 
systems: ( 1 )  ma te r i a l  cond i t i on i ng  and processing, ( 2 )  t r a n s p o r t a t i o n  and (3 )  
m i sce l l  aneous support operat ions (crew support, housekeeping, communications, 
etc.). These operat ions may be c a r r i e d  on a t  d i f f e r e n t  l oca t i ons  depending on 
e v e n t ~ a l  o v e r a l l  design. For any one operat ion,  t he  c h a r a c t e r i s t i c s  o f  these 
d i f f e ren t  l oca t i ons  w i  11 i n f l uence  t h e  choice o f  t h e  appropr ia te  energy system 
requ i red  t o  perform a c e r t a i n  funct ion.  The major poss ib le  l oca t i ons  f o r  
operat ions inc lude:  (1 )  t he  lunar  poles,  ( 2 )  l u n a r  m id l a t i t udes ,  ( 3 )  t h e  
surfaces o f  as te ro ids ,  ( 4 )  as te ro i d  o r b i t s ,  ( 5 )  deep space, ( 6 )  p lane ta ry  
o r b i t s ,  ( 7 )  t h e  surface o f  Mars and (8) t h e  poles o f  Mars. The 
c h a r a c t e r i s t i c s  c f  these l oca t i ons  inso fa r  as they i n f l uence  t h e  choice o f  
energy systems a re  l i s t e d  i n  Table 6-1. 

The general operat ions (mate r ia l  processing, t r anspo r t a t i on  and 
miscel laneous suppor t )  w i  11 r equ i r e  energy i n  e i t h e r  e l e c t r i c a l  o r  thermal 
form. Some mater ia l -process ing and ma te r i a l - cond i t i on i ng  operat ions w i l l  be 
ab le  t o  u t i l i z e  d i r e c t  thermal power w h i l e  o thers  w i l l  need e l e c t r i c a l  power. 
The m a j o r i t y  o f  t h c  t r anspo r t a t i on  and miscellaneous operat ions w i  11 r equ i r e  
t h e i r  energy t o  be prov ided i n  t h e  form o f  e l e c t r i c a l  power. For r e a l i s t i c  
scenarios, on l y  nuc lear  and so la r  energy sources can be considered. Waste 
thermal power from ma te r i a l  -processing funct ions may a1 so be recovered and 
recycled, but  t h i s  cannot be considered an energy source. The p re l im ina ry  
energy requirements per ton  o f  process ou tpu t  f o r  t h e  s p e c i f i c  processes under 
each general opera t ion  a re  l i s t e d  i n  Table 6-2. O f  near l y  equal importance t o  
the  amount o f  e n e r w  requi red f o r  each process i s  t h e  form ( e l e c t r i c  o r  
thermal)  i n  which t h a t  energy i s  needed. The form o f  t he  energy ( thermal o r  
e l e c t r i c )  i s  c r i t i c a l  t o  t h e  mass o f  equipment (power supply)  whicl; p rcv ides  
the  energy. Thermai energy may be obtained d i r e c t l y  from t h e  sun o r  a nuc lear  
heat source. E l e c t r i c  energy must be converted from some thermal source a t  an 
e f f i c i ency  much l ess  than one. Therefore t he  mass o f  t he  power supply 
p rov i d i ng  1 j o u l e  o f  e l e c t r i c  energy i s  much l a r g e r  than t h e  mass o f  a poNer 

- - -  - - 

l ~ e t r i c  tons ( l o 3  kg) throughout t h i s  sect ion.  

6- 1 



Table 6-1. Lacat ion Cha rac te r i s t i c s  

Locat ion Distance Solar  I 1  luminat ion G rav i t y  Atmosp3ere 
(A.U. ) l n t e n s i  t y  ( 9  = i )  

( kl~/m2) 

Lunar Poles 1 

Lunar La t i tudes  1 

As te ro id  .7 - 2.5 
Surfaces 

As te ro id  .7 - 2.5 
Orb! t s  

Deep Space (L-5) 1 

Ear th  O r b i t  1 
(LEO o r  GEO) 

Mar t ian Poles 1.52 

Mar t ian 1.52 
La t i tudes  

1.35 Continuous 
Sun 

1.35 I n t e r m i t t e n t  

2.76 - I n t e r m i t t e n t  
.216 

2.76 - Continuous 
.216 

1.35 Continuous 

1.35 I n t e r m i t t e n t  

.58 Continuous 

.58 I n t e r m i t t e n t  

.17 N o 

.17 N o 

.015 - 
.000015 

0 No 

0 N 0 

0 No 

.377 Yes 

.377 Yes 

supply producing 1 j o u l e  o f  thermal energy. Table 6-2 inc ludes t he  
approximate r a t i o  o f  e l e c t r i c  t o  thermal energy requ i red  f o r  each process. 
Energy requi reme~i ts  are a basic s t a r t i n g  po in t ,  bu t  f o r  an opera t ing  f a c i l i t y  
working a t  some product ion r a t e  ( tons l ly r ) ,  t he  t ime- rd te  o f  energy usage, 
i.e., power, i s  the  key para:neter. By f a r  the  l a rges t  energylpower users are 
the  e l e c t r o l y s i s  and vapor-phase processes w i t h  s i l i c a t e  compaction 
represent ing a lower bound on energylpower needs f o r  pr imary processing. 
Using t h e  energy requirements of Table 6-2 and t h e  suggested p r o d u c t i o ~  ra tes  
o f  1, 10, 100 t o n s l y r  f o r  e l e c t r o l y s i s  and vapor phase processing and 10, 100, 
100Q t o n s l y r  f o r  s i l i c a t e  compaction t h e  e l e c t r i c  ana thermal power requirements 
fo r  these processes can be est i inated and a re  presented i n  Table 6-3. 



Table 6-2. Energy Requirements 

Operat i o n  Required (Actua l  Energy R a t i o  o f  Required Energy 
per Ton of  Output) Form (Elect r ic /Thermal )  

Processing 

Bene f i c i s t ion  and Comminutiona 10 kw h r / ton  >> 10 

S i l i c a t e  compactiona 500 .25 

Mel t ing  Lunar ~ a s a l t ~  500 < 1 

Vapor Phase processingb 50,000 - 100,000 10 

Secondary processinga 10 10 

Storage and Hand: inga 10 10 

Transportat  i on  

Lunar Surfacec .05 - . 3  >> 10 

Electromagnetic ~ a u n c h i  nga 35C 
(surface t o  low lunar  o r b i t )  

Miscel  lanecus Scpport 

~ousekeepi  nga 
(comnunicat io~~s)  
(data processing) 
(command and c o n t r o l )  

a J P ~  Estimates. 
b ~ t e u r e r ,  W. H., " E x t r a t e r r e s t r i a l  Ma te r i a l s  Processing", 2PL Pub l i ca t i on  

82-41, Abril 1982. 
CCarrier, W. D., "Excavation Costs f o r  Lunar Mate r ia l s " ,  Space Manufactur ina 

111: Pr~ceed ings  o f  the  Fourth Pr inceton/ l IAA Conference, - October 1979 , p . b .  
%linimurn e l e c t r i c a l  power requi rpment S ,  i n ~ o p e n d e n t  c f  t!x r~q;;i red energy 

per ton o f  output. 



Tab1 e 6-3. Power Requi rements 

Form 

E l e c t r i c  (kWe) 

Vapor Phase 
E l e c t r o l y s i s  
Compaction 

Thermal (kWth) 

Vapor Phase 
E l e c t r o l y s i s  
Compact i o n  

6.2 POWER-SYSTEM OPTIONS AND TECHNOLOGY 

The imp1 ementation of t he  f ou r  power-system func t ions  ( c o l  l e c t i o n ,  
conversion, storage, and t ransmiss ion)  can take  d i f f e r e n t  forms w i t h  several  
d i f f e r e n t  technologies a v a i l a b l e  o r  p o t e n t i a l l y  a v a i l a b l e  f o r  each funct ion.  
Tables 6-4 through 6-7, below, con ta ic  t h e  most comnon technology op t ions  f o r  
each f unc t i on  and th ree  technology l e v e l s  where appropr ia te  and a 
represen ta t i ve  f i g u r e  o f  m e r i t  f o r  each technology op t i on  and technology 
leve l .  The t h ree  t echno low  l e v e l s  are:  1)  i n  use, 2) i n  development (past  
o r  cu r ren t  development a c t i v i t y  a t  exp lo ra to r y  t o  advanced development l e v e l )  
and 3) on t he  f r o n t i e r  (which means t h e  technology should be p h y s i c a l l y  
poss ib le  bu t  l i t t l e  o r  no development i s  t a k i n g  p lace) .  The energy sources 
assumed i n  the  f o l l o w i n g  t ab les  were so la r  o r  nuclear.  Conversion systems a re  
those t h a t  conver t  some form o f  energy t o  another. Storage devices a re  
inc luded t h a t  upon discharge supply e l e c t r i c a l  energy. Thsrmal storage 
systems might a1 so be o f  i n t e r e s t .  



Table 6-4. Energy Col l e c t i o n  Systems 

System Level kg/kWe kg/m2 

Microwave Rectenna On F ron t i e r  .5 - 4 TBD 

Laser Recei ver On F ron t i e r  TBD TBD 

Photovoltaic Array ( 1  A.U.) I n  Use 33 - 20 2 
I n  Development 15 - 8 

Solar Co l lec tors  ( 1  A.U.) I n  Development N A 2 

Solcr Recci ver On F ron t i e r  2 (kwth) TBD 

Table 6-5. Energy Conversion Systems 

Sys tern Leve 1 k9/kWe 

From E l e c t r i c a l  t o  E l e c t r i c a l  : - 
Power Condit ioning Equipment 

.2 - 2 kWe I n  Use 
10 kWe I n  Development 
100 kWe On F ron t i e r  
1000 k We On F ron t i e r  

From Photonic t o  E l e c t r i c a l :  

Photovol t a i c  Arrays 
5 kW, 
5 - 100 kWe 

>I00 kWe 

I n  Use 
I n  Development 
On F ron t i e r  

From Chemical t o  E l e c t r i c a l  
( f ue l  not included): 

Primamy Fuel Ce l l  I n  Use 
Recjenerat i ve Fuel Ce l l  I n  Development 

From Solar Thermal t o  E l e c t r i c a l  
( includes col  lector/concentrator) : 

Thermi oni c 
. 5  kW 

5 kW 
On F ron t i e r  
On Front ie r  



Table 6-5. Energy Conversion Systems (cont inued)  

- -  -- 

System Leve 1 kg/kWe 

Dynamic 
Brayton 1 - 15 kWe I n  Development 
Rankine 1 - 15 kWe I n  Development 
S t i r l i n g  1 - 15 kWe On F r o n t i e r  

Regenerati ve Fuel C e l l  
I n  Development 

Magnetohydrodynzmi cs  (MHD) 
1 MWe On F r o n t i e r  

From Nuclear Radioisotope t o  E l e c t r i c a l  
( i nc ludes  heat source): 

Thermoelectr ic 
-1 - 10 kW, 
-1 - 10 kWe 

I n  Use 
I n  Development 

Dynamic 
Brayton 1 - 15 kWe I n  Development 

From Nuclear (F i ss i on )  t o  E l e c t r i c a l  
T inc ludes t h e  heat source): 

Thermoelectr ic 
25 - 400 kWe 
1000 kWe 

MHD 
1000 kW 
10,000 

Brayton 
5 kWe 
100 kWe 

I n  Development 
On F r o n t i e r  

On F r o n t i e r  
On F r o n t i e r  

On F r o n t i e r  
On F r o n t i e r  

Microwave Recei ver  
On F r o n t i e r  
Conceptual 

120 
TBD 
TBL) 

TBU 

.5 - 4 
TBD 



Table 6-6. Energy Transmission Systems 

System 

- - - - -- - - 

Level kg/m2 kg/kW ( rad ia ted )  

Thermal Radia tors  
I n  Use 

Laser Transmissions 
On F r o n t i e r  

Microwave Transmi t ter  
2.45 GHz I n  Development 

22.145 GHz On F r o n t i e r  

TBD 

TBD 
TBD 

Table 6-7. Energy Storage Systems 

System 
E l e c t r i c a l  Energy Out 

Level k g/k J 

I n e r t i  a1 

Homopolar Generator 500 MJ I n  Development 
Compensated Pulsed 50 MJ I n  Development 
A l t e r p a t o r  5 MJ I n  Development 
Flywheel /A1 t e r n a t o r  500 MJ I n  Devei opment 

I nduc t i ve  

Superconducting 1 MJ I n  Development 
100 MJ On F r o n t i e r  

Capac i t i ve  1 - 10 KJ I n  Use 

Ba t t e r i es  

Secondary I n  Use 
I n  Development 
On F r o n t i e r  

TBU 
TBD 
3 
.002 



6.3 THE UTILIZATION OF SPACE MATERIALS FOR POWER SYSTEMS 

Pre l im inary  i n d i c a t i o n s  a re  t h a t  t h e  power subsystem i s  l i k e l y  t o  
be by f a r  t h e  most massive subsystem o f  a RUSR processing f a c i l i t y .  AC descr ibed 
i n  Sect ion 8.0, i f  t he  r a t i o  of the  mass o f  t h e  e n t i r e  processing f a c i l i t y  t o  t he  
t o t a l  f a c i l i t y  l i f e t i m e  product exceeds a few percent,  then t h e  use o f  RUSR 
ma te r i a l s  i n  Ear th  o r b i t  ( a t  l e a s t )  may no t  be a t t r a c t i v e .  Therefore an) steps 
t h a t  can be taken t o  reduce t h e  imported mass o f  t h e  power system may have l a rge  
bene f i t s  t o  t he  RUSR program as a whole. The l a r g e s t  f r a c t i o n  o f  t h e  power 
system w i l l  be t h e  power source i t s e l f ,  most l i k e l y  e i t h e r  a s o l a r  a r ray  o r  
nuc lear  r eac to r  power source, Both o f  these sources can conceivab ly  supply power 
from 10 - 1000 kWe a t  100 t o  1000 v o l t s  DC o r  AC. I n  o rder  f o r  a power source 
component t o  be considered as p o t e n t i a l l y  rep laceable  by a component b u i l t  by 
t he  RUSR f a c i l i t y ,  i t  should have t h e  f o l l o w i n g  c h a r a c t e r i s t i c s :  1) t h e  
component should form a n o n t r i v i a l  percentage (10  - 20% o r  l a r g e r )  o f  t h e  
t o t a l  source mass, 2) t h e  component should be simple t o  f a b r i c a t e  from 
e x t r a t e r r e s t r i a l  ma te r i a l s  and 3) t he  component should be eas i  l y  i n t eg ra ted  
i n t o  t h e  power source. 

Consider ing pho tovo l ta i c  a r rays  and nuc lear  ( f i s s i o n )  power 
sources, c e r t a i n  components appear as candidates. O f  course a l l  hydrocarbon 
components a re  e l iminated.  I n i t i a l l y  most o f  t h e  grozs s t r u c t u r e  requ i red  t o  
support t h e  power source against  l unar  g r a v i t y  would seem t o  be p o t e n t i a l l y  
replaceable by cas t  basa l t  o r  some o the r  ma te r i a l .  However, t h i s  gross 
support s t r u c t u r e  may no t  be a l a r g e  f r a c t i o n  o f  t he  o v e r a l l  mass. 

For  pho tovo l t a i c  ar rays the  one component t h a t  appears t o  be 
p o t e n t i a l l y  rep laceable  i s  t he  cover g lass which sh ie lds  t h e  s o l a r  c e l l  from 
U.V. and some p a r t i c u l a t e  rad ia t ion .  For a 200-W/kg (5-kg/kW) ar ray,  t h e  
cover g lass ( s i zed  f o r  t he  lunar  r a d i a t i o n  environment) may consume 10 - 20% 
o f  t he  ar ray mass. 

A nuc lear  r eac to r  power source conta ins t he  f o l l o w i n g  bas ic  
components: 1)  reac to r ,  2) r a d i a t i o n  sh ie ld ,  3) heat t r anspo r t  system, 4) 
thermal t o  e l e c t r i c  conversion system and 5) a heat r e j e c t i o n  system. Uf 
these components t h e  r a d i a t i o n  s h i e l d  appears t o  be p o t e n t i a l l y  rep laceable  by 
RUSR mate r ia l s .  The r a d i a t i o n  s h i e l d  may consume up t o  30% (more if human 
beings a re  i n  t h e  immediate area) o f  t h e  t o t a l  nuc lear  power source mass. The 
heat r e j e c t i o n  system i s  usua l l y  a f l a t  p l a t e  o f  metal kept  ho t  by heat p ipes 
o r  a pumped f l u i d  loop. Perhaps t h e  r e j e c t  heat cou ld  be conducted t o  t h e  
l una r  subsurface by a system of bu r i ed  heat pipes o r  f l u i d  loops, thereby 
reducing t h e  heat r e j e c t i o n  system mass. 

Large cu r ren t  conductors may a l so  be p o t e n t i a l l y  rep laceable  by 
e x t r a t e r r e s t r i a l  metals. The former suggested i tems c e r t a i n l y  do no t  exhaust 
the  l i s t  o f  p o t e n t i a l l y  replaceable components, bu t  do serve as a s t a r t i n g  
p o i n t  and a f i r s t  c u t  a t  t h e  o rder  o f  magnitude o f  p o t e n t i a l  b e n e f i t s  t o  t he  
RUSR program when one considers RUSR ma te r i a l s  f o r  power-system components i n  
p lace  o f  " c o s t l y  imported1' components from Earth. 



6.4 SUMMARY 

For the  rnost common strawman product, i.e., 02, i t  i s  c l e a r  t h a t  
t he  power requ i red  t o  operate an 02 f a c i l i t y  w i l l  be very l a r g e  and t h a t  t h e  
power-system mass may dominate t h e  e n t i r e  f a c i l i t y  mass. Therefore power- 
system technology i s  of extreme i n t e r e s t  t o  t h e  RUSR program. Sect ion 8, 
which fo l lows, w i  11 descr ibe how the  f a c i  1  i ty-mass t o  1  i fet ime-product mass 
must be less  than about .05 i n  o rder  f o r  l una r  02 t o  be a t t r a c t i v e  i n  LEO. 
This small r a t i o  imp l i es  power-system technology on t h e  o rder  o f  1 - 5  
kg/kWe. The product ion r a t e  which i s  assumed t o  be requ i red  f o r  a  
comnerc ia l ly  v i a b l e  f a c i l i t y  i s  o f  t he  order  o f  100 t o n s l y r  which along w i t h  
t h e  energy requirements imply power l e v e l s  of between 100 and 1000 kWe. 
Space power sources i n  use today i nc l ude  rad io iso tope- thermoe lec t r i c  
generators a t  200 kg/kWe and 300 We and pho tovo l t a i c  a r rays  a t  30 kg/kW and 
1 - 5 kW. Pho tovo l ta i c  ar rays a t  15 kg/kWe are  awa i t ing  f l i g h t  
demonst r a t  i on. There a re  no nuc lear  r eac to r  power systems c u r r e n t l y  
ava i lab le ,  a l though a  NASA/DOE/DARPA R & D  program on a  100 kWe, 20 - 3U 
kg/kW system i s  underway. Obviously t h e  RUSR requirements on power system 
technoloqy a re  orders  o f  magnitude g rea te r  i n  sca le  and several  t imes b e t t e r  
i n  performance than what i s  i n  use now and s t i l l  very much b igger  and b e t t e r  
than what i s  c u r r e n t l y  r ece i v i ng  R & D resources. C lear l y ,  power-system 
technology i s  o f  prime i n t e r e s t  t o  t he  RUSR program, and f u t u r e  r e s u l t s  may 
i n d i c a t e  a  need f o r  major power-system technology/systern development. 
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7.1 INTRODUCTION 

This sec t ion  descr ibes t h e  r e s u l t s  o f  analyses o f  space-based 
t r anspo r t a t i on  systems f o r  t h e  t r anspo r t  o f  e x t r a t e r r e s t r i a l  ma te r i a l s  from 
t h e i r  p o i n t  o f  o r i g i n  (e.g., l unar  sur face)  t o  f i n a l  d e l i v e r y  p o i n t  i n  Ear th  
o r b i t  and t r anspo r t  of equi  pment and suppl i e s  f o r  e x t  r a t e r r e s t r i  a1 processing 
t o  the  opera t iona l  s i t e .  The emphasis has been on t h e  use o f  near- term (pi-e- 
year  2000) p ropu ls ion  systems, such as advanced chemical (H2/02) and 
nuc lear  e l e c t r i c  systems. More e x o t i c  systems (mass d r i v e r s ,  nuc lear  thermal 
rockets,  etc.) were a l so  considered t o  eva luate t he  p o t e n t i a l  t o  be gained by 
use o f  post-year 2000 technologies.  F i n a l l y ,  t he  e f f e c t s  o f  us ing  
e x t r a t e r r e s t r i a l  p rope l l an t s  (e.g., H2 from lunar  p o l a r  wa te r - i ce  f o r  
chemical systems) were compared t o  those of p ropu ls ion  systems d e r i v i n g  a l l  o r  
p a r t  o f  t h e i r  p rope l l an t s  from t h e  Earth. 

I n  t h i s  y e a r ' s  e f f o r t s ,  t r anspo r t a t i on  o f  ma te r i a l s  t o  ana from 
Ea r th -o rb i t  and t h e  lur lar  sur face has been emphasized. T ranspor ta t ion  f o r  
as te ro i da l  ma te r i a l s  was a lso  considered, bu t  i n  l ess  d e t a i l .  Near-term 
propuls ion systems were emphasized s ince t h e  technology base be ing  developed 
f o r  space-based o r b i t  t r a n s f e r  veh ic les  (OTV's) designed f o r  Ear th -o rb i  t 
t r ans fe r s  can be app l ied  d i r e c t l y  t o  Earth-orbi t - to-Moon o r  a s t e r o i d  
vehic les.  Th is  i s  espec ia l l y  impor tant  economically, s ince t h e  E a r t h - a r b i t  
s a t e l l i t e  market w i l l  d r i v e  and support  deve l~pment  o f  space-based OTY 
technology independently o f ,  and probably p r i o r  t o ,  an extraterrestrial 
ma te r i a l s  program. Thus, t h e  general technology and even s p e c i f i c  veh ic les  
w i l l  be r e a d i l y  ava i l ab l e  t o  a  lunar  ma te r i a l s  program whereas t h e  technology 
and veh ic les  requ i red  f o r  a  Mar t ian ma te r i a l s  program would proSably need t o  
be developed and supported by t h a t  program alone. 

7.1.1 Lunar Ma te r i a l s  Transpor ta t ion Scenario 

The general operat iona l  steps of o r b i t a l  t r dns fe r s  o f  t h e  veh ic les  
are descr ibed below. I n  these analyses, we have asslimed s teady-s ta te  
operat ions,  i.e., a l l  veh ic les  a re  a l ready i n  place, product ion f a c i l i t i e s  are 
a l ready es tab l i shed  and operat ing,  and so on. We have on l y  b r i e f l y  considered 
t r anspo r t a t i on  requirements f o r  t he  i n i t i a l  system set-up t h i s  year  (see 
Sect ion 7.2.5); t h i s  w i l l  be considered i n  more d e t a i l  next  year. O f  course, 
t h e  cost  o f  t he  i n i t i a l  set-up would be amortized over many years o f  
s teady-s ta te  ope ra t im .  



For these analyses, we have considered on ly  operat ions from a  low 
Ea r t h -o rb i t  (LEO) t y p i c a l  o f  a  standard Space Shu t t l e  (STS) park ing o r b i t  
(around 275 km a l t i t u d e ) .  For example, an OTV and i t s  at tached Tanker-Cargo 
payload module would be serv iced and re fue led  i n  LEO e i t h e r  by t he  Shu t t l e  ( o r  
i t s  descendant) o r  by a  (manned) space s t a t i o n  f a c i l i t y .  As mentioned 
e a r l i e r ,  t he  OTV1s used t o  t r a n s f e r  lunar  ma te r i a l s  can be t h e  same as those 
used f o r  Ear th -o rb i t  s a t e l l i t e  t r a f f i c ,  o r  s u f f i c i e n t l y  s i m i l a r ,  so as t o  
permi t  a  commonality o f  se r v i c i ng  f a c i l i t i e s  i n  LEO. 

Typ ica l l y ,  t he  Tanker-Cargo module at tached t o  the  OTV would be 
f i l l e d  w i t h  p rope l l an t  needed by t h e  OTV f o r  i t s  r e t u r n  t o  Ear th  o r b i t  from 
the  Moon, o r  f o r  t he  needs o f  a  lunar  t r a n s f e r  veh ic le  (LTV) used t o  f e r r y  
cargo between t h e  l una r  surface and low l u n a r - o r b i t  (LLO) t y p i c a l l y  100 km 
above t he  lunar  surface. Once fueled, t he  OTV would t rans fe r  from LEO t c  
LLO. A f u l l y  loaded LTV and i t s  at tached Tanker-Cargo u n i t  would l i f t  o f f  
from the  Moon and rendezvous w i t h  t he  OTV i n  LLO. Prope l lan ts  and cargoes 
would be exchanged as needed i n  LLO between t he  two vehic les .  The LTV and i t s  
Tanker-Cargo u n i t  would r e t u r n  t o  t he  lunar  surface. The OTV and i t s  Tanker- 
Cargo u n i t  would leave LLO and go e i t h e r  t o  LEO d i r e c t l y  and d e l i v e r  i t s  
payload a t  LEO, o r  f i r s t  go t o  geosynchronous Ea r t h -o rb i t  (GEO) and del  i v e r  
i t s  payload a t  GEO, and then f i n a l l y  r e t u r n  t o  LEO f o r  se r v i c i ng  and r e f u e l i n g  
;or t he  next t r i p .  

I n  t h e  var ious analyses descr ibed below, we have assumed t h a t  some 
lunar  mate r ia l  i s  processed t o  prov ide l i q u i d  ox gen (LO ) f o r  t h e  
propuls ion needs o f  t he  base1 i n e  chemical (H2/0 7 OTV a n i  LTV. I n  f a c t ,  
l unar  LO2 p rope l l an t  i s  essen t ia l  f o r  any advan f ageous t r anspo r t  o f  l u n a r  
mate r ia l  t o  LEO o r  GEO using chemical vehic les.  Add i t i ona l  l unar  LO2 could  
be produced f o r  d e l i v e r y  t o  LEO o r  GEO f o r  use by o ther  chemical p rope l l an t  
OTV's. It i s  expected t h a t  a  l a r g e  demand w i l l  e x i s t  f o r  LO2 t o  s a t i s f y  OTV 
p rope l l an t  needs f o r  h i gh  LEO-to-GEO s a t e l l i t e  t r a f f i c  loads. The LO2 cou ld  
a l so  be used f o r  l i f e - s u p p o r t ,  cold-gas a t t i t u d e  con t ro l  systems, o r  o ther  
needs. Lunar mate r ia l  could a lso  be processed t o  produce o ther  use fu l  
mate r ia l s  o r  products (e.g., s t r u c t u r a l  members, sh i e l d i ng  panels, etc.)  , bu t  
f o r  t h i s  i n i t i a l  ana lys is  we have assumed t h a t  t he  Tanker-Cargo modules are 
s ized t o  ca r r y  LO2 o r  1  i q u i d  hydrogen (LH2). We have a l s o  assumed t h a t  
the re  w i l l  be no l una r  source o f  hydrogen f o r  chemical p ropu ls ion  needs so 
t h a t  a l l  the  LH2 must cor~ie from Earth. S i m i l a r l y ,  we have assumed t h a t  a l l  
t n e  argon (Ar )  requ i red  f o r  e l e c t r i c  propuls ion p rope l l an t  comes from the  
Earth. La te r  i n  t he  analyses we show the  impact t h a t  t he  presence o f  l una r  
LH2 would have on chemical propuls ioa systems, and o f  l una r  LO2 use 
( ins tead  o f  Ar)  i n  e l e c t r i c  propuls ion systems. The a b i l i t y  t o  e l im ina te  the  
use o f  any Earth-suppl i e d  propel  l a n t s  can g r e a t l y  increase t h e  e f f i c i e n c y  o f  
t he  t r anspo r t a t i on  system such t h a t  the  discovery o f  a  source o f  l unar  
hydrogen, such as l una r  po la r  water- ice,  would profoundly impact t he  
e f f i c i e n c y  and economics o f  a  lunar  mate r ia l s  program. 

The v e l o c i t y  increments (AV 'S )  f o r  t he  var ious steps are l i s t e d  
i n  Tab'le 7-1. High th rus t - to -we igh t  (T/W) p ropu ls ion  systems 1  i ke chemical o r  
nuclear thermal systems have lower nV1s than low T/W systenis l i k e  e l e c t r i c  
systems. OTV1s can use h igh  o r  low T/W p:.opulsion systems, bu t  an LTV can on ly  
use a  h i gh  T/W propu ls ion  system f o r  l una r  t a k e o f f  and landing. For example, 
t he  Apol lo  Lunar Module had a  T/W o f  about 0.3. Aerobraking can be employed 
by compact h igh  T/W systems t o  reduce t he  propuls ion AV requ i red  t o  r e t u r n  
t o  LEO; t h i s  r e s u l t s  i n  a  saving o f  2.3 km/s i n  equivalent p ropu ls i ve  AV. 



Table 7-1. De l ta  V Requirements f o r  Lunar Ma te r i a l  
Transpor ta t fon Scenarios 

Step High T/W AV 
(km/s) 

Low T/W AV 
(km/s) 

LEO +-+ LLO 3.9 

GEO ++ LLO 1.8 

LEO - GEO 4.3 

LLO - LEO w/AB 1.6 

GEO +-+ LEO w/AB 2.0 

Lunar Surface - LLO 1.6 

LEO = Low Ear th-Orb i t  (275-km a l t . )  
GEO = Geosynchronous Ear th-Orb i t  
LLO = Low Lunar-Orbi t  (100-km a l t .  ) 
AB = Aerobraking 
T/W = Thrust-to-Weight 

7.1.2 Transpor ta t ion F i  gure-of-Meri t 

I n  order  t o  e s t a b l i s h  a  f i gu re -o f -me r i t  f o r  eva lua t ing  t h e  
performance o f  the  var ious propuls ion systems and vehic les,  we have made use 
o f  a  quan t i t y  c a l l e d  t he  Mass Payback Rat io  (MPBR): 

Tota l  Net Mass o f  E x t r a t e r r e s t r i a l  Mate r ia l  
Del ivered t o  Po in t  o f  Use 

MPBR = f o t a l  Mass o f  Ear th  Mate r ia l  Which Must Be Put 
i n  LEO t o  De l i ve r  the  E x t r a t e r r e s t r i a l  Mate r ia l  

This r a t i o  gives t h e  mass m u l t i p l i c a t i o n  t h a t  cou ld  be der ived by d e l i v e r i n g  a  
given mass of Earth-suppl ied p rope l l an t  t o  LEO, us ing t h i s  p rope l l an t  t o  run 
the OTV and LTV, and d e l i v e r i n g  a  mass o f  l unar  ma te r i a l  back t o  LEO ( o r  GEO). 
These analyses are concerned w i t h  propuls ion o r ien ted  masses, such as pro- 
pe l l an t s ;  Sect ion 8 discusses t h e  more general case where process equipment and 
suppl ies  are included i n  the  denominator. This r a t i o  must be s i g n i f i c a n t l y  
greater  than u n i t y ,  i .e., t he  mass o f  l unar  ma te r i a l  re turned t o  LEO must be 
s i g n i f i c a n t l y  greater  than the  mass o f  Ear th-suppl ied mate r ia l  used t o  run the  
systerr,; otherwise t he  o r i g i n a l  mass o f  Earth-suppl i e d  ma te r i a l  cou ld  be used 
d i r e c t l y  i n  LEO. As shown below, i t  should be poss ib le  t o  achieve MPBR's o f  
about 2  t o  10 us ing Ear th  p l us  lunar  p rope l lan ts .  Higher MPBR's can be achieved 
by the  use o f  a l l - l u n a r  p rope l l an t s  (e.g,, l una r  LH2 and LO2 f o r  a  chemical 
system). 



I n  Eq, ( 7 - l ) ,  t he  ne t  mass o f  l unar  ma te r i a l  de l i ve red  t o  Ear th  
o r b i t  i s  used s ince some o f  the  t o t a l  l u n a r  ma te r i a l  may be used z;: p r o p e l l a n t  
(LO2) t o  run  t h e  system. I n  these analyses, on ly  t he  ne t  mass o f  Ear th-  
suppl ied p rope l l an t s  (LH2, Ar)  de l i ve red  t o  LEO (by t he  STS) were 
considered; p rope l l an t  tanks i n  t he  STS cargo bay were assumed reuseable and 
were no t  inc luded  i n  t h e  Ear th-suppl ied mass t o t a l .  Note t h a t  i n  a  more 
d e t a i l e d  ana lys is ,  t h e  tank weights should be inc luded s ince  a  LH2 tank 
would be heav ier  than a  LO2 tank, f o r  a  g iven mass o f  e i t h e r  p rope l l an t .  
However, f o r  t h i s  l e v e l  o f  ana lys is ,  exc lus ion  o f  t he  tankage wei h t s  dces no t  9 in t roduce a  s i g n i f i c a n t  e r r o r  and a l s o  e l im ina tes  t h e  necess i t y  o  assumption 
o f  a  s p e c i f i c  Space Transpor ta t ion System veh i c l e  (e.g., cu r ren t  STS, S h u t t l e  
Derived Vehicle, Single-Stage-to-Orbi t Vehicle, e tc .  ) . Instead, o n l y  a  s imple 
mass r a t i o  i s  used t o  s i m p l i f y  and c l a r i f y  t h e  comparisons. 

I t  i s  poss ib le  t o  d i r e c t l y  compare masses when l u n a r  ma te r i a l s  a re  
re tu rned  t o  LEO. However, t he  s i t u a t i o n  i s  more complex when t h e  l una r  
ma te r i a l  i s  re tu rned  t o  GEO, s ince t he  STS cannot d e l i v e r  Ear th -supp l ied  
ma te r i a l  d i r e c t l y  t o  GEO. A MPBR can s t i l l  be ca l cu l a ted  from Eq. (7-1) bu t  
t he  comparison i s  no t  e n t i r e l y  va l id .  Instead, i t  i s  more c o r r e c t  t o  compare 
t he  d e l i v e r y  o f  l una r  ma te r i a l  t o  GEO w i t h  t h e  d e l i v e r y  o f  Ear th-suppl ied 
ma te r i a l  t o  GEO us ing  a  LEO-to-GEO OTV. A Mass Ra t i o  (MR) can be ca l cu l a ted  
f o r  t h i s  case a lso :  

MR (D i r ec t  GEO De l i ve r y )  = 

Net Mass o f  T e r r e s t r i a l  Ma te r i a l  De l i ve red  t o  GEO (GEO Payload) ( 7-2) 
To ta l  Mass of T e r r e s t r i a l  Ma te r i a l  (P rope l lan t  + GtU Payload) 
Which Must Be Put i n  LEO t o  De l i ve r  t h e  Payload t o  GEO 

I n  t h i s  case, t h e  ne t  useable ma te r i a l  i n  GEO i s  t h e  GEO Payload; t h e  t o t a l  
Earth-suppl i e d  mass i n  LEO includes t he  p rope l l an t  f o r  t he  OTV and t h e  GEO 
payload. The mass i n  LEO would a l s o  i nc l ude  t h e  mass o f  an OTV and Tanker- 
Cargo module i f  these were one-way (non-reuseable) vehic les.  F i n a l  l y  , we can 
now take t he  r a t i o  o f  MPBR ( e x t r a t e r r e s t r i a l  ma te r i a l  a t  GEO)/MH ( d i r e c t  
d e l i v e r y  o f  t e r r e s t r i a l  ma te r i a l  a t  GEO). The r e s u l t  i s  an " e f f e c t i v e "  MPBR 
f o r  GEO d e l i v e r y  t h a t  c o r r e c t l y  r e l a t e s  t h e  r a t i o  o f  mass o f  n e t  e x t r a -  
t e r r e s t r i a l  ma te r i a l  t h a t  can be de l i ve red  t o  GEO t o  t h a t  mass o f  
Ear th-suppl ied ma te r i a l  t h a t  can be de l i ve red  t o  GEO, w i t h  bo th  based on an 
equal amount o f  i n i t i a l  Ear th-suppl ied mass i n  LEO. 

7.2 LUNAR MATERIAL TRANSPORTATION USING VEHICLES WITH CHEMICAL 
PROPULSION SYSTEMS 

A se r i es  o f  analyses were performed f o r  t r anspo r t a t i on  o f  l una r  
ma te r i a l  (e.g., l una r  LO ) from the  l una r  sur face t o  LEO and GEO us ing  a  
base l ine  OTV and LTV w i t  6 chemical H2/02 p ropu ls ion  systems and 
aerobraking. These p ropu ls ion  systems represent near-term ex t rapo la t i ons  o f  
cu r ren t  H  /02 engine technology t h a t  would be developed f o r  LEO/GEU OTV's 
(Refs. 7- f and 7-2) and could  thus be app l ied  t o  t h e  l una r  ma te r i a l  scenarios. 
The vehic les  would be der i ved  from t h e  general OTV data base and mod i f ied  as 
needed f o r  te leopera t ion ,  long serv ice  l i f e ,  o r  l unar  landing. Note t h a t  t h e  



oxygen requi red f o r  an H2/0 chemical engine can be made r e l a t i v e l y  e a s i l y  
from lunar  s o i l  as discusse a i n  Sections 3  and 4. I f  a s i g n i f i c a n t  source o f  
l unar  hydrogen can be found (e.g., from lunar  po la r  water - ice) ,  i t  would 
permi t  operat  ions w i thou t  the need Tor any Earth-suppl i e d  propel 1  ants, dnd 
thus y i e l d  an i n f i n i t e  MPBR. The discovery o f  a  s i g n i f i c a n t  source o f  l una r  
hydrogen f o r  p rope l lan ts  would thus have a major impact. However, even 
wi thout  a  source o f  l unar  hydrogen, a  chemical p ropu ls ion  system ds ing 
r e l a t i v e l y  e a s i l y  produced lunar  LO i s  h i g h l y  advantageous. This i s  due t o  
t he  f a c t  t h a t  over 80% o f  the  prope ? l a n t  weight i n  an 142/0 system i s  2 oxygen, so t h e  r e l a t i v e l y  low performance ava i l ab l e  from c emical systems, as 
compared t o  more advanced propuls ion systems (e.g., e l e c t r i c ) ,  i s  balanced by 
t he  a b i l i t y  t o  supply a  l a rge  f r a c t i o n  o f  t he  t o t a l  p rope l l an t  mass from an 
e x t r a t e r r e s t r i a l  (1  unar)  source. 

7.2.1 Operat ional  Cr?s iderat ions 

I h e  use o f  h igh  T/W chemical o r  nuclear-thermal propuls ion systems 
permits f a i r l y  r a p i d  t r i p  t imes from LEO t o  LLO o f  about t h ree  t o  f ou r  days 
one-way. By con t ras t ,  the  low T/W e l e c t r i c  p rope l led  veh ic les  descr ibed i n  
Section 7.3 would r equ i r e  much longer  t r i p  t imes, from 100 t o  200 days one- 
way. Thus, h igh  T/W propuls ion could  be used f o r  high-value, h i g h - p r i o r i t y  
cargos, i nc l ud ing  manned missions, w i t h  low T/W systems used fo r  bu lk  cargos. 
For an a l l  -chemical system using lunar  LO2 and Ear th-suppl ied LH2, t he  LH2 
would be t ranspor ted t o  LEO by t he  STS o r  i t s  descendant. Lunar LO2 from a 
previous del  i v e r g  would be used by t he  OTV t o  t r a v e l  t o  LLO where LH2 i n  t h e  
OTV Tanker-Caryo u n i t  i s  used t o  r e f u e l  the  OTV and the  LTV. 

7.2.2 Chemical OTV and LTV Descr ip t ion  

As a s t a r t i n g  po in t  i n  our analyses, we hdve used a conceptual 
advanced OTV def ined i n  a  recent Boeing OTV study (Ref. 2). The OTV i s  s ized 
t o  be c a r r i e d  t o  LEO i n  t he  STS cargo bay as a re  almost a l l  components of the  
var ious vehic les  descr ibed below. This makes it poss ib le  t o  r e tu rn  a  veh ic le  
t o  Ear th  i n s i d e  t he  STS cargo bay i f  extens ive r epa i r s  o r  se r v i c i ng  are 
needed; however, r o u t i n e  se r v i c i ng  wou1 d be conducted a t  a  LEO-based space 
s t a t i o n  f o r  a l l  OTV's. 

The OTV i s  spdce-based and reuseable. It uses an aerobraking 
system t o  reduce t he  propuls ive p a r t  o f  the  hV requi red t o  r e t u r n  t o  LEO. 
I n  t he  Boeing stud? (Ref. 2)  an i n f l a t a b l e  b a l l o o n - l i k e  b a l l u t e  was assumed, 
although several different aerobraking nethods might be used (Ref. 7-3 and 
7-4). I n  general, aerobraking t o  LEO saves about 2.3 km/s i n  a  p ropu ls i ve  
nV; i t  i s  an abso lu te ly  v i t a l  technology s ince a chemical OTV cannot 
achieve a ne t  p o s i t i v e  mass r e t u r n  wi thout  aerobraking. For these analyses, 
we have assumed t h e  avai l a b i  1  i t y  o f  aerobraking technology. Thi s  assumption 
i s  based on the  p r o b a b i l i t y  t h a t  t he  technology w i l l  be essen t ia l  fw, and 
t he re fo re  developed f o r ,  operat iona l  OTV's f o r  LEOIGEO t ranspor ta t ion .  



It i s  f u r the r  assumed tha t  space-basea long-1 i f e  propel l a n t  t r ans fe r  
systems and a c t i v e  r e f r i g e r a t i o n  systems f o r  cryogenic prooel l a n t s  such 2s LH; 
(and t o  a  lesser  extent  LO2) w i l l  have been developed. Ref r igera t ion  *.+terns 
o f  t h i s  type are under development (Ref. 7-5) s ince they w i l l  be r e q u ~ r e d  f o r  
f u tu re  deep space missions and f o r  maintenance ot' LEO-based propel l a n t  depots. 
Again, we see t h a t  a  technology important t o  t h i s  program can be expected t o  
be developed p r i o r  t o  and independent o f  t h i s  program. 

With the above assumptions and requirements, the  basel ine OTV used 
f o r  these analyses has a  dry weight o f  5.8 met r i c  tons (T = 1000 kg) and a  
p rope l lan t  capacity o f  32.5 T. The OTV uses two RLlG-I1 engines (Ref. 7-2) 
operat ing a t  an ox id izer - to - fue l  r a t i o  (O/F) o f  6 and a  s p e c i f i c  impulse 
( I s p )  of 460 s. Advanced OTV engines w i t h  I S p t s  of 480 t o  500 s  may a lso 
be avai lab le,  although t h e i r  improved performance would be countered by the 
h igh  i n i t i a l  development costs o f  advanced engines (Ref. 7-2 and 7-3). 

The Lunar Transfer Vehicle (LTV) used t o  s h u t t l e  between the  lunar  
surface t o  LLO i s  assumed t o  be e s s e n t i a l l y  a  s t retched aTV. The basel ine 
vehic le  dry weight i s  11.5 T  and i t  has a  p rope l lan t  capacity o f  around 50.0 T. 
I n  order t o  provide s u f f i c i e n t  T/W f o r  lunar  l i f t o f f ,  the  LTV uses seven 
RLlO-I1 engines. The landing gear dre estimated t o  weigh 5% o f  the  lunar  
weight o f  the  f u l l y  loaded vehic le  (i.e., 5% * 116 "g" * Total  he ight) .  The 
engines and landing gear could be transported as a  s ing le  u n i t  t o  LEO 'n the  
STS External Tank A f t  Cargo Compartment (ACC). The LTV prope l lan t  tankage 
could be ca r r i ed  t o  LEO i l l s ide  the STS cargo bay on the  same f l i ~ h t  and both 
components assembled together i n  LEO. Use of t he  ACC permits de l i ve ry  of 
outsized diameter ( 8  m) payloads f o r  on ly  a  srnall payload penal ty  due t o  
car ry ing  the  empty External Tank t o  LEO. 

F ina l l y ,  the Tanker-Cargo u n i t s  attached t o  the OTV and LTV are 
scaled t o  5% o f  the  LO2 ( o r  other payload weight) o r  25% o f  t he  LH2 weight 
tha t  i s  transported, whichever i s  the  sreater.  This r e s u l t s  i n  an OTV Tanker- 
Cargo u n i t  t ha t  has a  dry weight of 3.5 T  anti can t ranspor t  about 70 T  LO2 
or  14 T LH2. and a  LTV Tanker-Cargo u n i t  w i t h  a  dry weight o f  5.0 T  t h a t  can 
car ry  about 100 T  o f  LO2 o r  20 T o f  LH2, The OTV, LTV, and variotrs 
Tankers are asslimed t o  have ac t ibe  r e f r i g e r a t i o n  t o  minimize prope l lan t  loss 
dur ing o r b i t a l  t ransfers,  and there ar2 p rope l lan t  depots a t  LEO, GEO, LLO, 
and the  lunar  surface f o r  long-term storage o f  cryogenic propel lants.  

7.2.3 MPBR Calculat ions Approach 

These veh'cles represent a  conservative, ne.sr-term set o f  spacecratt 
represent ing the  minimcin technology of  t he  1990's. We can now take these 
vehicles and run them through the lunar  mater ia l  t ranspor ta t ion  scenarios t o  
determine prope l lan t  and payload masses f o r  the  various steps, and f i r : a l l y  
f i n d  the  MPBR f o r  a  given scenario. By f i x i n g  the OTV p rope l lan t  capaci ty  a t  
32.5 T  we e f f e c i t v e l y  s ize  the  e n t i r e  system, inc lud ing  the LTV, so as t o  f i t  
the payload/propellant capaci t ies fo r  the various steps. 



To determire the  var ious masses, we use t he  rocket equat ion:  

where MB = F ina l  ( d r y )  mass a f t e r  engine burn, 

MO = I n i t i a l  (wet )  mass before engine burn, 

g  = G rav i t a t i ona l  u n i t s  constant (32 f t / s 2  o r  9.8 m/s2) 

and 

Mo = MS + Mp: + Mp 

w i t h  

MpL = Mass of payload, 

MS = Stage d ry  mas:, 

Mp = Propel lant  mass. 

I n  t h i s  case, MS would be the  d ry  weight of t he  OTV and i t s  Tanker-Cargo 
u n i t  (9.3 T) o r  o f  the  LTV and i t s  Tanker-Cargo u n i t  (16.5 T). The A V  
values would be those from Table 7-1. Spec i f i c  impulse ( I S p )  i s  converted 
t o  u n i t s  o f  v e l o c i t y  by m u l t i p l y i n g  is i n  "seconds" by t he  ap r o p r i a t e  

u n i t s  cons is tent  w i t h  AV. 
5 value of t he  constant o f  acce le ra t ion  pg = 32 f t / s 2  o r  9.8 m/s ) t o  ob ta in  

As mentioned above, the 32.5 T  p rope l lan t  capac i ty  o f  t he  3TY s izes 
the  system. S p e c i f i c a l l y ,  we assume t h a t  t he  OTV i s  fue led i n  LEO. The f u l l  
32.5 T  o f  p rope l l an t  i n  the  OTV p rope l l an t  t m k s  i s  then used t o  t rans fe r  the 
veh ic le  from LEO t o  LLO f o r  a  nV of 3.9 km/s. The OTV p rope l l an t  tanks are 
f i l l e d  t o  t h e i r  32.5 T  capaci ty i n  LLO (us ing t e r r e s t r i a l  LH2 and lunar  LO2) 
and used t o  r e t u r n  t he  v & i c l e  t o  LEO w i t h  aerobraking (nV = 1.6 km/s). 
A l t e rna t i ve l y ,  27.3 T  o f  :he 32.5 T  o f  p r ~ p e l l a n t  can be used t o  t r a v e l  f i r s t  
f r o v  LLO t o  GEO, where the l una r  mate r ia l  paylaad i s  deposited, and the  
remaining 5.2 T  o f  p rope l l an t  used t o  t rans fe r  from GEO t o  LEO w i t h  
aerobraking. 

7.2.4 MPBR Resul ts fo r  Return o f  Lunar Mate r ia l  t o  LEO o r  GECJ 

With the  OTV p rope l l an t  mass spec i f i ed  f o r  each step, i t  then 
becomes poss ib le  t o  ca l cu l a te  t i l e  p rope l l an t  and payload masses f o r  the  
var ious steps. The r e s u l t s  are summarized i n  Table 7-2 and 7-3. Several 
opt ions are included depending on whether Earth- o r  lunar-supplied.LO2 i s  
used t o  re fue l  the  OTV i n  LEO fo r  i t s  t r i p  f r an  LEO t o  LLO, o r  if i t  IS 
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des i red  t o  t r a n s p o r t  some m a t e r i a l  t o  t h e  l u n a r  s u r f a c e  as p a r t  o f  t h e  normal 
opera t ions .  Th is  m a t e r i a l  c o u l d  be consumable chemical s  o r  suppl  i e s ,  
replacement p a r t s ,  and so on. 

As mentioned e a r l i e r ,  i t  i s  necessary t o  c a l c u l a t e  an " e f f e c t i v e "  
MPBR f o r  GEO d e l i v e r i e s  based on t h e  mass r a t i o  (MR) t h a t  c o u l d  be achieved 
f o r  a  d i r e c t  d e l i v e r y  o f  Ea r th -supp l i ed  m a t e r i a l  t o  GEO. The MR's f o r  d i r e c t  
GEO d e l i v e r y  u s i n g  (1)  a  one-way non-robsable OTV and Tanker, ( 2 )  a  one-way 
T?nker and reusab le  OTV, and ( 3 )  a  comple te ly  reusab le  OTV and Tanker a r e  
shown i n  Table 7-4. The MR's range fron, about 0.20 t o  0.26, so t h a t  t h e  
" e f f e c t i v e "  MPBR's f o r  r e t u r n  o f  l u n a r  m a t e r i a l  t o  GEO a r e  about 4 t o  5 t imes  
g r e a t e r  than t h e  s imple  MPBK found based on i n i t i a l  vass i n  LEO. Thus, r e t u r n  
o f  l u n a r  m a t e r i a l  t o  GEO appears s t r o n g l y  favored over  r e t u r n  t o  LEO, even 
though i n  bo th  cases t h e  OTV r e t u r n s  f i n a l l y  t o  LEO. 

From t h e  r e s u l t s  i n  Table 7-2, we see t h a t  f o r  t h i s  c o n s e r v a t i v e  
base l i ne  t r a n s p o r t a t i o n  system t h e  MPBR's f o r  r e t u r n  o f  l u n a r  m a t e r i a l  t o  LEO 
a r e  s i g n i f i c a n t  b u t  n o t  spectacu lar ,  r e s u l t i n g  i n  about a  d o u b l i n g  9 f  t h e  
i n i t i a l  mass i n  LEO. From Table 7-3, t h e  MPBR's f o r  GEO d e l i v e r y  a r e  about  
one, b u t  when compared t o  d i r e c t  GEO d e l i v e r y ,  t hey  a r e  e f f e c t i v e l j  about  4  t o  
5. Th i s  suggests t h a t  dn e a r l y  h i g h l y  p r o f i t a b l e  market  m igh t  be t h e  supp ly  o f  
l u n a r  LO2 t o  GEO f o r  r e f u e l i n g  LEO-to-GEO OTV's f o r  t h e i r  r e t u r n  t o  LEO. For  
example, a  LEO-to-GEO OTV and i t s  ( s a t e l l i t e )  payload can be opera ted i n  a  
th rmaway (one-way) mode t o  d e l i v e r  about 14 T  o f  pay load t o  GEO. However, as 
shown by case ( 4 )  i n  Table 7-4, by reduc ing t h e  payload weight  by l e s s  than  
1 T, t o  accommodate LH2 f o r  t i l e  GEO-to-LEO r e t u r n  l eg ,  i t  i s  p o s s i b l e  t o  
r e t u r n  t h e  OTV t o  LEO by us ing  l u n a r  LO2 a t  GEO. Thus i t  i s  p o s s i b l e  t o  
achieve b e t t e r  than one-way OTV d e l i v e r y  performance and s t i l l  r e t u r n  t h e  OTV 
t o  LEO, s i n c e  s ix -sevenths  o f  t h e  p r o p e l l a n t  mass r e q u i r e d  f o r  t h e  r e t u r n  l e g  
would be a v a i l a b l e  i n  GEO as l u n a r - s u p p l i e d  LO2. 

L a s t l y ,  t h ~  e f f e c t s  o f  system p r o p e l l a n t  " c l o s u r e "  shou ld  be 
considered, i n  which a  comple te ly  "open" system would d e r i v e  a1 1  i t s  
p r o p e l l a n t  mass f rom t h e  Ear th ,  whereas a  comple te ly  "c losed"  system would 
d e r i v e  a l l  i t s  p r o p e i l a n t  from t h e  Moon. I f  t h e r e  1s no l u n a r  hydrogen 
a v a i l a b l e ,  t h e  system can never be comple te ly  " c losed"  f o r  a  H2/02 
p ropu ls ion  system a l though  use o f  l u n a r  oxygen can " c l o s e "  s i x -seven ths  o f  t h e  
p r o p e l l a n t  mass. Notc a l s o  t h a t  t h e r e  w i l l  be an optimum l e v e l  o f  c l o s u r e  f o r  
a  g iven m iss ion  scenar io,  as shown i n  Table 7-1. E l i m i n a t i o n  o f  t h e  need f o r  
any t e r r e s t r i a l  LO2 p r o p e l l a n t  ( f c r  t h e  OTV LEO-to-LLO s tep)  a lmost  doubles 
t h e  LEO-del ivery MPBR. However, f o r  GEO d e l i v e r i e s ,  t h e r e  i s  a  decrease i n  
t h e  GEO-delivery MPBR as more l u n a r  LO2 i s  c a r r i e d  t o  LEO t o  " c l o s e "  t h e  
system. Th is  i s  due t o  increased p r o p e l l a n t  needed f o r  t h e  GEO-to-LEO step,  
and thus  decreased p r o p e l l a n t  and payload f o r  t h e  LLO-to-GEO step.  as t h e  
amount o f  GEO-to-LEO payload ( l u n a r  LO2) i s  increased.  Also,  i n  a  more 
complete ana lys i s ,  such as t h a t  desc r ibed  i n  Sec t i on  8, i t  would be necessary 
t o  f a c t o r  i n  t h e  amount o f  added l u n a r  f a c t o r y  c a p a c i t y  r e q u i r e d  t o  produce 
t h e  added LO2 (and LH2 i f  a v a i l a b l e )  needed f o r  more comple t -  " c losu re " .  
Thus, t h e r e  w i l l  be an optimum system "r ' . .sure"  p o i n t  t h a t  may be a  f u n c t i o n  
o f  bo th  p r o p e l l a n t  needs and 1un.ir pt ?c.: . .  i ng  c a p a b i l i t y  f o r  ,I g i v e n  scenar io.  



Table 7-2. Lunar M a t e r i a l  (LO2) De l i ve red  t o  LEO 
( A l l  weights i n  m e t r i c  tons:  T = 1000 kg )  

Net Ear th  Eaui ~ r n e n t  & SUDD~ i e s  NO NO YES YES . * 

Del i vered t o  ~ o o n  
t a r t h  LO7 ( P r o p e l l a n t )  Used i n  Y t S  NO -- 

OTV for-LEO-to-LLO Step (More (More (More More 
Gpen ) Cl osed) Open ) i l o s e d )  

Earth-Suppl i e d  LH2 17.9 18.9* 18.9* 
Earth-Suppl ied LO3 0 27.9 0 
To ta l  ~ a r t h - ~ u ~ ~ l  Ted Propel 1 an t  44.6 17.9 46. 8a 18. ga 

OTV LEO-to-LLO LH2 (Ear th )  4.5 4.5 4.6 4.6 
OTV LEO-to-LLO LO2 

(Lunar o r  Ear th)  26.7 26.7 27.9 27.9 
Net LH2 (Ear th)  i n  OTV-Tanker 

( f o r  OTV and LTV) 13.4 13.4 14. 3a 14.3a 

OTV LLO-to-LEO LH2 Ear th '  4.6 4.6 4.6 4.6 
OTV LLO-to-LEO LO2 [Lunar j  27.9 27.9 27.9 27.9 
OTV-Tanker 102 & Payload 

(Lunar) t o  LEO 66.9 66.9 56.9 66.9 

Net LO2 & Payload (Lunar)  
a t  LEO 66.9 40.2 66.9 39.0 

To ta l  LH2 (Ear th)  a t  ;LO 
a v a i l a b l e  f o r  LTV 8.8 8.8 9.7a 9.7a 

.- 
LTV LLO-to-Moon LH2 Ear th  I \  1.5 1.5 1.5 1.3 
LTV LLO-to-Moon LO9 Lunar 8.7 8.7 9.0 9.0 

LTV Moon-to-LLO LH2 7.3 7.3 7.3 7.3 
LTV Moon-to-LLO LO, [EL:;:!{ 43.9 43.9 44.9 44.0 
LTV-Tanker LO2 & payload 

(Lunar)  t o  LLO 103.5 103.5 103.8 103.8 
- 

Net Ear th  Equipment & Suppl ies 
on Mcm 0 0 0.3 0.9 

Tota l  Lunar LO2 t o r  Propu ls ion 80.5 107.2 80.9 108.8 
To ta l  Lunar LO2 f o r  Propu ls ion 

:: + Payload 147.4 1.47.4 147.8 147.8 

MPBR = (Net Lunar LO2 & Payload Mass D e l i v e r z d  t o  LtO) 

(Tota l  Ear th  P r o p e l l a n t  Mass I n i t i a l r a c  LEO) 
1.500 2.246 1.429 2.063 

"Includes equipment an6 supp l ies  f o r  l u n a r  surface.  
Notes: OTV Dry W t .  = 5.8 T, OTV Payload Tanker Dry W t .  = 3.5 T. 

+ LTV Dry W t .  = 11.5 T, LTV Payload Tanker Dry W t .  = 5.0 T. 
Centaur RL10-I1 Engines ( I s  = 460 s, O/F = 6 )  used on OTV and LTV. 
Aerobraking t o  LEO saves 2.9 km/s i n  AV. 



Table 7-3. Lunar Ma te r i a l  (LO2) Del ivered t o  GEO 
( A l l  weights i n  me t r i c  tons: T = 1000 kg)  

Net Ear th  Eauiment  & S u m l i e s  NO NO YES YES - . . 
Del ivered t o  kloon 

Refueled ( f rom Om-Tanker) Y t S  NO YtS NO 
a t  GEO 

a r t  - upp l e d  L 2 rope an t  0 18.9 18.9 
Earth-Suppl i e d  LO2 (Prope l lan t )  26.7 24.8 27.9 27.9 
Tota l  Earth-Suppl i e d  Propel l a n t  44.6 40.6 46. 8a 46.8a 

DTV LtO-to-LLO LH2 ( t a r t h )  4.5 4.1 4.6 4.6 
OTV LEO-to-LLO LO2 (Earth; 26.7 24.8 27.9 27.9 
Net LH2 (Earth) i n  OTV-Tanker 

a t  LLO ( f o r  OTV and LTV) 13.4 11.7 14. 3a 14. 3a 

OTV LLO-to-GEO LH2 (Ear th)  4.6 4.6') 4.6 4.6" 
OTV LLO-to-GEO LO2 (Lunar) 27.9 27.gc 27.9 27. 9C 
OTV-Tanker LH2 (Ear th)  t o  GEO 

( f o r  OTV GEO-to-LEO Propulsion) 0.7 0 0.7 0 
OTV-Tanker LO2 (Lunar) t o  GEO 

0 ( f o r  OTV GEO-to-LEO Propulsion j 4.5 4.5 G 
OTV-Tanker LO2 & Payload 

(Lunar) t o  GEO 51.8 41.2 51.8 41.2 
Tota l  LH2/L02/Payload i n  

OTV-Tanker t o  GEO 57.0 ( 4 6 . 4 1 ~  57.0 ( 4 6 . 4 1 ~  
Net LO2 & Payload (Lunar) 1 

a t  GEO 51.8 41.2 51.8 41.2 

UTV GEO-to-LtO LH2 (Ear th)  0.7 0. / 0.7 0.7 
OTV GEO-to-LEO L02 (Lunar) 4.5 4.5 4.5 4.5 

OTV-Tanker LH2/L02/Payl oad 
t o  LEO, Net i n  LEO 0 0 0 0 

To ta l  LH2 (Ear th)  a t  LLO 
ava i l ab le  f o r  LTV 8.1 7.1 9. oa 9. 7a 

~ T V  LLO-to-Moon :Hz ( t a r t h )  1.4 1.4 1.5 '1 1.5 
LTV LLO-to-Moon LO2 (Lunar) 8.5 8.1 8.7 9.0 
LTV-Tanker LH2 (Ear th)  t o  Moon 6.7 5.7 7. 5a 8. za 

LTV Moon-to-LLO LH2 ( t a r t h )  6.7 5.7 6.7 5.8 
LTV Moon-to-LLO LO2 (Lunar) 39.9 34.3 40.0 34.6 
LTV-Tanker LO2 & Payload 

(Lunar) t o  LLO 92.7 77.2 92.9 78.1 

met Ear th  tquipment & Supplies 
on Moon 0 0 0.8 2.4 

T o t a l  Lunar LO2 f o r  Propulsion 80.8 70.3 81.1 11.5 
To ta l  Lunar LO2 f o r  Propulsion 

+ Payload 132.6 111.5 132.9 112.7 



Table 7-3. Lunar Mater ia l  (LO2) Del ivered t o  GEO ( A l l  weights 
i n  met r i c  tons: T = 1000 kg)  (Continued) 

Net Ear th  Equipment & Supplies NO NO YES YES 
Del ivered t o  Mooc 

mV Refueled ( f rom OTV-Tanker) YES NO Y t S  NO 
a t  GEO 

'MPBR = (Net Lunar LO2 & Payload Mass Del ivered t o  GEO) 

(Total  t a r t h  Propel lant  Mass I n i t i a l l y  a t  LtO) 

MR D i r e c t  (See Table 7-4) 

One-Way T r i p  
Round-Trip OTV on ly  
Round-Trip OTV and 
OTV-Tanker 

"E f fec t i ve"  GEO MPBR = MPBR f o r  De l i ve ry  o f  Lunar Mater ia l  t o  GEO 
'FIR f o r  D i r e c t  De l i ve ry  c t  l e r r e s t r i a l  Mate r ia l  t o  titU 

One-Way T r i p  
Round-Trip OTV on ly  
Round-Trip OTV and 
OTV-Tanker 

aIncludes equipment and suppl ies fo r  lunar  surface. 
b ~ s e  3.9 T LH2 f o r  LLO-to-GEO step, use remaining LH2 f o r  GEO-to-LFO step. 
CUse 23.4 T LO f o r  LLO-to-GEO step, use remaining LO2 f o r  GEO-to-I ' step. 
d~nc ludes  5.2 f prope l lan t  i n  OTV tanks. 

Notes: OTV Dry W t .  = 5.8 T, OTV Payload Tanker Dry W t .  = 3.5 i. 
LTV Dry W t .  = 11.5 T, LT'J Payload Tanker D r j  W t .  = 5.0 T. 
Centaur RL10-I1 Engines ( I S  = 460 s, O/F = 6)  used on OTV and LTV. 
Aerobraking t o  LEO saves 2.9 km/s i n  nV. 
See Table 7-4 t o r  descr ip t ion  o f  GEO D i rec t  Supply Options. 
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7.2.5 De l i ve ry  o f  Earth-Supplied Mater ia ls  from LEO t o  the  Lunar Surface 

Several scenarios have been examined f o r  t he  t ranspor t  of Earth- 
suppl ied mater ia ls  from LEO t o  the  lunar  surface. The f i r s t  uses contemporary 
(Centaur) vehic les,  the  others  use the  base1 i n e  OTV and LTV described above. 

7.2.5.1. Transport Using Contemporary (Centaur) Vehicles. An est imate was 
made o f  the  mass o f  i n i t i a l  " f ac to r y "  o r  exp lo ra t ion  equipment t h a t  could be 
de l i ve red  t o  the Moon using cur ren t  propuls ion systems. A s i ng le  Space 
Shut t le  (STS) launch was a s s m i t h  a t o t a l  STS payload o f  29.5 T. A wide 
body Centaur (WBC) w i t h  added landing gear was used as t he  s i ng le  stage fo r  
the t o t a l  mission. No attempt was made t o  assess weight o r  performance 
pena l t ies  f o r  add i t iona l  i n s u l a t i o n  o r  r e f r i g e r a t i o n  f o r  the  cryogenic 
propel lan ts ,  o r  f o r  propel 1 ant bo i  1 - o f f .  Based on Centaur performance (Ref. 
7-1) ( s p e c i f i c  impul Le = 445 sec) and A V ' S  given above, the r e s u l t s  a re  as 
f o l  1 ows : 

"Factory" Pay1 oad W t .  3.5 T 

Centaur (ABC) Burn-Out W t .  2.9 

Landing Gear (5% Landing W t .  ) 0.4 

Landing W t  . 6.8 

Expendables 

Main Propel lant  17.9 (o f f - loaded from 20.0) 

Others ( A t t i t u d e  Control ,  etc.) 0.3 

Tota l  Vehicle W t .  25.0 

Tota l  Ai  rborne Support 
Equipment (ASE) W t .  4.5 

Launch W t .  29.5 T 

This represents on ly  a rough estimate, although i t  does i nd i ca te  t h a t  about a 
3.5-T payload could be de l i ve red  t o  the  lunar  surface f o r  one STS launch. 
Note t h a t  i f  the " factory"  could make H2/02 p rope l lan t ,  i t  could re fue l  
the WBC and r e t u r n  i t s e l f ,  o r  a sample r e t u r n  capsule, t o  Earth. 



7.2.5.2 Transport Using the  Basel ine OTV and LTV. I n  a more general case, 
we can consider d i r e c t  dedicated t r anspo r t  of t e r r e s t r i a l - s u p p l i e d  ma te r i a l  
from LEO t o  t he  lunar  surface us ing vehic les more represen ta t i ve  o f  those i n  
use 20 years from now. Such t r anspo r t  o f  t e r r e s t r i a l  ma te r i a l  cou ld  be 
required, f o r  example, f o r  t he  i n i t i a l  l unar  f ac to r y  set-up, f o r  pe r i od i c  
supp ly l repa i r  t r i p s ,  o r  f o r  d e l i v e r y  o f  a d d i t i o n a l  lunar - fac to ry  modules t o  
the  lunar  surface. For convenience, t he  same base1 i n e  OTV ( a t  LEO) and LTV 
( a t  LLO) descr ibed above were used +o generate t he  r e s u l t s  shown i n  Table 7-5. 

Three cases were considered t o  assess t he  e f f e c t  o f  system 
"c losure"  o f  p rope l l an t  needs. I n  t h i s  context ,  a completely "open" system 
would use on ly  t e r r e s t r i a l  propel  l a n t  ; a completely "closed" system would use 
on ly  lunar  p rope l lan t .  Even i f  l una r  LH2 i s  n o t  ava i lab le ,  t he  system can 
be "closed" considerably by t he  use o f  l una r  LO . I n  t he  f i r s t  example f shown i n  Table 7-5, corresponding t o  a complete y "open" system, a l l  t h e  
p rope l l an t  and suppl ies come from t e r r e s t r i a l  sources. Mu1 t i p l e  UTV t r i p s  are 
needed t o  f i l l  the  l a rge  LTV tanker  t o  capaci ty ,  r e s u l t i n g  i n  a r a t i o  of  1 T 
o f  t e r r e s t r i a l  mate r ia l  de l i ve red  t o  the  lunar  surface f o r  roughly every 7.3 T 
o f  t e r r e s t r i a l  p rope l l an t  and suppl ies i n i t i a l l y  i n  LEO. Increas ing t he  
system "c losure"  so t h a t  lunar  oxygen i s  used f o r  a1 l but  the  OTV LEO-to-LLO 
step r e s u l t s  i n  a r a t i o  o f  1 T o f  t e r r e s t r i a l  ma te r i a l  de l i ve red  t o  t he  lunar  
surface f o r  every 4.6 T o f  t e r r e s t r i a l  ma te r i a l s  i n i t i a l l y  i n  LEO. F i n a l l y ,  
when only  t e r r e s t r i a l  LH? and lunar  LO2 are  used, t h e  r a t i o  drops t o  
1/3.0. As before,  t h i s  increased "c losure"  can on ly  be achieved a t  t h e  
expense d f  increased lunar  ma te r i a l  product ion. I n  the  in termediate case 
( l una r  p l us  t e r r e s t r i a l  p rope l l an t  LO2), every 1 T o f  t e r r e s t r i a l  suppl ies 
must produce 2.5 T o f  l una r  LO2 fo r  propuls ion,  whereas t h e  t h i r d  case 
( a l l - l u n a r  L02) requi res 12.1 T o f  lunar  LO2 per  1 T o f  imported 
suppl ies.  The t r ade -o f f s  between increased "c losure"  and increased lunar  
p rope l l an t  product ion a re  discussed i n  more d e t a i l  i n  Sect ion 8. I n  any 
event, l unar  manufacturing processes w i l l  need t o  be h i g h l y  e f f i c i e n t  i n  terms 
o f  r e q u i r i n g  t e r r e s t r i a l  imports, f i r s t  because i t  takes l a rge  amounts of  
t e r r e s t r i a l  p rope l l an t  t o  t r anspo r t  Ear th-suppl ied mater ia l  t o  t h e  lunar  
surface, and second, because t he  imported mater ia l  must generate a l a rge  
amount o f  lunar  mater ia l ,  such as LO?, f o r  propulsion. 

7.2.5.3 Transport Using the  Basel ine OTV and LTV f o r  Lunar and T e r r e s t r i a l  
Mater ia ls .  As a f i n a l  scenario, we consider the  de l i ve r y  o f  t e r r e s t r i a l  
mate r ia ls  t o  t he  Moon and lunar  ma te r i a l s  t o  LEO. For example, i n  Table 7-2 
we see t h a t  f o r  lunar  mater ia l  d e l i v e r i e s  t o  LEO i t  i s  poss ib le  t o  d e l i v e r  0.9 
T of t e r r e s t r i a l  equipment o r  suppl ies t o  the  Moon. Th is  would requ i re  147.3 
T of lunar  LO2 product ion (assuming t h a t  the  39.0 T o f  net  payload a t  LEO ' s  
L02) so t h a t  every 1 T o f  Earth-suppl ied mater ia ls  must produce 164.2 T o f  
lunar  LO2. This can t e  accomplished w i t h  on ly  an 8% reduct ion i n  MPBH, but 
on ly  fo r  a process t h a t  requi res on ly  0.6% by weight o f  product as imported 
chemical. The s i t u a t i o n  f o r  GEO de l i ve ry  o f  lunar  ma te r i a l  shown i n  Table 7-3 
would a l l ow  de l i ve r y  o f  2.4 T of Ear th-suppl ied equipment o r  suppl ies t o  the  
Moon f o r  a t o t a l  l una r  LO2 product ion of 112.7 T, o r  1 T o f  t e r r e s t r i a l  
mate r ia l  per 47.0 T o f  L02. This would r e s u l t  i n  a 13% reduct ion i n  MPBR, 
bu t  the product ion process would consume 2.1 % by weight o f  product o f  Earth- 
suppl ied cot umables. The impact o f  product ion processes r e q u i r i n g  Earth- 
suppl ied mater ia ls  i s  discussed i n  more d e t a i l  i n  Sect ion 8, al though these 
two examples show t h a t  any lunar  f ac to r y  w i l l  have t o  be h i g h l y  e f f i c i e n t .  



Table 7-5. D i r e c t  De l i ve r y  o f  T e r r e s t r i a l  M a t e r i a l  
from LEO t o  t h e  Lunar Surface 
(A1 1  weights i n  m e t r i c  tons:  T  = 1000 kg)  

A1 1  Minimum 
T e r r e s t r i a l  IntermediateC T e r r e s t r i a l  
Propel 1  antb ( T e r r e s t r i a l  Propel 1  ant  

Scenari oa ( T e r r e s t r i a l  LH2 + LO2 t ( T e r r e s t r i a l  
LH2 + L02) Lunar LO2) LH2 + Lunar LU2) 

T e r r e s t r i a l  LH2 
f o r  Propuls ion 89.1 8.8 

T e r r e s t r i a l  LO2 
f o r  Propuls ion 536.4 27.9 

T e r r e s t r i a l  Ma te r i a l  
(Suppl i e s )  Del i vered 
t o  Lunar Surface 100.0 10.1 

To ta l  T e r r e s t r i a l  
Mass iLH2tL02+Suppl i e s )  725.5 46.8 

Lunar LO2 f o r  
Propul s i on  

Lunar LOp f o r  Propuls ion 

Suppl i e s  Mass 0  2.475 12.111 

a~~~ and Tanker d ry  w t .  = 9.3 T; LTV and Tanker dry  w t .  = 16.5 T; 
Is,, = 460 S, O/F = 6. 

b ~ e q u i r e s  15.5 OTV round t r i p s  f o r  every LTV ascentldescent. 

C T e r r e s t r i a l  LO2 used f o r  OTV LEO-to-LLO step; lunar  LO2 used f o r  a l l  
o ther  steps. 



7.2.6 Impact o f  Lunar Hydrogen A v a i l a b i l i t y  on Chemical T ranspora t i on  
Systems' MPBR 

As desc r ibed  i n  Sec t i on  9, low concen t ra t i ons  o f  hydrogen a r e  
present  i n  t h e  l u n a r  s o i l ;  however, t h e  c o n c e n t r a t i o n s  a r e  t o o  low t o  supp ly  
t h e  needs of  l a r g e  spacec ra f t  p r o p u l s i o n  systems. Thus, i t  has been assumed 
t h a t  a  source o f  hydrogen f o r  p r o p u l s i o n  would be u n a v a i l a b l e  on t h e  Moon. 
Th is  i n  t u r n  f o r c e s  t h e  use o f  Ear th-supp l  i e d  LH2 which then becomes t h e  
denominator i n  t h e  MPBR ~ x p r e s s i o n :  

MPBR = Net Mass o f  Lunar M a t e r i a l  D e l i v e r e d  t o  LEO 
Mass o f  Ea r th -Supp l i ed  M a t e r i a l  = LH2 

Any r e d u c t i o n  i n  t h e  amount o f  E a r t h  LH2 needed would thus  s t r o n g l y  a f f e c t  
t h e  MPBR f o r  chemical  p r o p u l s i o n  systems. I f  s u f f i c i e n t  q u a n t i t i e s  o f  l u n a r  
LH2 were a v a i l a b l e ,  an i n f i n i t e  MPBR c o u l d  be achieved. F i n a l l y ,  n o t e  t h a t  
i n  t h e  b a s e l i n e  scenar ios  some Ear th -supp l i ed  LO2 i s  needed f o r  GEO 
d e l i v e r i e s  u s i n g  chemical  p r o p u l s i o n  systems so t h e  denominator i n  t h e  MPBR 
express ion would i n c l u d e  bo th  t e r r e s t r i a l  LH2 and LO2. 

7.2.6.1 T e r r e s t r i a l  LH2 P lus  Lunar LH2 and LO2. Under t h e  c o n s t r a i n t  o f  no 

l u n a r  LH2, t h e  b a s e l i n e  chemical OTV and LTV can ach ieve MPBR's o f  about 2 
t o  LEO and 1 t o  GEO. D i r e c t  d e l i v e r y  fo rm LEO t o  GEO u s i n g  a  r o u n d - t r i p  OTV 
has a  MR o f  about 0.2, so t h e  e f f e c t i v e  GEO MPBR i s  about  4. I f  l u n a r  LH2 
were a v a i l a b l e ,  t h e  MPBR would increase,  t h e  amount o f  i nc rease  depending on 
how much Ear th -supp l i ed  LH2 was needed. F i g u r e  7-1 shows t h e  r e s u l t s  o f  
v a r y i n g  t h e  amount o f  Ea r th -supp l i ed  LH2 and t h e  r e s u l t a n t  MPBR f o r  t h e  
b a s e l i n e  Hz102 chemical O T V  desc r ibed  above; t h e  b a s e l i n e  scenar ios  
correspond t o  t h e  lower  r i g h t  o f  t h e  f i g u r e .  

If we assume t h a t  t h e  LTV r e q u i r e s  Ear th-su( , - l ied  LH2 f o r  i t s  
descent f rom LLO t o  t h e  l u n a r  s u r f a c e  (1.0 T LH2 f o r  a  16.5 T d r y  we igh t  
LTV) b u t  has l u n a r  LH2 a v a i l a b l e  f o r  l i f t - o f f  (about  7 T), t h e  cor respond ing 
MPBR's a r e  about 6, 1.6 and 7 f o r  LEO, GEO and e f f e c t i v e - 6 E 0  d e l i v e r i e s .  

I f  we f u r t h e r  assume a  "b lack  box" LTV t h a t  r e q u i r e s  no Ear th -  
s u p p l i e d  p r o p e l l a n t  (e.g., mass d r i v e r ,  e tc . )  so t h a t  Ear th-supp l  i e d  LH2 i s  
needed o n l y  f o r  t h e  t o t a l  OTV round t r i p  (2.7 T  + 4.6 T), MPBR's a r e  about 7, 
1.7 and 8 f o r  LEO, GEO, and e f fec t i ve -GE0 d e l i v e r i e s .  

F i n a l l y ,  i f  o n l y  enough t e r r e s t r i a l  LH? i s  needed f o r  t h e  
outbound LEO-to-LLO s teps (1.8 T), t h e  MPBR i s  a lmost  31 f o r  LEO d e l i v e r i e s  
and 3.2 f o r  GEO d e l i v e r y ,  o r  e f f e c t i v e l y  16 compared t o  d i r e c t  GEU d e l i v e r y .  
These a r e  MPBR's t h a t  would make l u n a r  m a t e r i a l  r e t u r n ,  u s i n g  chemical  
p ropu ls ion ,  very  promis ing.  



T EARTH-SUPPLIED PROPELLANT LH2 (FOR LEO-LLO) 

T EARTH-SUPPLIED PROPELLANT LO2 (FOR LEO-LLO) 

LEO NET PAYLOAD = 66.978 T - (T PROPELLANT LO2 FOR LEO 4 LLO) 
GEO NET PAYLOAD = 41.148 T 

OTV +TANKER DRY WT. = 4.3 T 
lp =460s, O//F=6 

MAX PROPELLANT FOR LEO -LLO, LLO-LEO, 
LLO --, GEO *LEO = 32.5 T 

T NET EARTH SUPPLIED LH2 CARRIED FROM LEO ---La 

F i g u r e  7-1. MPBR f o r  Var iozs Amounts of Ear th-Suppl ied LH2 + ~0~ 



A s i m i l a r  set  o f  op t ions  i s  shown i n  Table 7-6. I n  these scenarios, 
t he  operat ion o f  t he  OTV and LTV are t o t a l l y  separate. The f i r s t  example uses 
a  "black box" OTV (e.g., so l a r  s a i l )  t h a t  requ i res no p rope l lan ts ,  w i t h  a  
chemical LTV us ing Ear th-suppl ied LH2 and lunar  LO?. For a  base l ine  
16.5-T and hypo tke t i ca l  zero-weight LTV, the  MPBR's a re  about 11 and 15. O f  
course, a  zero-weight veh ic le  i s  no t  poss ib le ,  bu t  f u t u r e  l a rge  veh ic les  and 
systems might approach t h i s  l i m i t  f o r  veh i c l e  weights t h a t  a re  a  small 
percentage of the  payload and p rope l l an t  weights, corresponding t o  stage mass 
f r a c t i o n s  o f  near l y  one. Since t h e  OTV uses no p rope l lan t ,  t h e  MPBR's a re  t h e  
same fo r  LEO o r  GEO de l i ve ry .  If a s o l a r  s a i l  OTV were a c t u a l l y  used, a i r  
drag a t  LEO and t h e  f i v e f o l d  increase i n  e f f e c t i v e  GEO d e l i v e r y  MPBR would 
favor  GEO de l i ve r i es .  

For a  "black box" LTV (e.g., l una r  mass d r i v e r )  and chemical OTV 
us ing Earth-suppl ied LH2 and l una r  Lop, t he  MPBR's are l ess  than those 
found above, s ince t he  OTV must r r o v i d e  greater  A V  than t h e  LTV. For LEO 
de l i ve r y ,  a  basel ine 9.3-T OTV and a  zero-weight OTV g lve  MPBR's o f  about 7 
and 13, showing t h a t  LEO d e l i v e r y  can become a t t r a c t i v e  i n  some cases. For 
GEO del  i ve r y ,  t he  corresponding 9.3-T and zero-weight OTV MPBR's a re  1.7 and 
10, o r  e f f e c t i v e l y  8 and 49. F i n a l l y ,  f o r  a  zero-weight OTV, i t  i s  poss ib le  
t o  r e t u r n  lunar  LO2 t o  LEO a f t e r  a GEO de l i ve r y ,  so as t o  improve t he  MPBR 
by e l i m i n a t i n g  t he  need f o r  any t e r r e s t r i a l  LO2. This r e s u l t s  i n  an MPBR o f  
about 13, o r  e f f e c t i v e l y  61, f o r  GEO de l i ve r y .  

7.2.6.2 A1 1  -Lunar Prope l lan t  Scenario. I n  a1 1  t he  previous discussions, we 
have assumed t h a t  no l una r  hydrogen would be ava i lab le .  I f  l una r  hydrogen 
were ava i lab le ,  an i n f i n i t e  MPBR would be achieved. We now consider how much 
lunar  hydrogen and oxygen would be requi red t o  d e l i v e r  lunar  materdl t o  LEO. 
As before, a  basel ine OTV and LTV weighing 9.3 and 16.5 T  respec t i ve ly  are 
used. I n  add i t i on ,  a  zero-weight, p a i r  o f  veh ic les  are a lso  used t o  assess t h e  
l i m i t  case. The r e s u l t s  are summarized i n  Table 7-7. 

I n  t h i s  a l l - l u n a r  p rope l l an t  scenario, the  LTV l i f t s  o f f  from t h e  
lunar  surface ca r r y i ng  enough lunar  p r cpe l l an t  f o r  i t s  r e t u r n  t o  t he  surface, 
a l l  t he  lunar  p rope l l an t  needed f o r  the  O T V  round t r i p ,  and t he  payload 
dest ined f o r  LEO. The OTV i s  fue led ill LLO and the  payload and p rope l l an t  
f o r  t he  LEO-to-LLO step loaded. The OTV t r ans fe r s  t o  LEO, depos i ts  i t s  
payload, and i s  r e f u l e d  w i t h  t he  l una r  p rope l l an t  i t  has c a r r i e d  from LLO. 
The OTV re tu rns  t o  LLO empty t o  await  the  next LTV de l i ve ry .  

As shown i n  Table 7-7, the  most su rp r i s i ng  r e s u l t  o f  t h i s  ana lys is  
i s  tha t  i t  requ i res  l ess  a l l - l u n a r  p rope l lan ts  t o  d e l i v e r  a  given amount o f  
l unar  mate r ia l  p a y l d a d o  LEO than i t  does f o r  t h e  basel ine case us ing 
t e r r e s t r i a l  LH2 and lunar  L02. This i s  p r i m a r i l y  due t o  t he  l a rge  
LEO-to-LLO n'd t h a t  the  OTV must undergo. This i n  t u r n  forces the  use o f  
considerable p rope l i an t  when t he  OTV i s  loaded w i t h  t e r r e s t r i a l  LH2 f o r  
d e l i v e r y  t o  LLO. The LLO-to-LEO step invo lves a  lower A V  thanks t o  
aerobraking, so t he  penal ty  associated w i t h  ca r r y i ng  p rope l l an t  from LLO t o  
LEO i s  no t  as severe as the  reverse step. 
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Table  7-7. Lunar M a t e r i a l  D e l i v e r e d  t o  LEO Us ing A i  1  -Lunar P r o p e l l a n t s  
( A l l  we ights  i n  m e t r i c  tons :  T = l C O O  kg )  

Base1 i ne Zero-Wei gh t  
Veh ic les  Veh ic les  

OTV Dry-Wt. 9.3 0  

LTV Dry-Wt. 16.5 0  

LEO-to-LLO: 

OTV Propel 1  an t  12.8 0.0 

LLO-to-LEO w/AB: 

OTV Propel  1  a n t  

Net Payload a t  LEO 

Moon-to-LLO: 

LTV Propel  1 an t  

LLO-to-Moon: 

LTV Propel 1  an t  

To ta l  Propel l a n t  

Propel 1  an t  LH2 

Propel  1  a n t  LO2 

To ta l  Propel 1  a n t  
Net Pay1 oad a t  LEO 

Minimum H20 needed for 
prope l  1  an t  135.0 

Excess 0  ( f rom H20) 
t h a t  cou ? d  be used as  
payload t o  LEO 30.3 

(cont inued)  



Table 7-7. Lunar Mate r ia l  Del ivered t o  LEO Ysing A1 1-Lunar Propel lants  
( A l l  weights i n  met r i c  tons: T = 1000 kg)  (Continued) 

Basel i ne Zero-Wei ght 
Vehicles Vehicles 

Sasel i ne  scendr io 
us ing t e r r e s t r i a l  
LH2 and lunar  L02: 

T ~ t a l  T e r r e s t r i  a1 
Propel 1 ant LH2 

Total  Lunar 
Propel 1 ant  L02 

Net Payload a t  LEO 

Tota l  Lunar LOZ 

'Net Pa,vload a t  LEO 

NOTES: Centaur RilO-11 Engines ( I s p  = 460 s, O/F = 6) 
used on OTV and LTV. 

Aerohraking (AB) t o  LEU saves 2.3 km/s i n  AV. 



The other  noteworthy f a c t  i s  t h a t  i f  l una r  p o l a r  water- ice i s  
e lec t ro lyzed  t o  produce p rope l l an t  f o r  an O/F = 6 p ropu ls ion  system, t h e  
hydrogen i s  t h e  l i m i t i n g  reagent and oxyger, i n  excess o f  t h a t  needed f o r  
propuls ion i s  produced. This would no t  occur i f  an O/F = 8 engine were used 
since t h i s  matches t he  s to ich iometry  of tbe  water molecule. When water i s  
used f o r  p rope l lan t ,  i t  requi res on ly  2.5 T o r  1.3 T o f  water per  1 T of 
de l i ve red  payload f o r  t h ?  basel ine and rero-weight veh i c l e  sets. 

Thus we see t h a t  t he  e a r l y  discovery o f  a source o f  l una r  hydrogen 
could  have a s i g n i f i c a n t  e f f e c t  , , I  operat ion o f  a l una r  ma te r i a l s  program. It 
would r e s u l t  i n  comnercial l y  a t t r a c t i v e  MPBR's 0 1 0 )  us ing near-term loh-cost  
c;~emical propuls ion systems. The op t ion  would a lso  e x i s t  f o r  g radua l l y  phas- 
i ng  i n  more advanced e l e c t r i c  o r  nuclear-thermal prop i l ls ion systems (descr ibed 
below) us ing l una r  LH2 f o r  even g rea te r  MPBR's, w i t h  t he  p o t e o t i a l  f o r  
e l i m i n a t i n g  the  netd f o r  any Earth-suppl ied propel lants .  

7.3 LUNAR WTERIAL TRANSPORTATION USING VEHICLES WITH ELECTRIC 
PROPULSION SYSTEMS 

Low T/W e l e c t r i c  propuls ion t r anspo r t a t i on  systems can on l y  be used 
between LEO and LLO and n s t  f r o f i ~  LLO t o  t he  l una r  surface. I n  t h i s  analys is ,  
i t  i s  assumed t h a t  a Hz102 c h ~ q i c a l  LTV i s  used t o  f e r r y  lunar-mater ia l  
products from the  lunar  s u r f  .o LLO where the  l una r  mate r ia l  i s  t r ans fe r red  
t o  the  e l e c t r i c  propuls ion G I V  ~ d r  the  t r i o  t o  LEO o r  GEO. Note t h a t  a low 
T/W r e s u l t s  i n  a higher requi red A V  (see Table 7-1) due t o  g r a v i t y  losses, 
but  t h i s  i s  countered by the  h igh  IS 3f e l e c t r i c  propuls ion systems. 
Add i t i ona l l y ,  e l e c t r i c  veh ic les  reguyre long  t r i p  t imes which can have a 
strong e f f e c t  on d e l i v e r y  s c h e d u l ~ s  and f l e e t  size. Nevertheless, t he  h i g h  
s p e c i f i c  impulse and po ten t i a l  f o r  use o f  l unar  LO2 as p rope l l an t  make 
e l e c t r i c  propuls ion systems very a t t r a c t i v e .  They represent a near - te r  
advancea propuls ion system r e q u i r i n g  on ly  m ~ d e r a t e  debL1opment t h z t ,  l i k e  
chemical OTV's, may be supported and d r i ven  by the  needs o f  LEO-to-GEO 
s a t e l l i t e  t r a f f i c .  

7.3.1 Operational Scenario 

Essen t i a l l y  the  same o p ~ r a t i o n a l  scenar io descr ibed f o r  t he  a l l -  
chemical system i s  used, w i t h  t ho  e l e c t r i c  propuls ion OTV used i n  p lace of t h e  
chemical ly aropel led OTV. The e l e c t r i ~  OTV i s  fue led i n  LEO w i t h  Ear th-  
suppl ied Ar as p rope l lan t .  Earth-suppl ied LH2 i s  a lso  ,oaded f o r  d e l i v e r y  
t o  LLO f o r  use by t he  chemical LTV. The OTV t r a n s f e r s  t o  LLO and docks w i t h  
t he  LTV. Earth-suppl ied LH2 i s  loaded i n  t h e  LTV and l una r  LO2 ( o r  any 
other  iunar-mater ia l  payload) i n t o  the  OTL. The ilTV re tu rns  t o  LEO and t he  
LTV t o  the  Iunar  surface. Since advanced e l e c t r i c  propuls ion systems may be 
able t o  use oxygen as p rope l lan t ,  t he  use o f  l unar  O2 r a t he r  than t e r r e s t r i a l  
A r  i s  a l so  considered. i n  t h i s  case, t h e  l una r  02 p rope l l an t  f o r  t h e  
e l - c t r i c  OTV : ~ l d  be provided i n  LL3. F i n a l l y ,  note  t h a t  aerobraking cannot 
be used by a veh ic le  w i t h  a iow T/W propuls ion svstem since a h i gh  T/W 
i rnpul j ive  burn i s  requi red t o  r a i s e  and c i r c u l a r i z e  tr le o r b i t  a f t e r  
aerobraki ng. 



7.3.2 MPBR Ca lcu la t ions  Approach 

I n  t he  analyses o f  chemical OTV performance, a  s p e c i f i c  veh ic le  
p o i n t  design was used. I n  t h i s  sect ion,  no s i ng le  e l e c t r i c  propuls ion system 
w i l l  be assumed f o r  t he  t r anspo r t a t i on  veh ic le ;  ra ther ,  e l e c t r i c  p ropu ls ion  
technology l e v e l  w i l l  be used as a  va r i ab l e  upon which t h e  f igures-af -mer i t ,  
MPBR and round- t r ip  t ime, w i l l  be dependent. The e l e c t r i c  p ropu ls ion  
technology w i l l  be character ized by t he  t o t a l  power and propuls ion spec i f i c  
mass (a,kg/We). Ihe s p e c i f i c  mass i s  t he  combined mass o f  t h e  e l e c t r i c  
power supply and t he  e l e c t r i c  p ropu ls ion  system d i v i ded  by t he  power supply 
power (P). The cur ren t  s ta te -o f - the -a r t  s o l a r  e l e c t r i c  propuls ion (SEP) 
system has a s p e c i f i c  mass c f  about 0.04 4g/We. For t h e  purposes o f  t h i s  
ana lys is  we have assumed t h a t  s p e c i f i c  mass s h a l l  range from 0.03 t o  0.01 
kg/We. Both nuclear e l e c t r i c  and s o l a r  e l e c t r i c  power supply p ro j ec t i ons  
f a l l  i n t o  t h i s  range. Power l e v e l  and system s p e c i f i c  impulse s h a l l  be f ree 
t o  vary i n  order  t o  ob ta in  h i gh  mass ,*at ios and low t r i p  times. Thruster 
e f f i c i e n c y  s h a l l  be dependsnt on spec i f i c  impulse as i s  p ro jec ted  f o r  50- t o  
100-cm Ar i o n  engines as i s  shown i n  F igure 7-2. 

From T3ble 7-2, we see t h a t  a  basel ine chemical LTV can d e l i v e r  
94.8 T o f  product t o  LLO. Th is  LTV requi res 8.8 T o f  hydrogen i n  order  t o  
complete the  round t r i p  from t h e  lunar  surface t o  LL.0 and back. Therefore, 
f o r  t h e  e l e c t r i c  propuls ion vehic le ,  i t s  payload from LLO t o  Ear th  i s  94.8 T 
of lunar  0, o r  o ther  product, and i t s  payload from LEO t o  LLO i s  8.8 T of 
t e r r e s t r i a  f LH2. A l l  the  oxygen requ i red  f o r  t he  LTV i s  assumed t o  be 
p r ~ d u c e d  on the Moon. Two d e l i v e r y  l oca t i ons  are considered, LEO and GEO. 
For each del  i very 1  ocat ion,  two e l e c t r i c  propul s ion t r anspo r t a t i on  scenarios 
are considered: 1) a l l  t he  e l e c t r i c  propuls ion p rope l lan t  comes from the  
Ear th  ( t e r r e s t r i a l  A r  p rope l l an t ) ,  o r  2) a l l  the e l e c t r i c  propuls ion 
p rope l lan t  comes from the  Moon ( l una r  LO2 propel l a n t ) .  For t h e  t e r r e s t r i a l  
A r  p rope l l an t  scenario, t he  MPBR i s :  

94.8T Net Del ivered Lunar Product 
MPBR = 8.8T T e r r e s t r i a l  LH2 + T e r r e s t r i a l  Ar 

For l una r  LO2 p rope l l an t  the  mass r a t i o  i s :  

MPBR = 94. -. - Lunar LO2 E l e c t r i c  Propuls ion Prope l lan t  Mass (7-7) 

8.8 T T e r r e s t r i a i  LH2 

E l e c t r i c  propul s ion  p rope l lan ts  t r a d i t i o n a l l y  a re  t h e  i n e r t  gases (Ar, Xe, Ne, 
He), r ~ r c u r y  o r  hydrogen. Mercury w i l l  no t  be considered here due t o  the  
poss ib le  ob jec t ions  t o  i t s  use near t he  Ea r t h ' s  atmosphere. The t e r r e s t r i a l  
p rope l l an t  of choice i s  Ar. The most obvious lunar  p rope l l an t  i s  02. Oxygen 
e l e c t r i c  t h rus te r s  w i  11 requ i r e  appl i e d  research and subs tan t ia l  technology 
development. Lunar hydrogen ( i f  ava i l ab l e )  would make an excel  l e n t  propel  l a n t  
f o r  plasma engines. Lunar oxygen w i l l  be the  lunar  p rope l l an t  assumed fo r  
t h i s  ana lys is  s ince it represenl; a  p rope l l an t  whose presence on t he  Moon 
would no t  requ i re  a  majar new d iscovery ,  as would a  source o f  1  unar hydrogen. 
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As shown i n  Equations (7-6) and (7-7),  one needs t h e  p rope l l an t  
masses (M ) i n  order  t o  ca l cu l a te  t he  mass r a t i o s .  P rope l lan t  masses a rc  
e a s i l y  CaPculated from the  rocket equat ion as fo l l ows :  

where Mo i s  t he  veh ic le  i n i t i a l  mass, AV i s  the  miss ion v e l o c i t y  requ i~ement ,  
and Is the  propuls ion system s p e c i f i c  impulse. The mission A V ' S  are given 

i n  ~ a b y e  7-1. 

The i n i t i a l  mass o f  any veh ic le  i s  made up o f  i t s  payload (M L), 
propel l a r t  (Mp) , propel  l a n t  tanks, and power and p ropu ls ion  system 
as fo l lows:  

Mg = M ~ L  + ( 1  + TF) Mp -!- Mpp ( 7 - 9 )  

TF i s  t he  tankage f rac t ion ,  assumed t o  be 5% f o r  LO2 o r  A r .  Equations (7-8) 
and (7-9) can be used t o  e l im ina te  Ma and g ive  one equat ion f o r  t h e  
p rope l l an t  mass as a  f unc t i on  o f  AV, I , M , and Mpp = a *Power. The 
i n i t i a i  mass o f  a veh i c l e  l eav i ng  LEO fgr ~ e b  us ing  t e r resep ia l  A r  p rope l l an t  
inc ludes t he  p r cpe l l dn t  f o r  the  LEO-to-LLO l e g  p l us  the  r e t u r n  (LLO t o  LEO) A r  
propel l ant. 

Once the  p rope l l an t  mass i s  ca lcu la ted,  the  t r i p  t ime (T) may be 

obtained by c a l c u l a t i n g  t he  p rope l l an t  f l ow r a t e  (i) and d i v i d i n g  i t  i n t o  t h e  
p rope l l an t  mass. This procedcre assumes t h a t  the  p ropu ls ion  system ac ts  
cont inuously (no coast ing)  and t t  d t  load ing and unloading operat ions a re  sho r t  
(one t o  f i v e  days). The p rope l l an t  f low r a t e  i s  ca lcu la ted  as fo l l ows :  

I n  Eq. ( 7 - l l ) ,  0 i s  t he  propuls ion system e f f i c i e n c y  o f  conver t ing  power 
supply e l e c t r i c  power i n t o  t h r u s t  power and P  i s  t he  power supply e l 2 c t r i c  
power. The t r i p  t ime i s  then given by Eq. (7-13). 

T r i p  Time (sec) = E l e c t r i c  Propulsio:: Propel l a r l t  Mass 
2rlP - (7-lq )  



7.3.3 MPBR Resul ts f o r  Return o f  Lunar Mate r ia l  t o  LEO o r  GEO 

An example o f  t he  general payback system behavior i s  shown i n  
F igure 7-3 where both f igures-of -mer i  t , round - t r i p  t ime and Mass Payback Ra t i o  
a re  presented as a f unc t i on  o f  system power w i t h  system s p e c i f i c  impulse ( I s p )  
2nd s p e c i f i c  mass (u) as parameters. At  low power l eve l s ,  t h e  mass r a t i o  i s  
asymptotic t o  s moderately h i gh  bu t  f i n i t e  value. The t r i p  t ime approaches 
i n f i n i t y  a t  low power leve ls .  At  l a rge  power l e v e l s  t he  r a t i o  goes t o  zero and 
t he  t r i p  t ime i s  asymptotic t o  a moderately low value. A reasonable operat ion 
p o i n t  i s  a t  the  power leve! where t r i p  t ime i s  acceptable, i .e., <300 days. 
Th is  power l e v e l  i s  a f unc t i on  of t h e  assumed payload mass (94.8 T) and w i l l  
change f o r  d i f f e r i n g  payloads. At  t h i s  power l e v e l  one des i res  as l a rge  a MPBR 
as poss ib le ,  dependent on t he  technology l e v e l  (a)  and t h e  s p e c i f i c  impulse. I n  
general t h e  dependence o f  mass r a t i o  and t r i p  t ime i s  as f o l l ows  and v i ce  versa: 

Lower s p e c i f i c  impulse (Isp) <=> shor te r  t r i p  t ime, smal ler  MPBR. 

Lower system eff ic- ierrcy (TI) <=> longer  t ime; same MPBR. 

Lower s p e c i f i c  mass (a )  <=> shor te r  t ime; l a r g e r  MPBR. 

Lower system power (P) <=> longer t ime; l a r g e r  MPBR. 

Lower mission energy (AV) <=> shor te r  t ime; l a r g e r  MPBR. 

Table 7-5 presents t he  r e s u l t s  f o r  a l l  scenarios w i t h  r ound - t r i p  
t imes l ess  thac about 1 year f o r  two d i f f e r e n t  technology l e v e l s  ( a  = 0.03 
and 0.01 kg/We). It shoil ld be po in ted  out  t h a t  i n  some cases the  t r i p  t ime 
can double from 1 t o  2 years and t he  Mass Payback Rat io  increase by more than 
a f a c t o r  o f  ,two. 

Th? r e s u l t s  presented i n  Table 7-8 show MPBR's on l y  s l i g h t l y  l a r g e r  
than 1 f o r  e l e c t r i c  p rops ls ion  s y s t e m  us ing t e r r e s t r i a l  p rope l l an t  and a r e l a -  
t i v e l y  low acaunt c f  requ i red near-term technology (a = 0.03); ( a  = 0.01) 
ra ises  t he  MPBH t o  over 4 ( f o r  GEO d e l i v e r y )  and decreases round t r i p  t imes t o  
a l i t t l e  l ess  than 2UO days. E l e c t r i c  propuls ion systems us ing lunar  p rope l l an t  
approximately double a1 1 t he  MPBR's up t o  about 8 f o r  LEO d e l i v e r y  and h i gh  
technology, wh i l e  -educing t he  t r i p  t imes s l i g h t l y .  The power l e v e l  fo r  a l l  
i n t e r e s t  i n p  cases f a l l s  i n  t h e  range between about 5 and 10 MW,. Th is  power 
l e v e l  i s  many urders  o f  mdynitude l a r g e r  than anyth ing used i n  space t o  date. 
Hdwever, j u s t  f o r  the operat ion o f  t he  lunar  fac to ry ,  power l e v e l s  on t he  order  
o f  negawatts may we1 1 be requ i red  and t he re fo re  poss ib ly  ava i l ab l e  fo; e l e c t r i c  
propul s ion  t r anspo r t a t i on  systems. 

We cdn a lso  compare d e l i v e r y  o f  l unar  mate r ia l  t o  GEO w i t h  d i r e c t  
de l i ve r y  o f  Earth-suppl ied ma te r i a l  from LEO t o  GEO us ing  e l e c t r i c  p ropu is ion  
s:Istenis, as was done f o r  chemical systems. I n  t h i s  case, a near-term ( a  = 0.03) 
e l e c t r i c  veh i c l e  c m l d  d e l i v e r  about f i v e  t imes more payload than t he  p rope l l an t  
requ i red  t o  d e l i v e r  i t  so t h a t  t he  direct-GEO MR i s  about 0.8. Higher 
technology ( a  = 0.01) cou ld  achieve a MR o f  6round 0.9, s i g n i f i c a n t l y  h igher  
than a near-term chemical OTV system. With these comparisons, t h e  " e f f e c t i v e "  
MPBR's f o r  d e l i v o r y  o f  l unar  ma te r i a l  t o  GEO range from about 2 co 5 f o r  
t e r r e s t r i a l  A r  p rope l l an t  e l e c t r i c  vehic les,  and 6 t o  11 when lunar  LO2 
p rope l l an t  i s  used by t he  e l e c t r i c  veh ic le ,  w i t h  a chemical LTV used i n  a l l  cases. 
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F i g u r e  7-3. T r i p  Time and MPBR vs. System Power f o r  E l e c t r i c  Propuls ion  
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When compared t o  t he  prev ious ana lys is  f o r  chemical p ropu ls ion  t r ans -  
p o r t a t i o n  sjstems, t h i s  ana lys is  o f  e l e c t r i c  p ropu ls ion  t r anspo r t a t i on  systems 
shows s i g n i f i c a n t  d i f ferences.  Chemical systems requ i r e  t he  development o f  a  
new technology (aerobraking) i n  order  t o  achieve even r e l a t i v e l y  low r a t i o s  
(approximately 2) f o r  LEO del  i very. re la^ ; ve ly  modest technology development i s  
requi red f o r  e l e c t r i c  p ropu ls ion  systems t o  p rov ide  t h e  same r a t i o ,  prov ided 
t h e  e l e c t r i c  power supply i s  developed f o r  t he  lunar  f a c i l i t y  f o r  e i t h e r  opt ion.  
I n  order  f o r  chemical systems t o  p rov ide  r a t i o s  o f  8 o r  more, t h e  development 
o f  aerobraking i s  requ i red  p lus  the  specu la t i ve  assumption t h a t  s i g n i f i c a n t  
amounts o f  hydogeil can be and made a v a i l a b l e  f o r  p ropu ls ion  on t h e  Moon. 
E l e c t r i c  p ropu ls ion  systems can prov ide r a t i o s  o f  about 8 f o r  LEO d e l i v e r y  
w i t h  t h e  assumptions o f  on ly  advanced power supply technology r e s u l t i n g  i n  
powel- s~1:lply s p e c i f i c  masses o f  about 0.005 t o  0.008 kg/We and t he  develop- 
ment o f  e l e c t r i c  t h r u s t e r s  us ing r e a d i l y  produced l una r  oxygen. Cu r ren t l y  
the re  are p ro j ec t i ons  and goals f o r  so l a r  a r rays  o f  ach iev ing a  s p e c i f i c  mass 
o f  0.OC33 kg/We and reac to r  power suppl ies  of ach iev ing about 0.01 kg/We o r  
be t t e r .  E f f i c i e n t  oxygen i o n  t h r u s t e r s  a re  specu la t i ve  a t  t h i s  po in t ,  bu t  
oxygen plasma t h rus te r s  appear f eas i b l e  from an e f f i c i e n c y / I s p  p o i n t  o f  view. 

F i n a l l y ,  Mass Payback Rat ios  o f  i n f i n i t y  (no Ear th  suppor t )  can con- 
ceptual  l y  be achieved by e l e c t r i c  propul  s i on  systems us ing lunar  oxygen 
p rope l l an t  and mass d r i v e r s  on t he  Moon t o  e l im ina te  t h e  need f o r  anv t e r r e s t r i a l  
LH2 f o r  a  chemical LTV. This would, however, r equ i r e  a  s i zab le  i n i t i a l  mass 
investment on the  lunar  surface due t o  t h e  l a rge  s i ze  of a  mass d r i ve r .  

However, f o r  a l l  these advantages, t he re  a re  s t i l l  some p o t e n t i a l l y  
ser ious problems associated w i t h  e l e c t r i c  p ropu ls ion  systems. F i r s t ,  as 
tnentioned e a r l i e r ,  t h e  long  t r i p  t imes would probably r e s u l t  i n  t h e  need t o  
e s t a b l i s h  a  l a rge  f l e e t  o f  e l e c t r i c  OTV's. I n  a  d e t a i l e d  cos t  ana lys is ,  i t  
would be necessary t o  t r ade  t he  i n i t i a l  c o s t  o f  many p o t e n t i a l l y  expensive 
e l e c t r i c  OTV's w i t h  h igh  MPBR's t o  t h a t  o f  a  few r e ' i a t i v e l y  inexpensive 
chemical OTV's w i t h  lower MPBR's. I n  any event, some chemical OTV's would be 
needed f o r  p r i o r i t y  missions such as manned r e p a i r  missions. 

It i s  a l so  poss ib le  t o  c a l c u l a t e  an MPBR i n  which t h e  weight o f  t h e  
d e l i v e r y  system (OTV and LTV dry  weights) i s  included. For example, i- an 
OTV/LiV p a i r  can make 10 t r i p s  be fo re  be ing replaced, then one-tenth o; t h e  
OTVILTV dry  weight would be added t o  t he  t e r r e s t r i a l  p rope l l an t  mass i n  t l ,e 
denominator o f  t h e  MPBR expression t o  amort fze t h e  veh i c l e  weights. Such 
ca l cu l a t i ons  a re  considered i n  Sect ion 8. 

A r e l a t e d  quest ion t o  be i ~ v e s t i g a t e d  nex t  year  i s  how t h e  mass o f  
the  d e l i v e r y  system (OTV and LTV) car,-ares t o  t he  t o t a l  mass of l unar  product. 
For example, i f  t h e  r a t e  o f  l u l i a r  '. d e l i v e r y  t o  LEO were lOuu T  +er  year,  
a  s i n g l t  base l ine  chemical OTV/LT\r . i r  weighing 25.8 T ccu ld  e a s i l y  make t h e  
requ i red  d e l i v e r y  schedule s ince they have a  one-week round t r i p  t ime and can 
d e l i v e r  about 40 T  o f  l unar  mate r ia l  per t r i p .  Thus, a chemical d e l i v e r y  system 
would on l y  weigh a  few percent o f  t h e  mass o f  l una r  ma te r i a l  ' d e l i v e r e d . t o  LEO. 
By con t ras t ,  a  d e l i v e r y  ~ y s t e m  us ing an e l e c t r i c  OTV (and chemicdl LTV) capable 
o f  d e l i v e r i n g  around 100 T  o f  l una r  m a t e r i a l  w i t h  a  one-year t r i p  t ime  would 
weigh on t h e  o rder  o f  50 T. It would thus requ i r e  ten  e l e c t r i c  OTV's (and one 
chemical LTV) t o  d e l i v e r  1000 T  per  year  t o  LEO. I n  t h i s  case, t he  mass o f  t he  
d e l i v e r y  system would be o f  t he  same order  as t he  t o t a l  mass o f  l u r ~ a r  ma te r i a l  
de l i ve red  t o  LEO. How these types of cons iderat ions may a f f e c t  t h e  u t i l i z a t i o n  
ar~a lyses i s  b r i e f l y  discussed i n  Sect ion 8 and w i  11 be considered i n  more 
d e t a i l  next  year. 

7-29 



Another quest ion invo lve \  operat ions o f  t he  e l e c t r i c  OTV. A s o l a r  
e l e c t r i c  propuls ion (SEP) system cannot be used f o r  repeated LEO-GEO o r  
LEO-LLO t r i p s  due t o  degradation o f  t he  so la r  c e l l s  by t h e  Van A l l en  r a d i a t i o n  
be l t s .  Also, SEP systems t y p i c a l l y  are used t o  suoply lcwer  power l e v e l s  than 
the  5 t o  10 MWe needed f o r  t h e  OTV's described i n  these analyses. 

Th is  leaves nuc lear  e l e c t r i c  propuls ion (NEP) systems us ing  a 
nuclear r 2ac to r  as t he  power supcly. Space-based nuc lear  reac to r  systems w i t h  
the  requ i red  power l e v e l s  are 1 ' ke ly  t o  be developed f o r  Eq r t h -o rb i t a l  o r  l una r  
f a c i l i t i e s ,  bu t  t he  r o u t i n e  se r v i c i ng  o f  "hot "  NEP OTV's may pose ser ious 
challenges f o r  LEO, GEO o r  LLO q r b + t a l  s ta t ions .  F i n a l l y ,  r ad i a t i on - sens i t i ve  
cargos would r equ i r e  sh ie ld ing ,  al though bulk cargos l i k e  LO2 would no t  
requ i re  extens ive p rc tec t ion .  

Nevertheless, even w i t h  these disadvantages, the  NEP OTV represents 
a r e l a t i v e l y  near-term advanced OTV t h a t  promises except iona l  performance. 
And, l i k e  the  chemical OTV, much o f  t h e  technology base requ i red  f o r  t h i s  
veh ic le  i s  l i k e l y  t o  be developed over t h e  next  20 years t o  support Earth- 
o r b i t  operations. 

7.4 LUNAR MATERIAL TRANSPORTATION USING VEHICLES WITH VERY ADVANCED 
PROPULSION SYSTEMS 

Thus f a r  the  emphasis has been on tiear-term propuls ion systems, i n  
p a r t  because t h e i r  operat iona l  parameters are best known. I n  t h i s  sect ion,  we 
i nves t i ga te  t he  use o f  more fa r - te rm (post-year 2000) propuls ion systems t h a t  
p o t e n t i a l l y  cou ld  be developed f o r  use w i t h  a l una r  ma te r i a l s  program. 
However, unl  i k e  the  p rev ious ly  descr ibed chemicai and e l e c t r i c  propuls ion 
systems, these systems would probably no t  be developed t o  support LEO-to-GEO 
o r b i t a l  operat ions s ince t h e i r  d e v e l o p K t  would e n t a i l  considerable cost ,  
although they might be developed f o r  o ther  reasons (e.g., manned Mars 
missions, etc.). This i n  t u r n  imp l ies  t ha t  these advanced systems must show a 
very h i gh  MPBR since both t h e i r  i n i t i a l  R&D and cons t ruc t ion  cost  would be 
amortized by the  lunar  ma te r i a l s  economy. 

The general approach i s  t he  same as t h a t  used prev ious ly .  A veh i c l e  
o f  g iven weight , Isp , etc., i s  run through the  var ious steps and Ln MPBR 
found. I n  severs1 cases, the  operat ion o f  t he  OTV i s  emphasized s ince the  OTV 
must supply t he  l a r ~ e s t  aV f o r  t he  t o t a l  mission. 

7.4.1 Advanced P r ~ p u l  s i  on Systems f o r  Ear th  Orbi t-to-LLO OTV' s 

Two classes o f  advanced OTV propu ls ion  systems w i l l  be considered 
here. The f i r s t  invo lves nuclear-thermal rocke t  engines i t ,  which nuc lear  
energy i s  used t o  d i r e c t l y  heat a working f l u i d  l i k e  hydrogen. The second i s  
the  uce o f  a so l a r  s a i l  OTV which could achieve an i n f i n i t e  MPBR s i t i i e  i t  
requ i res  no p rope l l an t  f o r  i t s  operat ion.  



7.4.1.1 Nuclear-Thermal Prapul s ion  Systems f o r  OTV's. Table 7-9 1  i s t s  a  -- 
group o f  nuclear-thermal advanced propul  ~ i o n  systems (Ref. 7-5). These 
systems a re  assumed t o  use on ly  Earth-suppl i e d  iH2 o r  nuclear bomblets 
(Orion) as p rope l lan t .  The MPBR's a re  genera l l y  low because they de r i ve  a1 1  
t h e i r  p rope l l an t  from Earth. By con t ras t ,  an Hz102 chemical s  stem on ly  Z requi res one-seventh o f  i t s  p rope l l an t  from the  Earth. Gnly t e  very advanced 
nuclear f i s s i o n  bomblet (Or ion) o r  the  pulsed fus ion  systems can achieve a  
MPBR o f  10 o r  more, and t h i s  i s  on ly  f o r  t he  LEO-to-LLO-to-LEO steps. A 
"black box" LTV was assumed t h a t  used no Ear th  p rope l l an t s  f o r  i t s  operat ion 
ji.e., mass d r i v e r ) .  Needless t o  say, t he  p o l i t i c a l  imp l i ca t i ons  o f  t he  
development and tise o f  an Orion pulsed nuc lear  bomblet system i n  LEO would not 
be t r i v i a l .  Also, one t r i p  by Orion would d e l i v e r  a  12.5-year product ion run 
of lunar  LO2 (6500 T) i f  produced a t  a  r a t e  o f  10 T/week. F i n a l l y ,  t he  
Orion p rope l l an t  cost  would almost c e r t a i n l y  negate the  10- to-1 MPBR advantage. 

A hydrogen fus ion  system could prov ide a  t4PBR o f  over 30, bu t  on ly  
f o r  a  very l a r g e  system. To mainta in  perspect ive,  remember t h a t  a  3800 T  
fus ion  veh ic le  i n  LEO (200 T  d r y  wt . ,  1400 T  LH2, 2200 T  tanker )  would 
requ i re  127 STS launches ( a t  30 T  each) t o  assemble i n  LEO. Fusion systems, 
however, could prove a t t r a c t i v e  f o r  very i a r g e  sca le  operat ions l a t e r  i n  the  
next century. This i s  espec ia l l y  t r u e  s i r ~ c e  fus   on power-plant R&D over t he  
next 20 years cou ld  r e s u l t  i n  technology breakthroughs t h a t  are d i r e c t l y  
app l i cab le  t o  fus ion  propuls ion systems. 

7.4.1.2 Solar  Sa i l  OTV's. Solar s a i l s  have a f t e n  been suggested f o r  use as 
i n t e r o r b i  t and i n t e rp l ane ta r y  propul  s ion systems (Ref. 7-7). Since they use 
on ly  l i g h t  pressure f o r  acce lerat ion,  and no p rope l lan t ,  they have an 
e s s e n t i a l l y  i n f i n i t e  ISp. However, they have a  very low T/W ((10-4) and, 
l i k e  e l e c t r i c  propuls ion systems, r equ i r e  very long  t r i p  times. Solar s a i l s  
should be r e l a t i v e l y  inexpensive t o  produce i n  o r b i t ,  so l a rge  f l e e t s  may no t  
prove t o  be economical l y  una t t r ac t i ve .  

As i n  a l l  these schemes, an LTV would be needed and i f  a  basel ine 
chemical LTV were used, t he  MPBR would be around 11, assuming t h e  use of 
t e r r e s t r i a l  LH2. I f  lunar  hydrogen were ava i lab le ,  o r  an electromagnet ic 
launcher used, t h e  MPBR would be i n f i n i t e .  Also, t he  so la r  s a i l  cannot 
9bsrate below an a l t i t u d e  o f  1000 km due t o  a i r  drag. Thus, a  separate OTV 
would be needed t o  t r a v e l  from LEO (275-km a1 t i tude)  t o  the  so la r  sa i  1  ' s  
lowest o r b i t a l  a l t i t u d e  and back. Because o f  t h i s ,  t he  s a i l  would be more 
su i t ed  t o  GEO-to-LLQ t rans fe rs .  

7.4.2 Lunar Surface t o  LLO Transpor ta t ion Systems Not Requi r ing Hydrogen 

I n  several o f  t he  scenarios discussed p rev ious ly ,  t h e  need f o r  a  
h igh  T/W chemical LTV placed ser ious cons t ra i n t s  on t he  o v e r a l l  t r anspo r t a t i on  
system MPBR due t o  t he  need f o r  Ear th-suppl ied LH2. One way t o  increase the  
MPBR i s  t o  assume the  discovery o f  l unar  hydrogen. Assuming t h i s  i s  n o t  
poss ib le ,  t h e  two systems descr ibed below could  be used t o  e l im ina te  t he  need 
f o r  any t e r r e s t r i a l  LH2 by the  LTV. 
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7.4.2.1 Nuclear-Thermal Rocket Using Lunar LO2. One poss ib l e  near- term 

LTV us ing no tarth-suppifea-'1H2 would be a n u c E r  thermal rocke t  (NRP) 
us i ng  02, ins tead  o f  t h e  more usual Hz, as t he  working f l u i d .  I f  we 
assume chemical OTV de;ivery t o  LEO, t he  LTV would need t o  p lace 94.8 T LO2 
i n  LLO f o r  t he  OTV (44.3 T f o r  OTV propu ls ion  and 50.5 T f o r  ne t  payload a t  
LEO). To do t h i s  an NRP-LTV would be needed w i t h  a d ry  weight o f  79.0 T, 
us ing  f i v e  NERVA engines (10.4 T weight,  333kN t h r u s t ) ,  and a LO2 tankage 
equal t o  5% o f  t h e  t o t a l  LO2 weight. F i ve  engines a re  needed t o  g i ve  an 
adequate l i f t o f f  th rus t - to -we igh t  (0.27). Assuming an IsF = 200 s f o r  02 
(corresponding t o  an ISp around 800 s f o r  Hz), t h e  following r e s u l t s  a re  
obtained: 

OTV LO2 44.3 T 8.2075 

NRP LO2 445.0 T 82.438% 

Net LEO Payload LO2 50.5 T 9.355% 

Tota l  LO2 539.8 T 100.000% 

Thus, t h e  LO2-NRP-LTV alonc would consume over 80% o f  a l l  the  LO2 produced 
(and the  chemical OTV anc'her l o%) ,  l eav i ng  less  than 10% o f  t he  t o t a l  LU2 
f o r  d e l i v e r y  as payload. F i n a l l y ,  t h i s  LTV would s t i l l  g i v e  an MPBR o f  about 
7 when coupled w i t h  a basel ine chemical OTV us in? t e r r e s t r i a l  LH2 and lunar  
L02. An e l e c t r i c  OTV and NRP-LTV bo th  us ing  02 could  g i ve  an i n f i n i t e  
MPBR, al though t he  b e n e f i t  o f  such a scheme would depend on t h e  d i f f i c u l t y  
(cos t ,  etc.)  o f  producing 02. 

7.4.2.2 Eiectromagnet ic Launchers (Mass D r i v e r  o r  R a i l  Gun). E l ec t r o -  
magnetic launchers (mass d r i v e r  o r  r a i l  gun) can rep lace t h e  $ lo2 Lunar 
Transfer Vehic le  (LTV) assumed i n  t h e  prev ious t r anspo r t a t i on  scenarios. 
Electromagnet ic launcherr and lunar  oxygen e l e c t r i c  p ropu ls ion  systems can 
conceptua l ly  comprise a t r anspo r t a t i on  system which would r e q u i r e  IILJ Ear th  
resources and there fo re  would have an i n f i n i t e  MPBR. Th is  sec t ion  conta ins 
t he  r e s u l t s  o f  est imates o f  t he  mass and power requirements o f  a lunar-based 
electromagnet ic l3uncher. 

Note t h a t  e lectromagnet ic launchers are l a rgz  and r a t h e r  complex 
systems t h a t  would r c q u i r e  considerable impor t  o f  terrestrial ma te r i a l s  
(electromagnets, power product ion and storage systems, etc.) .  I n  p r i n c i p l e ,  a 
lunar  launcher cou ld  be made from a l l - l u n a r  mate r ia l s ,  a l though t h i s  would 
requi  r e  a h i g h l y  sophi s t  i ca ted  lunar  f ac to r y  t o  produce t h e  h i  gh-technology 
components o f  t h e  launcher. A more promis:og approach would be t o  use lunar  
ma te r i a l s  f o r  t he  l ess  technology- in tens ive components so as t o  reduce t he  
mass o f  t e r r e s t r i a l  imports required. 

A r a i l  gun o r  mscs d r i v e r  could conceptua l ly  launch lunar  mass i n t o  
a t r a j e c t o r y  t h a t  would i n t e r c e p t  LEO, GEO, o r  LLO. A t  each o f  these l oca t i ons  
a mass "catcher"  i s  required. This ana lys is  assumes t h c t  t h e  lunar  mass i s  
launched i n t o  LLO where i t  accumulates u n t i l  an OTV t r anspo r t s  i t  t o  t h e  user 
locat ion.  The assumed requirements on t he  launcher are; 1)  a 10 kg payload, 
2) 2000 mlsec e x i t  ve l oc i t y ,  and 3) 1000 "g" constant launch acce lerat ion.  



The independent va r i ab l e  i s  tt, i .e. average launch r 3 t e  i n  k y j s  o r  T l y r .  The 
requ i red  average power i s :  

where n i s  the  t o t a l  e f f i c i e n c y  o f  the  launcher. F igure 7-4 shows t h i s  
average power versus launch ra te .  The bounds on t he  power a re  a  h igh  
e f f i c i e n c y  o f  96% c h a r a c t e r i s t i c  o f  a  mass d r i v e r  and a  lower e f f i c i e n c y  of 
60% c h a r a c t e r i s t i c  o f  a  r a i l  gun, al though r a i l  gun e f f i c i e n c i e s  have been 
p ro jec ted  t o  be over 90%. The upper bound on ;auncher mass i s  a  mass M v e r  
system as character ized by O ' N e i l l  e t  a l .  (Ref. 7-8). The lower bound (a 
fac to r  of 2 lower) i s  the  r a i l  gun est imated mass. Both are a  weak funct ion 
o f  fi u n t i l  fi i s  about 10,000 T l y r .  The mass d r i v e r  i s  more compl iczted than 
the  r a i l  gun, needing a  soph is t i ca ted  "bucket" f o r  t he  payload and a  
dece le ra t ion  reg ion f o r  bucket r e t r i e v a l .  Because o f  t h i s  dece le ra t ion  region, 
the  mass d r i v e r  i s  about 350 m i n  leng th  wh i l e  the  r a i l  gun i s  o ? l y  200 m. 

A h igh  capac i ty  energy storage system would be needed t o  accumulate 
energy between launches. For a  de l i ve r y  r a t e  o f  about 10 T  o f  l una r  ma te r i a l  
per week (500 T l y r )  , the  average power would be around 40 kWe, w i t h  a  launch 
r a t e  o f  about m e  launch every 10.5 minutes. 

Such a  system could on ly  be used f o r  i n s e n s i t i v e  bu lk  cargos due t~ 
the  h igh acce lerat ion.  Low "g" systems a re  p r o h i b i t i v e l y  large. ?or  example, 
a 10 "g" launcher designed t o  launch 1 T  payloads t o  LLO would be about 20 km 
i n  leng th  and have a  mass i n  the  50,000 t o  100,000 T  range. F i n a l l y ,  some 
s o r t  o f  l unar  lander would s t i l l  be requi red t o  rc,urn empty LO2 tanks, 
suppl ies,  e tc .  t o  the lunar  surface. 

One novel approach f o r  using electromagnet ic launchers f o r  CTV 
propuls ion would be t o  f i r e  dust p e l l e t s  from the  lunar  surface so as t o  
impact the  LTV (Ref. 7-9). The momentum o f  the  dust would be t r ans fe r red  t o  
the  LTV ( through a shock absorber p l a t e  o r  s i m i l a r  scheme) anii t he  dust would 
then f a l l  back t o  the lunar  surface. This could be used f o r  land ing o r  
t a k e o f f  w i t h  on ly  a  small chemica't engine needed on the  LTV f o r  f i n d l  o r b i t a l  
i n s e r t i o c  (and emergency back-up i n  case o f  lunar  launcher f a i  l u r e ) .  However, 
the  peak power requi red would be very h igh  f o r  launchins l a rgz  L T V k  (around 
1OOO MW f o r  the  chemical LTV described p rev ious ly )  and so t h i s  method might be 
r e s t r i c t e d  t o  land ing small payloads on t he  lunar  surface. This does show, 
however, t he  types o f  novel appl i i a t i o n s  t h a t  might be used on t h e  Moon, 
as te ro ids  (Ref. 7-10), o r  o ther  a i r l e s s  bodies w i l h  low o r b i t a l  o r  escape 
Liv1s. 
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7.5 ASTEROID MATERIAL rRANSPORTATION USING VEHICLES WITH 
CHEMICAL PROPULSION SYSTEMS 

This sect ion describes a b r i e f  parametric analys is  o f  the Mass 
P~vback Rat io  (MPBR) f o r  r e tu rn  o f  as te ro id  mater ia l  t o  LEO. As i n  previous 
analyses we have assumed the use o f  a basel ine Hz102 chemical p rope l lan t  
O rb i t  Transfer Vehicle (C-. 'Y) .  The engines operate a t  an O/F = 6 d r ~ d  have an 
I = 460 s; the OTV dry  weight i s  5.8 T and has a p rope l lan t  ca a c i t y  of ! 33!5 T. Attached t o  the  OTV i s  a Tanker-Cargo U n i t  and (opt iona l y )  a 
"Factory" u n i t  which could be used t o  process the  as te ro id  mater ia l  a t  t h e  
asteroid.  I n  t h i s  scenario, the  OTV leaves LEO w i t h  the  tanker con ta in ing  4.6 
T o f  LHz p rope l lan t  f o r  t he  r e t u r n  t r i p .  The OTV a r r i v e s  a t  t he  as te ro id  
and then re fue l s  w i t h  LO2 (from e lec t ro lyzed  as te ro id  s o i l  ). Addi t ional  LO2 
i s  lcaded i n t o  t i c  tanker f o r  use as OTV prope l lan t  f o r  the next LEO-to-asteroid 
t r i p  tnd s t i l l  il .:\e LO2 o r  o ther  mater ia l  loaded f o r  use back i n  LEO. 
F ina l  r j ,  the OTk re tu rns  t o  LEO. 

The t o t a l  Earth-suppl ied mass requi red f o r  a running system (OTV 
;rid Tanker already i n  LEO) ;; thus the  LH2 requi red f o r  the  two steps. AS 
an opt ion, a "Factory" u n i t  o r  consumables could be c a r r i e d  from LEO t o  t h e  
asf,eroid and l e f t  a t  the  aster iod.  For convenience i n  sca l ing  t he  system, 
various "Factory" weights were considered corresponding t o  a given percent of  
the t o t a l  LO2 product ion weight. An amortized MPBR can be found f o r  
comparing "Nu t r i p s  w i t h  a "Factory" over "M" t r i p s  wi thout  a "Factory" by: 

N(MPBR w i t h  "Factory")  + M(MPBR w i  thot l t  "Factory")  
Amortized MPBR = (N  + M) Tota l  T r ips  (7-14) 

The r e s u l t s  o f  t h i s  analysis,  f o r  var ious "Factory" weights and 
LEO-to-asteroid aV1s are shown i n  F igure 7-5. I n  the  f igu re ,  a "zero-weight" 
vehic le  l i m i t  i s  shown which would approximate a l a rge  system w i t h  a d ry  weight 
t h a t  i s  small compared t o  the payload weights. Since candidate astero ids have 
widely vary ing A V ' S ,  a range o f  A V ' S  i s  given i n  the  f i g u r e  w i t h  spec i f i c  
t a rge t s  indicated. For s i m p l i c i t y ,  we have assumed equal A V ' S  fo r  the  
zvtbound and re tu rn  legs o f  the  t r i p ,  w i t h  aerobraking being used t o  lower t he  
return-to-LEO aV by 2.3 km/s. I n  fac t ,  aerobraking might remove even more 
o f  the t o t a l  A V  s ince t he  l a rges t  p a r t  o f  the AV i s  requi red f o r  Earth- 
o r b i t  i n s e r t i o n  and on ly  a small A V  i s  needed f o r  escape from an as- tero id  
1 i k e  1982 DB (0.2 km/s). The low AV needed f o r  escape would a l so  m a h  
poss ib le  the  use o f  e l e c t r i c  launch systems, l i k e  r o t a r y  launchers (Ref. 7-15), 
r a i l  guns, o r  mass d r i ve rs ,  t h a t  could be used t o  i n j e c t  as te ro id  mater ia l  
i n t o  Ear th - in te rcep t ing  t r a j e c t o r i e s .  Thus, once escape from the  as te ro id  had 
been achieved, no add i t i ona l  propuls ion would be requi red f o r  r e t u r n  t o  t h e  
Ear th 's  surface. However, f o r  a r ou t i ne  space resource operat ion, i n  which 
as te ro id  mater ia ls  and vehic les re tu rn  t o  LEO, there  may s t i l l  be a l a rge  AV 
on i -eturn t o  Ear th  o r b i t  t h a t  i s  not removed by aerobraking. 



I n  add i t ion ,  t he re  i s  the  advantage o f  s tag ing i n  lunar  o r b i t  and 
us ing a separate Lurlar Transfer Vehicle (LTV) f o r  t he  l una r  landing, as was 
done i n  the  Apol lo program. This seems t o  s t r ong l y  favor  lunar  mater ia l  
r e tu rn  f o r  a1 1 but  poss ib le  Earth-Trojan astero ids (L4, L5). Add i t i ona l l y  , 
the  Moon i s  c loser  f o r  eas ier  te leopera t ion  and shor te r  t r i p  times, and a l so  
i s  b e t t e r  known. Thus i t  s t i l l  appears t h a t  the  Moon i s  the  most promising 
candidate f o r  e \ .p lo i ta t ion,  a t  l e a s t  i n  terms o f  t h e  MPBR. However, valuable 
resources on t i l e  as te ro ids  Hz0 o r  H z  f o r  propulsion, etc.), advances i n  
aerobrak ing techniques ( t o  \ ower the  propuls ive p a r t  o f  t h e  asteroid-to-LEO 
nu), o r  tbi. tise o f  asteroid-based e l e c t r i c  launchers ( r o t a r y  launchers, 
etc.) ~ o ' r l d  s t i l l  make astero ids a des i rab le  source o f  mater ia l .  

7.6 TECHNOLOGY STATUS AND PROJECTIONS 

I n  general, these analyses have concentrated on near-term (pre-year 
2000) chemical and e l e c t r i c  propuls ion systems. This has enabled us t o  
ca l cu la te  Mass Payback Rat ios f o r  t r anspo r ta t i on  systems o f  we1 1 -known 
cha rac te r i s t i c s  ISp, dry  weight, spec i f i c  mass a, etc.). This has a l so  
resu l ted  i n  h igh I y conservat ive estimates of t he  MPBR, since more advanced 
systems would have o e t t e r  performance and thus y i e l d  h igher  MPBR's. By us ing  
propuls ion systems and vehic les t y p i c a l  o f  LEO-to-GEO OTV's o f  the next 10 t o  
20 years, we 3ave estab l ished a se t  o f  minimum MPBR's t h a t  could be obtained 
us ing common and inexpensive vehicles f o r  r e t u r n  o f  e x t r a t e r r e s t r i a l  mate r ia l  
t o  Earth o r b i t .  

Thus, H2/0 chemical engines w i t h  O/F = 6 and ISp = 460 s, o r  ii Ar nuclear e l e c t r i c  ( EP) systems w i t h  50 t o  100 cm th rus te r s  can be expected 
t o  represent s ta te-of - the-ar t  sate1 1 i t e  OTV propuls ion by t h e  mid-1990's. 
Several poss ib le  techno1 ogy advances could y i e l d  improvements i n  MPBR, e i t h e r  
by increas ing Isp, decreasin stage d ry  weights (and e l e c t r i c  propuls ion 
power system speci f i c  masses!, by increased use o f  e x t r a t e r r e s t r i a l  
pro e l l an t s ,  o r  by use of  o ther  propuls ion systems (mass d r i ve rs ,  P nuc ear-thermal engines, etc.). 

Some o f  these po ten t i a l  advances are described below, w i t h  t he  MPBR 
again taken t o  be the  f igure-of -mer i t .  However, i t  should be remembered t h a t  
many of these areas would need d i r e c t  support from a l una r  mater ia l  program. 
Thus, s i g n i f i c a n t l y  h igher  MPBR's would be ceeded so as t o  amortize R&D costs  
o f  these advanced systems, as compared t o  the  near-term OTV's, which are l i k e l y  
t o  be developed f o r  LEO-to-GEO use. 
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7.6.1 Chemical Propuls ion 

The prev ious analyses of l unar  ma te r i a l  r e t u r n  t o  LEO o r  GEO have 
used a s p e c i f i c  base l ine  p a i r  o f  veh ic les :  a  9.3 T OTV and Tanker, and a 16.5 
T LTV and Tanker. The OTV represented a s p e c i f i c  p o i n t  design w i t h  a  LHz/LUz 
p rope l l an t  capac i ty  o f  32.5 T. Th is  p rope l l an t  capac i t y  e s s e n t i a l l y  s i zed  t h e  
LTV, s ince i t  was a s t re tched  OTV w i t h  e x t r a  engines and land ing  gear. Since 
advances i n  stage, tanker,  and engine weights and performances may be 
s i g n i f i c a n t  over t he  next 20 t o  30 years, a  study was conducted t o  determine 
the  e f f e c t s  on t h e  Mass Payback Ra t i o  f o r  var ious veh i c l e  weights and f o r  
var ious engine Isp and O/F values. For example, a  very l a rge  o r  l i g h t w e i g h t  
veh i c l e  wocld have approximately zero weight, compared t o  t he  mass o f  payload 
and p rope l lan t .  Add i t i ona l l y ,  increases i n  engine Isp o r  O/F can bo th  
increase t he  payload capac i ty  and decrease t h e  amount o f  Ear th-suppl ied 
hydrogen required, thus inc reas ing  the  MPBR. 

As i n  prev icus work, t h e  OTV i s  1  i m i t e d  t o  a  maximum o f  32.5 T o f  
p rope l l an t  f o r  t he  LEO-to-LLO, LLO-to-LEO, LLO-to-GEO-to-LEO, LEO-to-GEO, and 
GEO-to-LEO steps. Again, t h i s  s i zes  t h e  r e s t  o f  t h e  system i n  terms of 
p rope l l an t  and payload values. The r e s u l t s  shown below can be used f o r  o ther  
OTV choices by appropr ia te  sca l ing.  For  example, i f  an OTV (and Tanker) had a 
d ry  weight o f  5.0 T and a prsopel lant  capac i t y  o f  20.0 T, then t h e  OTV (and 
Tanker) d r y  weight would be scaled t o  5.0 * (32.5120.0) = 8.125 T. The 5.0 
T120.0 T OTV would a c t  l i k e  a  8.125 T132.5 T OTV i n  these analyses. The 
weight o f  t he  LTV (and Tanker) cou ld  then be var ied  t o  ob ta i n  a  f e e l  f o r  t h e  
e f f e c t  o f  LTV weight on system performance. 

As before, t h e  f i gu re -o f -me r i t  f o r  these analyses i s  t h e  MPBR. 
Th is  i s  def ined as t he  ne t  mass o f  l unar  ma te r i a l  (assumed t o  be LO2) 
de l i ve red  t o  LEO ( o r  GEO), d i v i ded  by t h e  mass o f  Earth-suppl i e d  LH2 
de l i ve red  t o  LEO by t he  STS t h a t  i s  requ i red  t o  f u e l  t h e  system. For LEO 
de l i ve r i es ,  l una r  LO2 i s  provided f o r  the  OTV LEO-to-LLO step, whereas f o r  
GEO de l i ve r y ,  t h e  STS must supply Ear th  LH2 and LO2 since t he  OTV re tu rns  
d ry  t o  LEO a f t e r  a  GEO de l i ve ry .  I n  ac tua l  operat ion,  i t  would be poss ib l e  t o  
use lunar  LO2 separate ly  de l i ve red  d i r e c t l y  t o  LEO t o  f ue l  t ne  d ry  
GEO-delivery OTV f o r  i t s  t r i p  t o  LLO. For t he  heav iest  systems, t he  OTV 
cannot ca r r y  enough t e r r e s t r i a l  LH2 t o  LLO f c r  a l l  t h e  veh ic les ,  so some 
lunar  LH2 would a lso  be required, al though t h e  i n t e n t  here has been t o  
minimize o r  e l im ina te  t he  need f o r  any lunar  LH2. 

A se r ies  o f  parametr ic analyses were performed t o  examine t h e  
s e n s i t i v i t y  o f  t he  MPBR t o  the  base l ine  parameters ( v e h i c l e  d ry  weight, Isp, 
O/F) used above. These r e s u l t s  a re  shown i n  F igures 7-6 t o  7-15. I n  general, 
changes i n  veh i c l e  weight, engine Isp, and h igh  O/F w i  11 a1 1 be requ i red  f o r  
major v a r i a t i o n s  i n  MPBR. Each f i g u r e  w i l l  be discussed i n  d e t a i l  below. 



7.6.1.1 Var ia t ions  i n  Vehic le Dry Weight. F igure 7-6 represents the  r e s u l t s  
f o r  r e t u r n  o f  l una r  mate r ia l  (LO2) t o  LEO us ing  a Is = 460 s, O/F = 6 
engine on an OTV and LTV o f  var ious d ry  weights. ~aeimum MPBR w i t h  l i m i t i n g  
"zero-weight" veh ic les  i s  about 4.5 as- compared t o  a  MPBR of about 2.2 f o r  OTV 
and LTV weights (10 T and 16 T, r e ~ p e c t i v e l ~ ~ )  represen ta t i ve  o f  t h e  base1 i n e  
vehic les.  The l a rges t  e f fec t  i s  due t o  changes i n  t he  OTV dry  weight, s ince 
i t  i s  t h i s  veh ic le  which undergoes t he  l a rges t  A V ' S .  With cu r ren t  engine 
technology, i t  w i l l  be d i f f i c u l t  t o  get a  MPBR grea te r  than about 4  f o r  LEO 
de l i ve ry .  

F igure 7-7 i s  s i m i l a r  t o  F igure 7-6 and shows the  MPBR f o r  GEO 
del  i v e r y  o f  l una r  mate r ia l .  The zero-weight veh i c l e  MPBR f o r  basel ine engines 
i s  about 2.5; however, t h i s  should be compared t o  a  MPBR o f  on ly  about 0.3 t o  
0.4 f o r  zero-weight veh i c l e  d i r e c t  d e l i v e r y  o f  t e r r e s t r i a l  mate r ia l  t o  GEO 
(us ing a LEO-based OTV). Thus, the  e f f e c t i v e  r a t i o  i s  MPBR (Lunar)/MR 
( D i r e c t )  = (-2.5)/(-0.3) = -8. For the  basel ine weight vehic les,  t h e  
r a t i o  i s  about (1)/( .2)  f o r  a  f i v e f o l d  increase i n  mass compared t o  d i r e c t  
Earth-supply 0:' mate r ia l  t o  GEO. 

7.6.1.2 Var ia t ions  i r f  Lunar Landing and Takeoff L V .  Figure 7-8 shows t he  
e f f e c t  o f  l unar  land ing and t a k e o f f  on MPBR. A 460-s, 6 : l  engine i s  again 
used on a zero-weight o r  basel ine 16-T LTV and an OTV o f  var ious weights. 
Takeoff and land ing aV's o f  1.6 km/s have been used i n  a l l  of t he  o ther  
analyses, al though the  Apol lo  Lunar Module had land ing  A V ' S  o f  up t o  2.1 
km/s. This f i gu re  shows the  e f f e c t  on MPBR when us ing  a 2.1 km/s land ing  and 
1.8 km/s takeo f f  aV. The changes i n  MPBR as compared t o  the  minimal 1.6 
km/s case are f a i r l y  small f o r  these l a rge  changes i n  t he  l una r  hV1s. I n  
perspect ive,  i t  should be noted t h a t  the  Apol lo  land ings represented f i r s t -  
t ime landings w i t h  considerable o r b i t a l  u n c e r t a i n t l y  (e.g., mascons) coupled 
w i t h  human i n t e r ven t i on  t o  p i ck  a  des i rab le  land ing  p o i n t  (no boulders, 
c ra te rs ,  etc.). By con t ras t ,  an operat iona l  LTV land ing  would be made (by 
computer c o n t r o l )  t o  a  wel l -es tab l ished,  well-known land ing  pad. Any mascons 
o r  o ther  anomalies would have been p rev ious ly  discovered and mapped, and a 
minimum aV t r a j e c t o r y  establ ished. For t h i s  reason, t h e  1.6 km/s A V ' S  f o r  
the  LTV land ing and takeof f  w i l l  cont inue t o  be used. 

7.6.1.3 Var ia t ions  i n  D i r e c t  De l i ve r y  OTV Dry Weight and Isp. F igures 7-9 
and 7-10 i n d i c a t e  t he  performance o f  an OTV f o r  d i r e c t  d e l i v e r y  t o  GEO. There 
i s  a  Mass Rat io  performance penal ty  i n  us ing  a reuseable OTV as shown i n  
F igure 7-9. This i s  countered by t he  up- f ron t  cos t  o f  a  disposable OTV. 
S im i l a r l y ,  t h e  increases i n  MPBR us ing h i gh  Is (>480 s )  engines shown i n  
F igure 7-10 might be countered by the  h igh  devglopment cost  requ i red  f o r  these 
engines. F i n a l l y ,  any r ound t r i p  GEO d e l i v e r y  i s  q u i t e  s e n s i t i v e  t o  t h e  OTV 
dry  weight, s ince t he  GEO-to-LEO step invo lves  a  s i zab le  AV even w i t h  
aerobraking (2.0 km/s). 
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7.6.1.4 Variat ions i n  I,, and O/F. Figures 7-11 and 7-12 show, f o r  LEO and 
=I' 

GEO del ivery, the e f f e c t s  o f  engine IS and O/F on the MPBR f o r  two sets o t  
OTV and LTV dry weights. A zero-weigh! OTV and LTV, and a base1 i ne  10-T/lb-T 
OTV/LTV are again used. MPBR's f o r  both LEO and f o r  GEO de l i ve ry  of lunar  
mater ia l  show s i g n i f i c a n t  increases w i t h  Isp and O/F. Any increase i n  Isp 
resu l t s  i n  the  need fo r  less propel lant.  An increase i n  O/F decreases the  
amount o f  LH2 supplied from the Earth, thus increasing the MPBR. However, 
t h i s  does requi re more lunar LO so t h a t  the  add i t iona l  machinery required t o  
produce t h i s  addit ion21 LO2 w i l  f have an e f f e c t  on es tab l ish ing  an optimum f o r  
the t o t a l  system. F ina l l y ,  rea l  engines have a d e f i n i t e  t rade-o f f  between ISp 
and O/F as described below so t h a t  i t  i s  no t  possib le t o  f r e e l y  vary Isp and 
O/F . 

7.6.1.5 RLlO-I1 Engine Isp and O/F. Figure 7-13 shows the va r ia t i on  i n  

IS,, w i t h  O / r  for an RLlO-I1 Centaur engine. Above an O/F o f  about 5.5, an 
increase i n  O/F (which increases MPBR) resu l t s  i n  a decrease i n  Isp (which 
decreases MPBR). Thus there i s  a competit ion between these two factors,  as 
shown i n  the next two f igures. 

7.6.1.6 Variat ions i n  I and O/F Using an RL10-I1 Engine. Figures 7-14 and 
SP 

7-15 show, f o r  LEO and GEO del ivery,  the e f f e c t  o f  actual  engine performance on 
the MPBR. As before, a set o f  i i m i t i n g  zero-weight ard b a s e l ~ r ~ e  10-T/16-T 
OTV/LTV vehicles are used, w i t h  the  actual RL10-I I engine Isp f o r  a given O/F 
used. For the baseline weight vehicles, there i s  a broad maximum near the 
sto ich iometr ic  water O/F o f  8. For zero-weight vehicles, there i s  a strong 
maximum a t  higher O/F values. Engines designed t o  use LH2 and LO2 derived 
from water e l e c t r o l y s i s  (O/F = 8) i n  LEO w i l l  probably be developed independently 
o f  a lunar mater ia ls  p,-ogram. Such engines could be used t o  improve lunar 
mater ia l  del ivery,  although the s l i g h t  improvement i n  MPBR may not  j u s t i f y  
t h e i r  development costs f o r  t h i s  program alone. Nevertheless, these O/F = 8 
engines could be usGd as- is  on the  OTV and LTV, w i t h  the p o s s i b i l i t y  o f  
eventual ly using LH2 and LO2 derived from e l e c t r o l y s i s  o f  lunar water-ice, 
thereby e l im ina t ing  the need f o r  any LH2 from Earth. 

7.6.1.7 Sumary. From these analyses, i t  appears t h a t  a s t rong d r i v e  t o  
decrease vehic le weights may not be warranted, since MPBR i s  f a i r l y  insen- 
s i t i v e  t o  the OTY and LTV vehic le weights f o r  the  s ize  o f  vehicles used i n  t h i s  
study. For example, a given percent decrease i n  OTV and LTV weights w i  11 
procdce a roughly equal percent increase i n  MPBR, using the basel ine 10-T/16-T 
OTV/LTV p a i r  as a base case as shown i n  Table 7-10. However, decreasing the 
weight of reuseable vehicles l i k e  these w i l l  be d i f f i c u l t .  By contrast,  there 
appears t o  be more promise i n  pursuing increases i n  engine ISp by using 
advanced H2/02 engines. As shown i n  Table 7-10, a 4% increase i n  Is 
from 460 t o  480 s, t y p i c a l  o f  predic ted performance f o r  advanced ~ ~ / b ~  
engines (Refs. 7-2 and 7-3), can produce a 16 t o  19% increase i n  MPBR. By the 
year 2000, 500 s Is engines should be ava i lab le  (Refs. 7-2 and 7-3j, whSch 
could increase the RPBR by over 30% compared t o  near-term 460 s Isp engines. 
However, the economic t radeof fs  between increased ISp and increased engine 
cost are not always c lear ;  current  LEO-to-GE9 OTV studies tend t o  favor 
low-cost near-term 460 s I engines, although t h e i r  conclusions are somewhat 
mission-model dependent. i s t e  tha t  mission models and cost assuri~ptions may 



Table 7-10. Technology Trades f o r  Lunar Ma te r i a l  Transpor ta t ion 
Using Chemical Propulsion ( A l l  weights i n  me t r i c  tons: 
T = 1000 kg) 

Lunar Ma te r i a l  
De l i ve red  To: LEO GEO Comnen t s 

OTV Dry W t .  (T) 10 8 6 10 8 6 Decrease Vehicle Dry W t .  

LTV Dry W t .  (T) 16 12 8 16 12 8 Isp = 460 s, O/F = 6 

% Decrease i n  -- 20% 40% - - 20% 40% 
OTV Dry W t .  

% Decrease i n  -- 25% 50% - - 25% 50% 
LTV Dry W t .  

MPBR 2.176 2.590 3.054 0.956 1.184 1.456 

% Increase - - 19% 40% - - 24% 52% 
i n  MPBR 

Engine Isp ( s )  460 480 500 460 480 500 Increase Engine Isp 

% Increase i n  -- 4.35% 8.70% -- 4.35% 8.70% (OIF = 6) 
Engine ISp 

OTV Dry W t .  = 10 T 
MPBR 2.176 2.586 2.996 0.956 1.106 1.265 LTV Dry W t .  = 16 T 

% Increase - - 19% 38% - - 16% 32% 
i n  MPBR 

change s i g n i f i c a n t l y  over the  next 20 years, so i t  i s  no t  poss ib l e  a t  t h i s  
t ime t o  p r e d i c t  which approach i s  t h e  b e t t e r  i n  terms o f  o v e r a l l  cost.  
F i n a l l y ,  ad jus t i ng  the ox id i ze r - t o - f ue l  r a t i o  t o  h igher  O/F values does no t  
appear worthwhi le s ince  t he  MPBR ga in  i s  small f o r  r e a l i s t i c  veh i c l e  weights. 
Add i t i ona l l y ,  operat ion o f  a i  engine under leaner than usual cond i t ions  would 
r e s u l t  i n  h igher  than normal combustion temperatures and thus a sho r te r  
se rv ice  1 i fe. 

Thus t h s e  are a number o f  technology improvements t h a t  can increase 
t h e  MPBR by r e l a t i v e l y  small fac tors  which can be important,  bu t  no t  dramatic, 
f o r  chemical engines const ra ined t o  operate on t e r r e s t r i a l  LH2 and lunar  L02. 
By contrast ,  if lunar  LH2 i s  ava i lab le ,  these engines can r e a d i l y  operate on 
a l l - e x t r a t e r r e s t r i a l  p rope l lan ts  t o  g ive  i n f i n i t e  MPBR's, and do so f o r  a low 
i n i t i a l  cost. F i n a l l y ,  h igh  T/W chemical vehic les w i l l  always be needed f o r  
h i gh  p r i o r i t y ,  h i gh  cargo value missions, such as manned missions, where f a s t  
t r i p  times, low r a d i a t i o n  doses, o r  man-rated p ropu ls ion  systems are  required. 



7.6.2 E l e c t r i c  Propuls ion 

The s t a t e  o f  the  a r t  f o r  pr imary e l e c t r i c  p ropu ls ion  i n  t h e  U.S. i s  
represented by t h e  J -se r ies  30-cm mercury i o n  t h rus te r ,  i t s  func t iona l  model 
power processor, and t he  d e t a i l e d  designs f o r  an i n t eg ra ted  t o t a l  p ropu ls ion  
subsystecl~ (Refs. 7-11 and 7-12). However, t h i s  p ropu ls ion  system i s  no t  
f l i g h t  q a l i f i e d .  I n  t h e  l a t e  1960's e lect ro thermal  t h r u s t e r s  ( r e s i s t o j e t s  
and ?rc,i:,ts) were nea r l y  a t  t he  same technology readiness l e v e l  as t h e  
J-s,.ri:>! system but t h a t  l e v e l  has no t  been maintained. Electromagnet ic 
thr ,  ~ s t t  s  ( p r ima r i  l y  t h e  magnetoplasmadynamic, MPD) a re  i n  t h e  research 
phase. Pro jec t ions  f o r  the  p o t e n t i a l  performance o f  f u t u r e  t h r u s t e r  systems 
a re  speculat ive,  bu t  a re  ava i lab le .  Performance parameters inc lude :  
eff icien+:y, l i f e t i m e ,  power per t h rus te r ,  s p e c i f i c  ircpulse range, p rope l lan ts ,  
and syst tm s p e c i f i c  mass. Only e lec t ro therma l ,  i o n  and MPD technolog ies w i l l  
be consif:ered f u r t he r .  E lect ro thermal  t h r u s t e r s  operate best on NH3 and 
Hz. I on  engines a re  developed f o r  mercury and a r e  be ing  developed f o r  A r  
and Xe, MPD t h r u s t e r s  can probably operate w e l l  on the  widest s e l e c t i o n  of 
pr-ope1 ;a t s .  Note t h a t  oxygen e lec t ro therma l  and i o n  t h r u s t e r s  a r e  no t  
p r , l c t i c a ;  , whereas oxygen and hydrogen can best be u t i l  i zed  as propel  l a n t s  i n  
MPL th rus te rs .  Thus, MPD t h r u s t e r s  cou ld  use Ear th-suppl ied H2 o r  l una r  
02 ; ' sp rope l lan t .  E lect ro thermal  t h r u s t e r s  a re  l i m i t e d  t o  s p e c i f i c  impulses 
below abc~lrt 2000 s. Ion engines can p o t e n t i a l l y  operate on Xe a t  I s p a s  o f  
1000 s  t o  10,000 s  and more us ing argon w i t h  mercury i o n  t h r u s t e r s  genera l l y  
f a l l i n g  i n  between. MPD t h r u s t e r s  can operate a t  low s p e c i f i c  impulses around 
2000 s bsing Ar and a t  10,000 s  o r  above us ing  H2. F igu re  7-16 presents 
p r o j e r t i o n s  f o r  system e f f i c i e n c y  ( i n c l u d i n g  power processing) versus ISp 
f o r  several  p o t e n t i a l  t h r u s t e r  technologies.  Data a re  a l s o  g iven f o r  t h e  
J -se r ies  s o l a r  e l e c t r i c  p ropu ls ion  system (SEPS) technology a t  an IS of 
3000 r and a  curve fo r  t he  e f f i c i ency  o f  e lec t ro therma l  devices f o r  PSpls 
betwee.) 800 and 2900 s  (Ref. 7-13). Note t h a t  t h r u s t e r  s i z e  and power l e v e l s  
vary w . t h  the  s p e c i f i c  impulse i n  F igure 7-16. MPD t h r u s t e r s  operated on Hg 
and Xe W O I J ~ L ~  be expec'ed t o  show s i m i l a r  improvements over  opera t ion  on A r  as 
do t he  i o n  engines, F igure 7-17 presents the  p ropu ls ion  system s p e c i f i c  mass 
as a  f unc t i on  of s p e c i f i c  impulse (Ref. 7-13). I n  F igure  7-17, p ro j ec t i ons  
f o r  a  pulsed MPD system are shown; f o r  comparison, a  s teady-s ta te  MPD t h r u s t e r  
system might have a  spec i f i c  mass of 1 t o  4 kg/kW. F i gu re  7-18 presents t he  
p o t e n t i a l  l e v e l s  o f  power per t h r u s t e r  f o r  the  th ree  gener ic technologies.  
Steady-state MPD t h r u s t e r s  operate around 1 MWe wh i l e  a  s i n g l e  i o n  t h r u s t e r  
may be able t o  consume from 10 kWe a t  an IS of 2000 s  t o  1 MWe a t  an 
Is above €009 s. The 1 i ie i ime f o r  an e lec f ro therma l  t h r u s t e r  i s  a t  l e a s t  
l og0  hrs,  i s  ;,rojectetl t o  be 15,000 t o  20,000 h rs  f o r  i o n  t h rus te r s ,  and i s  
unknown f o r  MI'D t h rus te r s .  

7.6.3 Vc y Advanced Propuls ion Systems 

Very advanced p ropu ls ion  systems have t he  p o t e n t i a l  f o r  y i e l d i n g  
very hi,-'1 MPRR's e i t h e r  by p rov i d i ng  h i gh  engine I s p a s  o r  by e l i m i n a t i n g  t he  
need ,.; t e r r e s t r i a l  p r cpe l l an t s  (e.g., s o l a r  s a i l s  and mass d r i ve r s ) .  Such 
adv i  rced p r o p i ~ l s i o n  sjstems are genera l l y  l a rge  and complex; t h e i r  h i gh  
i n i t i a l  development cos t  would be o f f s e t  by t h e i r  h i gh  MPBR. Many advanced 
systems could be developed w i t h  s u f f i c i e n t  funding, a1 though some, 1  i ke Orion 
( f i s s i o n  b o m ' e t )  might face ser ious p o l i t i c a l  obstacles t o  t h e i r  use. 
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7.6.3.1 Electromagnet ic Launchers (Mass D r i v e r  o r  R a i l  Gun). E l e c t r o -  
magnetic launchers, r a i l  guns avd mass d r i ve r s ,  a re  on ly  conceptual a t  t h i s  
time. The i r  fundamental p r i n c i p l e s  have been proven. The requ i red  e x i t  
v e l o c i t i e s  f o r  l una r  launch have been achieved by r a i l  guns bu t  no t  i n  a  long 
r a i l ,  low acce le ra t ion ,  h i gh  payload mass con f igu ra t ion .  Many engineer ing 
problems need t o  be addressed. No d e f i n i t i v e  p ro j ec t i ons  can be made f o r  
l i f e t i m e ,  e f f i c i e n c y  o r  system mass. 

7.6.3.2 F iss ion/Fus ion Thermal. S o l i d  and p a r t i c l e  core nuc lear  ( f i s s i o n )  
rockets  a l ready have an extens ive technology data base. L i q u i d  and gas core 
nuclear rockets  a re  more conceptual and would requi  r e  extens ive development. 
Considerable e f f o r t  went i n t o  t h e  Orion ( f i s s i o n  bomblet) concept, a1 though 
much o f  the  study r e s u l t s  remain c l ass i f i ed .  Fusion rockets  remain s t r i c t l y  
conceptual, a l though t h e  wel l - funded f us i on  powerplant R&D program may y i e l d  
technology t h a t  would be appl i c a b l e  t o  fusion propul  s ion  systems (Ref. 7-6). 

S i m i l a r  technology crossover may be gained from cu r ren t  i n t e r e s t  i n  
p a r t i c l e  bed nuc lear  reac to rs  f o r  use as power suppl ies.  Since a p a r t i c l e  bed 
nuclear rocket  has good performance and permi ts  dumping o f  t h e  r ad ioac t i ve  
p a r t i c l e s  p r i o r  t o  se rv ic ing ,  it appears t o  be a l i k e l y  candidate f o r  
development. However, t h e  use o f  t e r r e s t r i a l  LH2 l i m i t s  any o f  t h e  
nuclear- thermal rockets  t o  f a i r l y  low MPBR's, w i t h  on l y  t h e  very l a r g e  f us i on  
systems having an MPBR greater  than 30 f o r  t r anspo r t  o f  l unar  mate r ia l .  As 
w i t h  chemical rockets,  a  source of  l una r  LH2 would e l im ina te  t h e  need f o r  
t e r r e s t r i a l  LH2, al though a l l  t h e  p r o p e l l a n t  mass would be LH2 ins tead  o f  
on ly  one-seventh as i n  chemical engines. 

7.6.3.3 Solar Sa i l .  A so l a r  s a i l  us ing  a mass.dr iver  l una r  ca tapu l t  cou ld  
prov ide an i n f i n i t e  MPBR. However, s a i l s  a re  very slow and cou ld  on l y  operate 
between GEO and LLO due t o  a i r  drag a t  LEO (Ref. 7-2). However, a l though t h e  
s a i l  i t s e l f  cannot operate a t  LEO, i t  cou ld  i n s e r t  a  l una r  ma te r i a l  payload 
capsule i n t o  a  LEO-aerobraking t r a j e c t o r y  a f t e r  l eav i ng  LLO. An a b l a t i v e  
aerobraking capsule made from l una r  ma te r i a l  s  might  be a r e l a t i v e l y  simple 
s t r u c t u r e  amenable t o  lunar  f ab r i ca t i on .  By us ing  a so l a r  sa i  1, t he  on ly  
p rope l l an t  requ i red  would be those f o r  t h e  LTV and t h e  small amounts requ i red  
f o r  the  aeromaneuvering capsule. F i n a l l y ,  f o r  t r anspo r t  o f  p rope l l an t s  o r  
suppl ies  from LEO t o  LLO and t he  l una r  surface, a  chemical OTY could  t r a n s f e r  
t he  ma te r i a l s  from LEO t o  a  higher o r b i t  (> loo@ km) (Ref. 7-2) t o  rendezvous 
w i t h  t h e  s o l a r  s a i l ,  which would then t r anspo r t  t h e  ma te r i a l s  t he  r e s t  o f  t he  
way t o  LLO. The reverse procedure could  a l so  be used t o  r e t u r n  l una r  ma te r i a l  
t o  LEO. 

Current work on s o l a r  s a i l s  i s  being a c t i v e l y  supported by p r i v a t e  
organizat ions ; ' the re  i s  no cur ren t  major NASA-funded work (Ref. 7-7). The 
r e l a t i v e l y  low cost  o f  so l a r  s a i l s ,  compared t o  convent ional  p ropu ls ion  
systems, makes i t  feas ib le  f o r  non-government groups t o  pursue t h e  RLU o f  
s a i l s .  i n  add i t i on ,  the  low i n i t i a l  in9estment requ i red  f o r  purchase o f  a  
so l a r  s a i l  should make t h i s  system a t t r a c t i v e  t o  commercial users. F i n a l l y ,  
NASA-funded work on l i gh twe igh t  s t r uc tu res  f o r  space app l i ca t i ons  may y i e l d  
r e s u l t s  app l i cab le  t o  s o l a r  s a i l s ,  s ince both s a i l s  and gossamer s t r uc tu res  
share a  common technology base. 



Major technology and opera t iona l  issues f ac i ng  s o l a r  s a i l s  inc lude  
the  weight o f  s a i l  ma te r i a l  and s t ruc tu res ,  s t a b i l i t y  o f  m a t e r i a l s  and 
wr ink les  i n  t h e  s a i l  sheeting, deployment o f  e rec tab le  s a i l s  brought up from 
Ea r th  versus s a i l s  assembled and f ab r i ca ted  i n  o r b i t ,  and f i n a l l y ,  s a i l  
con t ro l ,  s t a b i l i t y ,  and maneuverab i l i ty  (Ref. 7-7). Nevertheless, t h e  s a i l  
represents an a t t r a c t i v e  GEO-to-LLO OTV w i t h  no p r o p e l l a n t  needs and low 
i n i t i a l  and operat iona l  costs. The l a rge  s a i l s  needed t o  t r anspo r t  t h e  l a r g e  
payloads o f  a  l u n a r  ma te r i a l  economy would almost c e r t a i n l y  r e q u i r e  an 
on -o rb i t  f a b r i c a t i o n  f a c i l i t y ,  a l though t he  technology base requ i red  f o r  
on -o rb i t  manufacture should be w e l l  i n  p lace  by t h e  year  2000. 

7.7 CONCLUSIONS 

Ul t ima te l y ,  t he  quest ion i s  no t  t echn i ca l  f eas i  b i  1 i ty ; t h e  bas ic  
technology has ex i s t ed  s ince Apo l lo  11 f o r  r e t u r n  o f  l una r  ma te r i a l  t o  Earth. 
Instead, t h e  problem i s  t o  choose which p ropu ls ion  op t ions  w i l l  maximize t he  
f i gu re ( s ) -o f -me r i t  used t o  charac te r i ze  t h e  o v e r a l l  system. Based on a  simple 
MPBR f igu re -o f -mer i t ,  t he  f o l l o w i n g  conclusions can be drawn from t h e  r e s u l t s  
o f  t h i s  y e a r ' s  e f f o r t s :  

(1 )  Chemical p ropu ls ion  systems us ing  near-term technology 
(aerobraking space-based H2/02 OTV's, Is = 460 s, U/F 
= 6 engines) can t r anspo r t  l unar  mater lay  t o  LEO o r  GEO f o r  
ne t  gains i n  mass. As usual, GEO d e l i v e r y  i s  e f f e c t i v e l y  
b e t t e r  than LEO de l i ve r y ,  s ince  d i r e c t  GEO d e l i v e r y  has such 
a  low Mass Ra t i o  (MR). The MPBR's found f o r  t h e  base1 i n e  
chemical system are  h i g h l y  s i g n i f i c a n t  s ince they a re  l a rge  
enough t o  be p o t e n t i a l l y  a t t r a c t i v e  w i thou t  t he  need t o  
develop any new major technologies. Th is  i s  espec ia l  l y  
impor tant  f o r  t he  chemical veh ic les ,  s ince i t  can be assumed 
t h a t  they w i l l  be r e a d i l y  de r i vab le  from t h e  p r e - e x i s t i n g  OTV 
technology base o f  t he  l a t e  1990's. 

(2) There a re  several  op t ions  a v a i l a b l e  t h a t  can p rov ide  
s i g n i f i c a n t  (bu t  no t  dramat ic )  improvements i n  MPBK. Several 
samples a re  g iven i n  Table 7-11. These cou ld  taKe t h e  form 
o f  the  use o f  o ther  p ropu ls ion  systems such as a  r e l a t i v e l y  
near-term e l e c t r i c  p ropu ls ion  system us ing  50- t o  100-cm A r  
e l e c t r i c  th rus te rs .  A1 t e r n a t i  vely,  t h e  chemical systems 
could  use e i t h e r  improved technology (e.g., h igher  I, ) o r  
new opera t iona l  techniques (e. g, 1  unar hydrogen). ~ o F e  t ha t ,  
as f a r  as propuls ion i s  concerned, the  d iscovery  o f  a  lunar  
hydrogen source would profoundly  a f f e c t  t h e  MPBR's by 
e l i m i n a t i n g  t he  need f o r  Hz from the  Ear th  f o r  e i t h e r  
chemical o r  e l e c t r i c  p ropu ls ion  systems. 

(3) For as te ro i d  mate r ia l s ,  on ly  Ear th-Tro jan as te ro i ds  appear t o  
o f f e r  s i g n i f i c a n t  promise on a  mass bas is ,  a l though t h e  
presence o f  va luable  resources (Hz from H20, etc.)  might  
change t h i s  eva luat ion.  



Table 7-11. kIPBR1s f o r  Various Propuls ion Options f o r  Return o f  Lunar 
Mate r ia l  t o  Ear th  O r b i t  
( A l l  weights i n  me t r i c  tons: T = 1000 kg)  

OPTION OT V LTV MPBR f o r  Del i v e r y  t o :  

LH2, Ar from Earth; C hem Chem 2 1 

LO2 from Moon 
A r -E lec t r i c  Chem 1-3 2-5 

- 
C hem Mass D r i v e r  7 2 

Solar  Sa i l  Chem 11 11 

LH2 from Earth; 
LO2 from Moon 

02 -E lec t r i c  Chern 2-8 5-10 

Min. LH2 from Earth; Chem (Ear th  Chem (Lunar 7 8 
LH2, Lunar LHz + LO?) 
LoZ ) o r  Mass D r i v e r  

- 

LHz, LO2 from Moon 

Chem (Ear tn  Chem (Lunar 3 1 16 
and Lunar 

LO* ) 
LH2 + LP6 LO2, Lunar o r  Mass h v e r  

D i  r e c t  GEO Del i very C hem - - - - 0.2 

MR = Net Del ivered Ear th  Payload 
Ear th  Propel 1 ant  and Pavl oad 

A r -E lec t r i c  - - - - 0.8-0.9 

Notes: Chemical Hz102 Engines; IS = 460 s, O/F = 6. 
E l e c t r i c  Vehic le MPBR rang! given f o r  u = 0.03-0.01 k,g/We. 



( 4 )  Most advanced systems, 1 i ke nuclear- thermal rockets,  a re  l ess  
e f f e c t i v e  than chemical systems s ince  a l l  t h e  nuc lear  rocke t  
p rope l l an t  (LH2) would come from the  Earth, assuming no 
l una r  LH2. An LO2 nuc lear  rocke t  LTV and chemical OTV 
combination would need no Ear th-suppl ied LH2 f o r  t he  LTV, 
bu t  would consume over 90% of  t h e  t o t a l  l unar  LO2 
p r o d ~ c t i o n  f o r  p rope l l an t  w i t h  t h e  remaining 10% l e f t  as 
use fu l  payload. F i n a l l y ,  on l y  very l a rge  ter rest r . ia1 
p rope l l an t  nuc lear  systems (Orion, fus ion)  would g i ve  MPBR's 
g rea te r  than 10, al though they might very w e l l  become 
a v a i l a b l e  and a t t r a c t i v e  a f t e r  t h e  year  2000. 

(5) Spec i f i c  technologies and veh i c l e  components requ i red  f o r  a 
l una r  ma te r i a l s  program would be d i r e c t l y  adaptable from 
OTV's developed i n  the next few decades t o  s a t i s f y  LEO-to-GEO 
sate1 1 i t e  t r a f f i c  demands ( independent ly o f  a l una r  ma te r i a l s  
program). Some s p e c i f i c  technology areas o f  i n t e r e s t  t o  t h i s  
program might inc lude:  

( a )  Aerobraking f o r  High T/W OTV's. 

( b )  Large, High Power A r  o r  O2 Ion and Plasma E l e c t r i c  
Thrusters. 

( c )  High ISp, High O/F Chemical Engines. 

( d )  Mass D r i ve r  f o r  Lunar Launchers. 

( e )  5-10 MWe Space Nuclear Power Systems f o r  E l e c t r i c  
Propulsion. 

( f )  Space-Based Zero-G R e f r i g e r a t i o n  and F l u i a  Transfer  
Technology f o r  Cryogenic Propel l an ts .  

( g )  Teleoperated Spacecraft f o r  Rendezvous, Docking, and 
Lunar Landing. 

(6) F i n a l l y ,  the re  i s  a non-technology i ssue  t h a t  v a s t l y  
overshadows a l l  others.  Th is  would be t h e  d iscovery  o f  a 
source o f  l unar  hydrogen (see Sect ion 9) which could  y i e l d  
i n f i n i t e  MPBR's by e l i m i n a t i n g  t h e  need f o r  any LH2 from 
Earth. The sane would be t r u e  f o r  any source o f  ex t r a -  
t e r r e s t r i a l  Hz (H20, CH4, NH3, e tc . )  and could  thus 
make astero ids,  Mars and i t s  moons, o r  comets and t h e i r  
n u c l e i  p o t e n t i a l l y  impor tant  H sources. Granted, we may 
never drag icebergs back from ga tu rn ' ?  r ings ,  bu t  t h e  need 
f o r  Hz might  someday economical l y  j u s t i f y  such grandiose 
schemes. F a i l i n g  the  d iscovery  o f  l una r  Hz, e l e c t r i c  
p ropu ls ion  systems couid  be developed t h a t  use 0q sr as t o  
e l im ina te  t h e  need f o r  Hz f o r  t r anspo r t  o f  t ime - i nsens i t i ve  
bu lk  cargos between LLO and Ear th  o r b i t ,  a l though some 
t e r r e s t r i a l  LH2 would be needed f o r  t r anspo r t  o f  h igh-  
p r i o r i t y  cargos us ing chemical OTV's. 
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SECTION 8 

UTILIZATION ANALYSIS 

Wi l l i am F. C a r r o l l  

8.1 CONCLUSIONS 

It requi res 7 t imes more energy t o  go from the  Ear th ' s  sur face t o  
low Ear th  o r b i t  (LEO) than it does from t h e  Moon t o  LEO. LEO i s  p a r t i c u l a r l y  
important s ince t h a t  i s  t he  o r b i t  i n  which i n i t i a l  la rge-sca le  u t i l i z a t i o n  o f  
space i s  l i k e l y  t o  occur-- in the  form o f  manufacturing, micro-g science exper i -  
ments, astronomical and ast rophys ica l  observations, s tag ing  o f  spacecraft f o r  
geostat ionary o r  i n t e rp l ane ta r y  o r b i t s ,  e tc .  A t  t imes, i t  requ i res  even l ess  
energy t o  go from some astero ids t o  LEO than from the  Moon t o  LEO. Launch 
energies t o  most .,gher Ear th  o r b i t s  o r  t o  i n t e rp l ane ta r y  t r a j e c t o r i e s  a re  
even more favorable t o  payloads o f  l unar  o r  as te ro ida l  o r i g i n .  

Therefore, the re  may be advantages t o  be gained from the  use of  
e x t r a t e r r e s t r i a l  mate r ia l  s  i n  large-sca le  space operat ions.  The cond i t i ons  
under which such advantages are poss ib le  have been examined. The bas is  f o r  
the eva luat ion i s  an examination o f  the  mars o f  Ea r t h -o r i g i n  suppl ies  and 
equipment t o  produce and t ranspor t  e x t r a t e r r e s t r i a l  ma te r i a l s  compared t o  t h e  
mass o f  conventional Ea r t h -o r i g i n  space hardware o r  mate r ia l s  t h a t  might be 
displaced. 

Some o f  the  conclusions which have been reached as a r e s u l t  o f  the  
analyses are: 

Lunar Products l o r  Use i n  LEO o r  GEO: 

Lunar 02 o r  some rtonconventional form o f  propuls ion (e.g., 
an electromagnet ic 1  auncher) i s  requi  red  fo r  t r anspo r t a t i on  
i n  order f o r  any product t o  be p rac t i ca l .  

Products whose performance i s  d i  r e c t l y  p ropor t iona l  t o  mass 
(e.g., l unar  02 f o r  propuls ion, lunar  products f o r  
r a d i a t i o n  sh ie ld ing)  appear t o  have a h igh  p r o b a b i l i t y  o f  
s i g n i f i c a n t  advantage over t e r r e s t r i a l  compet i t ion.  

S t r uc tu ra l  meta l -a l loy  pa r t s  are no t  l i k e l y  t o  be v i ab le  
e a r l y  candidates and w i l l  be v i ab le  on ly  i f  t h e i r  performance 
c l ose l y  approaches t e r r e s t r i a l  compet i t ion.  

Components made from unref ined o r  p a r t i a l l y  r e f i n e d  lunar  
surface mate r ia l  ( " lunar  b r i c k s " )  whose func t ion  i s  p r i m a r i l y  
s t r u c t u r a l  are  very u n l i k e l y  t o  be compet i t ive.  



Products which requ i re  product ion f a c i l i t i e s  and processing 
a i ds  o r  reagents on the  Moon i n  excess of a few percent 
(i.e., 1%-3%) o f  the  l i f e  cyc le  product mass are very 
u n l i k e l y  t o  be compet i t ive.  This would appear t o  preclude 
cons iderat ion o f  ( f o r  LEO use): 

- Conventional s i  1 i con  photovol t a i cs ,  which requ i re  
extensive f a c i l i t i e s  t o  process, p u r i f y ,  and form the  
h i gh -pu r i t y  s i l i c o n  c r y s t a l s  and t o  fabr i ca te  the  
photovol t a i  c devices and arrays. 

- Wet chemical processes unless the  f a c i l i t y  mass i s  
small, and reagent recovery and recyc l i ng  approaches 
100%. 

Astero ida l  products f o r  use i n  Ear th  o r b i t  requ i re  l ess  t r anspo r t  
energy than from the  Moon. While t h i s  d i f f e rence  may improve the  
p o t e n t i a l  advantages o f  e x t r a t e r r e s t r i a l  mater ia ls ,  i t  i s  unl  i k e l y  
t o  r e s u l t  i n  conclusions which are s i g n i f i c a n t l y  d i f f e r e n t  from 
those regard ing lunar  products. 

I n  the  case o f  lunar  products f o r  use on the  Moon, the  cond i t ions  
under which an advantage can be shown over t e r r e s t r i a l  co3pe t i t i on  
are s i g n i f i c a n t l y  less  constrained. 

Lhnar products are compet i t ive even w i t h  a performance 
disadvantage o f  20 t o  100 compared t o  t e r r e s t r i a l  
counterparts,  which appears t o  a l l ow  the use of :  

- Ceramic s t r u c t u r a l  p a r t s  made from lunar  surface 
mater ia l .  

- Metal s t r u c t u r a l  /mechanical products w i t h  
r e l a t i v e l y  "crude" composit ion and shape. 

a For products where performance i s  equiva lent  t o  t e r r e s t r i a l  
compet i t ion,  t o t a l  imports. i nc l ud ing  product ion f a c i l i t y ,  
energy supply, and expendable processing a ids l reagents  can 
approach the  l i f e  cyc le  mass o f  the product. (This cond i t i on  
app l ies  on ly  f o r  products w i t h  a l a rge  p o t e n t i a l  market - on 
the  Moon. ) -- 

Manned operat ions w i  11 be p r a c t i c a l  on ly  f o r  i n i t i a l  exp lo ra t ion  
and poss ib ly  f o r  nonrout ine maintenance; even w i t h  these con- 
s t r a i n t s ,  manned opera t io  s w i l l  be p r a c t i c a l  on ly  fo r  a l a rge  P quan t i t y  (e.g., 100 tons /year)  product ion. 

E x t r a t e r r e s t r i a l  mate r ia ls  w i l l  be p r a c t i c a l  on ly  f o r  operat ions 
requ i r i ng  l a rge  quan t i t i es  ( tons lyear )  o f  i nd i v i dua l  products. 

l ~ e t r i c  tons ( l o 3  kg)  throughout t h i s  Section. 



8.2 ANALYTICAL METHODOLOGY 

There be advantages t o  be gzined from the use o f  ex t ra ter res-  
t r i a l  mater ia ls  i n  large-scale space operations, inc lud ing  the  advantage of  
s ign i f i can t  r e d u c t i o ~  i n  cos t l y  launch o f  mass from Earth. Numerous studies 
and papers have been completed on the pros and cons o f  e x t r a t e r r e s t r i a l  
mater ia ls  inc luding economics and the e f fec ts  on world energy status ( f o r  
example, Refs. 8-1 through 8-6). 

It i s  not the i n ten t  here t o  c r i t i q u e  o r  c r i t i c i z e  any o f  these 
studies or  t h e i r  resul ts .  The i n ten t  i s  t o  examine and c o ~ p a r e  some opt ions 
for products and the processes f o r  t h e i r  production. The basis far t h i s  com- 
parison i s  e x t r a t e r r e s t r i a l  vs. t e r r e s t r i a l  mass f o r  equivalent funct ion o r  
performance. While the p r i nc ipa l  emphasis has been on lunar-derived products 
f o r  use i n  LEO, s im i l a r  ca lcu lat ions but i n  less d e t a i l  have been made for  
lunar products for  GEO and f o r  astero idal  products f o r  both LEO and GEO. 

The comparison here i s  based s t r i c t l y  on mass di f ferences and i s  
therefore independent o f  Earth-to-LEO launch-vehicle technology and o f  current  
o r  fu tu re  assumptions regarding payload cost. 

Obviously excluded from t h i s  analysis are important factors 1 i ke 
i n f l a t i o n ,  re tu rn  on investment (ROI), soc ieta l  benef i ts ,  nat ional  defense 
strategy, etc. Because space mater ia ls  production w i  11 be a long-lead-time 
endeavor, conventional economic considerations (e.g. R O I  ) w i  11 tend t o  s h i f t  
the balance i n  favor o f  conventional use o f  t e r r e s t r i a l  materials. Societal 
factors such as preservat ion o f  the environment o r  the desi re t o  es tab l ish  
space industry  might s h i f t  the break-even toward favor ing e x t r a t e r r e s t r i a l  
mater ial  s. 

The in ten t .here  i s  - not t o  make a decision or  recommendation regard- 
i nq  the benef i t  o f  space materials. The i n t e ~ t  i s  t o  examine the s e n s i t i v i t y  
of the t radeof f  t o  various factors so tha t  the research program addresses the 
appropriate key issues and generates information tha t  can lead t o  ob jec t ive  
decisions i n  the future. 

8.2.1 Mass Comparison 

I n  the analyses, comparisons (d i f ference o r  r a t i o )  are made between 
the t o t a l  Ear th-or ig in mass necessary t o  produce and t ransport  e x t r a t e r r e s t r i a l  
products and the Earth-or ig in mass required t o  perform the same funct ion wi th-  
out e x t r a t e r r e s t r i a l  mater ials.  For convenience and consistency, mass i n  low 
Earth o r b i t  (LEO) i s  used as the baseline quant i ty ,  independent o f  loca t ion  o f  
use. 

Since the products o f  r e l a t i v e l y  simple e x t r a t e r r e s t r i a l  processing 
f a c i l i t i e s  are l i k e l y  t o  be s i g n i f i c a n t l y  d i f f e r e n t  than the products o f  the 
elaborate t e r r e s t r i a l  i ndus t r i a l  in f ras t ruc ture ,  the appropriate comparison o f  
mass per performance i s  included. I n  some o f  t h e  examples, the performance 
ra,io required t o  break even i s  the important resu l t  of the comparison (i.e., 
how good does the e x t r a t e r r e s t r i a l  product have t o  be t o  be competit ive?) 



The t o t a l  mass associated w i t h  production and t ransport  of ext ra-  
t e r r e s t r i a l  products i s  def ined t o  include the t o t a l  Ear th-or ig in mz;s which 
must be del ivered t o  LEO i n  order to :  

A - Carry out " i nd i rec t "  missions as necessary i n  order to :  f i n d  
and assay resources (raw mater ia ls) ;  develop and v e r i f y  
processes ( inc lud ing  i n s t a l  l a t i o n  and operation o f  p i  l o t  
p lants as required) ; and i n s t a l  1, assemble, and s tar t -up  
processing and power equipment. 

B - Operate, maintain, and repa i r  processing and power equipment. 

C - Provide Earth-or ig in components of the processing equipment. 

D - Provide Ear th -or ig in  components o f  the power supply. 

E - Provide suppl i es  (e.g., expendables and consumables) . 
F - Provide equipment t o  transport processing equipment, power 

supply, and supplies from LEO co the operat ing locat ion. 

G - Provide propel 1 ants t o  t ransport  processing eq~ipment  , power 
supply, and supplies from LEO t o  the operat ing locat ion. 

H - Provide equipment t o  t ransport  the e x t r a t e r r e s t r i a l  products 
from po in t  o f  production t o  po in t  o f  use. 

J - Provide propel lants t o  t ransport  the  e x t r a t e r r e s t r i a l  
products from po in t  o f  production t o  po in t  o f  use. 

The t o t a l  Ear th-or ig in mass which would be required t o  be del ivered 
t o  LEO i n  l i e u  o f  e x t r a t e r r e s t r i a l  mater ials includes: 

U - Mass o f  the competing t e r r e s t r i a l  product. 

V - Equipment t o  t ransport  t e r r e s t r i a l  products from LEO t o  po in t  
o f  use ( i f  other than LEO). 

W - Propel lants t o  t ransport  t e r r e s t r i a l  products from LEO t o  
po in t  o f  use ( i f  other than LEO). 

It i s  useful  t o  a lso def ine: 

K - The mass o f  e x t r a t e r r e s t r i a l  product delivered. (Note t h a t  
only the equipment necessary to r  production and t ransport - -  
not the e x t r a t e r r e s t r i a l  mater ial  i tse l f - -must  be launched 
from Earth i n t o  LEO. Therefore K does not appear i n  Equation 
1 below. The t e r r e s t r i a l  competit ion (U) does requi re launch 
and therefore appears i n  Equation 8-1.) 



M - The t o t a l  mass which must be pu t  i n t o  LEO i n  order  t o  f ind, 
produce and d e l i v e r  e x t r a t e r r e s t r i a l  product o r  products f o r  
some mission o r  func t ion ;  t he re fo re  M = ZA-3. 

n - Product performance r a t i o  (comparison o f  t he  performance per 
u n i t  mass o f  an e x t r a t e r r e s t r i a l  product t o  t h a t  of  
t e r r e s t r i a l  compet i t ion).  For equal performance r~ = U/K 
(see Section 8.3 f o r  discussion). 

Note t h a t  there  has been no attempt t o  use t h e  usual l e t t e r /  
d e f i n i t i o n  assoc ia t ion (e.g., F / fue l  , Pipower) i n  t he  above designations. 
Instead, t o  f a c i l i t a t e  mental assoc ia t ion  o f  t h e  l a rge  number o f  terms i n  
subsequent discussions, t 4e  i n i t i a l  p a r t  o f  t he  alphabet, A-K, has been 
assigned t o  f ac to r s  associated w i t h  space mater ia ls  and l a t e r  regments o f  t h e  
alphabet, U-W, represent f ac to r s  associated w i t h  t he  competing cmvec t  ional  
Ear th  mater ia ls .  

Fc; c l a r i t y ,  i t  i s  usefu l  t o  express the  cen t ra l  theme o f  t h i s  
ana lys is  i n  both n a r r a t i v e  and mathematical terms. For t h i s  study, i t  i s  
defined t h a t  there  i s  a po ten t i a l  advantage t o  be gained from the  use of 
e x t r a t e r r e s t r i a l  mate r ia ls  when, f o r  equal funct ion o r  performance: 

o r :  

The Ear th -o r ig in  mass o f  f a c i l i t i e s ,  equipment, suppl ies ,  
etc.  t o  produce and t r anspo r t  an e x t r a t e r r e s t r i a l  product 

- i s  equal t o  o r  less  than - 
the  mass o f  conventional Ea r th -o r i g i n  space hardware t h a t  
can be d i  sp l  aced, 

The number o f  Shu t t l e  ( o r  o ther  launch veh ic le )  launches 
t o  F J ~  Ear th -o r ig in  equipment, f a c i l i t i e s ,  suppl ies,  
propel lant ,  etc. i n  space t o  produce and t ranspor t  an 
e x t r a t e r r e s t r i a l  product 

- i s  equal t o  o r  less  than - 
t he  number o f  launches t o  pu t  conventional equipment i n  
space t o  do the  same j ob  

o r :  LA-J < LU-W (8-1) 

Note t h a t  the  mass o f  the  e x t r a t e r r e s t r i a l  product, K, does not  
appear i n  Equation 8-1. Mathematically, Equation 8-1 compares what i t  takes 
t o  produce the e x t r a t e r r e s t r i a l  product t o  what i t  takes t o  do the  same j ob  
w i t h  conventional Ear th -o r ig in  products. I n  p rac t i ce ,  some o f  the  f ac to r s  
necessary t o  produce and t ranspor t  ex t ra te r res t r - i a l  products are propor t ional  
t o  the  mass o f  such products. Therefore, t he  Ea r th -o r i g i n  mass i s  in f luenced 
by, but  does not  i t ic lude the  mass o f  the  e x t r a t e r r e s t r i a l  product. 

Rigorous simultaneous treatment o f  a l l  o f  t he  terms i n  Equation 8-1 
i s  ~ o s s i b l e  and w i l l  l i k e l y  be done i n  the  future. However, a t  t he  cur ren t  
s ta tus o f  t he  program, maximum perspect ive can be g a i ~ e d  by examination of t h e  
i nd i v i dua l  and selected groups o f  terms. 



I f  we i n i t i a l l y  consider t h a t  product ion and use o f  e x t r a t e r r e s t r i a l  
mate r ia ls  w i l l  be p r a c t i c a l  on ly  i n  l a rge  quan t i t i es ,  and t h a t  they w i l l  be 
produced by automated, re1 i a b l e  equipment, we can temporar i l y  ignore " i n d i r e c t "  
missions (A)  and maintenance (0). The impact o f  these terms i s  examined l a t e r  
i n  Sect ion 8.9. 

I f  we f u r t h e r  consider the  case o f  conventional chemical propulsion, 
w i t h  the  necessary r e u s a b i l i t y ,  then t h e  equipment t o  t ranspor t  t he  product ion 
f a c i  1 i t y  (F) , the  e x t r a t e r r e s t r i a l  products (H), and the t e r r e s t r i a l  compe- 
t i t i o n  ( V )  w i l l  be small i n  comparison t o  t he  o ther  terms and can be neglected 
i n  the  i n i t i a l  considerat ions. For some cases i nvo l v i ng  "advanced technology" 
(e.g., e l e c t r i c  propulsion, e l e c t r o s t a t i c  accelerators)  these terms cannot be 
ignored and are appropr ia te ly  considered i n  t he  analyses and r e s u l t s  described 
i n  Section 8.5. 

A l l  o f  the  remaining terms can be considered t o  be p ropor t iona l  t o  
e i t h e r  t he  mass o f  the  e x t r a t e r r e s t r i a l  product o r  t o  t he  mass of  t he  
t e r r e s t r i a l  product displaced. It i s  convenient t o  use t he  equiva lent  lower 
case l e t t e r s  t o  represent t he  f ac to r s  as a f unc t i on  o f  e x t r a t e r r e s t r i a l  o r  
t e r r e s t r i a l  product mass. For example, wh i le  C has been def ined as t he  t o t a l  
equipment mass, then c i s  t h e  mass o f  equipment per  mass o f  product de l i ve red  
and C = cK; s i m i l a r l y  W = wtl. With these d e f i n i t i o n s  we can expand and r e w r i t e  
Equation 8-1 f o r  condi t ions where there  i s  an advantage t o  e x t r a t e r r e s t r i a l  
mate r ia ls  as: 

Both the d i f f e rence  and r a t i o  o f  masses are v a l i d  and can prov ide 
usefu l  comparisons i n  t he  analysis;  the  obv ious ly  equiva lent  equat ion i s :  

Since the  performance r a t i o  (n) has been def ined as t he  r a t i o  o f  
masses f o r  equal performance, n = U/K, then the  equations become 

Using an analogous d e f i n i t i o n ,  m i s  t he  mass i n  LEO per  u n i t  mass o f  
product de l i ve red  and M = mK. Therefore ( s t i l l  cons ider ing A, 0, F, and H 
i n s i g n i f i c a n t ) ,  

Thus, from Equations 8-4 and 8-5 there  i s  a p o t e n t i a l  advantage fo r  
e x t r a t e r r e s t r i a l  mate r ia ls  whenever m i s  less  than ~ ( 1  + w). For the  
s p e c i f i c  case o f  lunar  O2 de l i ve red  f o r  LEO, which w i l l  be used ex tens ive ly  
i n  these analyses, there  i s  a po ten t i a l  advantage whenever m i s  l e s s  than 
1.0. It i s  important t o  note t h a t  t he  d e f i n i t i o n  i s  " po ten t i a l  advantage"; 
whether the  margin o f  advantage i s  s u f f i c i e n t  t o  warrant use o f  space 
mater ia ls  depends on many factors .  



8.2.2 Lunar Oxygen as Prope l lan t  

For t h e  case o f  l una r  operat ions,  l una r  02 i s  no t  on ly  a  candi-  
date product, i t  can a lso  serve as a  p rope l lan t .  The output  of a  small 
i n i t i a l  f a c i l i t y  on t he  Moon can be used t o  t r anspo r t  equipment and suppl ies  
from LEO t o  t he  Moon f o r  f a c i l i t y  expansion. Furthermore, i n  combination w i t h  
t e r r e s t r i a l  H2 o r  as p rope l l an t  f o r  e l e c t r i c  propuls ion,  i t  can be used t o  
t ranspor t  O2 o r  any other  payload t o  LEO, GEO, o r  elsewhere. 

For t he  cases o f  l una r  O2 f o r  t r anspo r t  p rope l l an t  as we1 1 as 
payload, i t  i s  usefu l  t o  rede f ine  the  p rope l l an t  terms def ined above as fol!ows: 

g '  = t e r r e s t r i a l  p rope l l an t  f o r  t r anspo r t  o f  equipment (and supp l ies )  
from LEO t o  the  Moon, tons per  ton  o f  de l i ve red  equipment. 

g" = lunar  0  f o r  t r anspo r t  of equipment and suppl ies  from LEO 
2l t o  t he  oon, tons per ton  o f  de l i ve red  equipment. 

j ' = t e r r e s t r i a l  propel l a n t  t o  t r anspo r t  e x t r a t e r r e s t r i a l  products 
t o  t he  p o i n t  o f  use, tons per ton o f  e x t r a t e r r e s t r i a l  product. 

j" = l una r  02 fo r  t ranspor t  o f  e x t r a t e r r e s t r i a l  products t o  t h e  
p o i n t  o f  use, tons per ton of e x t r a t e r r e s t r i a l  product. 

It i s  a l so  convenient t o  def ine some add i t i ona l  terms f o r  use i n  
t h i s  analys is :  

g* = the  mass of equipment and suppl ies  i n  LEO t h a t  must be 
t ranspor ted t o  t h e  Moon t o  produce g" ( t h e  02 requ i red  f o r  
t ranspor t ) .  

= t h e  mass of equipment, power supply, and suppl ies on the  Moon, 
tons per t on  of 02 produced. 

0 = t o t a l  Ea r t h -o r i g i n  mass (equipment, suppl i es ,  p l us  propel 1  an t )  
i n  LEO per ton  o f  equipment and suppl ies  de l i ve red  t o  t he  
lunar  surface. Since lunar  02 can be used, B can be a 
func t ioa  o f  k. 

Note t h a t  wh i le  a l l  o f  the  terms used e a r l i e r  were def ined i n  terms 
o f  mass i n  LEO, the  terms g", j", and A are defined as mass on the  l una r  surface. 

Three s p e c i f i c  cases have been examined (see Section 7.2) fo r  t r ans -  
p o r t  from LEO t o  the  l una r  surface: 1) a l l  t e r r e s t r i a l  p rope l lan ts ;  2)  an 
in termediate  case us ing a l l  t e r r e s t r i a l  hydrcgen and a combination of l una r  
and t e r r e s t r i a l  bxygen and 3) minimum t e r r e s t r i a l  p rope l lan t ,  w i t h  t e r r e s t r i a l  
hydrogen and a1 1 oxygen from the  Moon. The l a t t e r  two cases assume an i n i t i a l  
small f a c i l i t y  t o  produce oxygen t o  t ranspor t  t h e  equipment t o  increase t he  
product ion capaci ty.  For a l l  cases, i t  i s  assumed t h a t  t he  t ranspor t  veh ic le  
masses are i n s i g n i f i c a n t  and t h a t  the p rope l l an t  masses dominate. Then an 
incremental increase i n  f a c i l i t y  on t he  Moon i s  x and t he  equiva lent  mass i n  
LEI s  xb. The mass i n  LEO i s  a lso  equal t o  t h e  equipment p lus  t he  propel -  
l a n t ,  and i n  t he  l a t t e r  two cases, p l us  the  equipment and suppl ies t o  produce 
t he  requi red quan t i t y  of l unar  02 o r :  



The analyses of t ranspor t  of  equipment and suppl ies t o  t he  Moon (see 
Sect ion 7.2) y i e l d  r e s u l t s  i n  terms o f  lunar  02 p rope l lan t  on t he  Moon per 
ton  o f  equipment and suppl ies t ranspor ted (def ined above as g" )  r a the r  than 
equiva lent  mass i n  LEO, g*, which appears i n  Equations 8-6 and 8-7 above. 
Therefore i t  i s  necessary t o  es tab l i sh  t he  r e l a t i o n s h i p  between g" and g*. If 
we assume t h a t  the e f f i c i e n c y  o f  an i n i t i a l  small f a c i l i t y  w i l l  be t he  same as 
t h a t  o f  a  f u l l - s c a l e  one, and t h a t  t ranspor t  from LEO t o  the  Moon i s  optimized, 
then the  d e f i n i t i o n s  of x and 6 above apply f o r  most o f  t he  f a c i l i t y  
i n s t a l l a t i o n  and the  re l a t i onsh ip  can be def ined as: 

then Equation 8-7 becomes: 

For the three cases examined, propel l 6 n t  requi  rements ca lcu la ted  as 
shown i n  Section 7.2 and i l l u s t r a t e d  g raph i ca l l y  i n  F igure  8-1 were: 

g1 ' = 6.25 ; g1 " = 0 (a1 l t e r r e s t r i a l  ) 

g3 I = 2.0 ; 93 " = 12 (Minimum t e r r e s t r i a l )  

the re fo re  f o r  the  th ree  cases, the equiva lent  values o f  6 are: 
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F i g u r e  8-1. T ranspor ta t i on  o f  Equipment and Supp l ies  t o  t h e  
Lunar Surface--Propel  1 a n t  Source Opt ions 



The b e n e f i t  o f  reducing t e r r e s t r i a l  p rope l l an t  by inc reas ing  t h e  
use o f  l unar  p rope l l an t  depends on how " d i f f i c u l t "  i t  i s  t o  produce the  lunar  
ma te r i a l - - t ha t  i s ,  how much equipment and suppl ies  a re  required. The ef fec ts  
are i l l u s t r a t e d  i n  F igure 8-2, which shows t he  values o f  8 as a  func t ion  of 
x. The minimum t e r r e s t r i a l  case (03)  i s  obviously t h e  best when t he  
mass o f  equipment and suppl ies  requ i red  fo r  product ion i s  small hu t  becomes 
l ess  a t t r a c t i v e  r a p i d l y  as t he  mass requ i red  f o r  product ion increases. Using 
some t e r r e s t r i a l  oxygen (82) reduces the  s e n s i t i v i t y  t o  the  mass o f  t h e  
factory.  The selected in termediate  case, 62, i s  i l l u s t r a t i v e  bu t  i s  no t  
necessar i ly  t he  optimum. 

8.2.3 Cost Considerations 

While mass, not  cost ,  i s  t he  bas is  o f  t h i s  analys is ,  some s i m p l i f i e d  
discussion o f  cos t  i s  appropr ia te  t o  i n d i c a t e  t h a t  comparison of  launch mass 
i s  a  v a l i d  bas is  t o  i n i t i a l l y  compare and l i m i t  opt ions.  

The th ree  major cos t  elements o f  space a c t i v i t i e s  a re  a c q u i s i t i o n  
( i nc l ud ing  design, fab r i ca t ion ,  t e s t ,  e tc . )  , launch, and mission operat ions 
support. The a n a l y t i c a l  approach descr ibed here deals w i t h  launch mass and 
therefore launch costs. However, the  ca lcu la t ions ,  comparisons, and conclu- 
s ions a re  independent o f  the  ahsolute value o f  t he  launch cost. 

Launch costs have been, and w i l l  cont inue t o  be a  major f r a c t i o n  o f  
the  t o t a l  cos t  o f  any space a c t i v i t y .  While the  $/kg f o r  launch a re  expected 
t o  decrease w i t h  t ime, f ac to r s  such as l a r g e r  system s i z e  and reduced t e s t i n g  
associated w i t h  oppor tun i t y  f o r  r e p a i r  w i l l  tend t o  reduce a c q u i s i t i o n  costs  
(per  u n i t  mass) as we1 1. 

I t  i s  usefu l  t o  compare the  magnitude o f  some est imated launch 
costs and some example a c q u i s i t i o n  costs. 

The out  year Shu t t l e  cost  i n  cu r rem i t  year d o l l a r s  i s  -$lo8 
mission ($100M) (Ref. 8-7) w i t h  a  p ro jec ted  payload c a p a b i l i t y  of 30 me t r i c  
tons o r  a  launch cos t  o f  $3,30O/kg. I f  we assume, as a  l i m i t  case f o r  t h i s  
comparison, an order o f  magnitude improvement v i a  a  combi na t i on  o f  veh ic le ,  
payload, a  d  operat ing improvements, f u t u r e  launch costs  may be i n  t h e  range 9 o f  $3 x  10 t o  $3  x 103/kg. 

Acqu i s i t i on  costs o f  one-of-a-kind, high-performance s  acecra f t  i n  E the pre-Shut t le  era were i n  t he  .oge o f  $ lo5  kg t o  w e l l  over $10 /kg. 
Many fac to rs ,  i n c l ud ing  l a r g e r  system s ize,  experience and the  oppor tun i t y  f o r  
r e p a i r  w i l l  tend t o  r e d u c ~  u n i t  a c q u i s i t i o n  costs.  Obviously costs  w i l l  no t  
approach t he  $10/kg t o  $102/kg t y p i c a l  o f  products l i k e  mass-produced auto- 
mobiles, consumer e l ec t r on i cs  and commercial a i r c r a f t .  

Solve pho tovo l ta i cs  are c u r r e n t l y  i n  t he  hundreds o f  d o l l a r s  per 
wat t  (>$1d4/kg). However, the  goal o f  $0.70/watt f o r  commercial t e r r e s t r i a l  
photovol t a i c s  ippears  achievable. Thus, w i t h  technology developed f o r  t e r r e s -  
t r i a l  pho tovo l ta i cs  and f o r  t he  l a rge  q  a n t i t i e s  requi red f o r  processing ex t r a -  Y t e r r e s t r i a l  mate r ia l s ,  $10/watt o r  -810 /kg seems a  reasonable p ro j ec t i on .  
Since a  pho tovo l ta i c  power p l a n t  i s  l i k e l y  t o  represent a  s i g n i f i c a n t  r a c t i o n  

i s  a  usefu l  comparative value, 
5 o f  t he  mass o f  e x t r a t e r - e s t r i a l  processing f a c i l i t y ,  t h e  est imated $10 /kg 
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Past and cur ren t  a c q u i s i t i o n  cos ts  o f  comun ica t ions  s a t e l l i t e s  
i n d i c a t e  a range o f  $2 x l o 4  t o  $5 x 1o4/kg i n  o r b i t  (Refs. 8-10, 8-11). 
Since t he  mass o f  such s a t e l l i t e s  inc ludes a l a r g e  f r a c t i o n  o f  h igh-re1 i a b i l  i t y  
e l ec t r on i cs  and p rec i s i on  p o i n t i n g  and s t a t i o n  keeping c a p a b i l i t i e s ,  t h e  acqui-  
s i t i o n  costs could represent an upper bound o f  probable cost  o f  processing 
equipment. 

Since i t  i s  necessary t o  launch 3-5 kg i n t o  LEO f o r  e e r y  kg  t o  be 

5 
5 de l i ve red  t o  GEO, f o r  t h  p ro jec ted  Shu t t l e  launch cos ts  $3 x 10 ), launch 

costs  (3-5 t ime $3 x 10 ) approach those o f  acqu is i t i on .  Even i f  the  l i m i t  5 case o f  $3 x 10 /kg cou ld  be achieved, a c q u i s i t i o n  costs  would l i k e l y  
decrease so t h a t  launch costs  would s t i l l  be a s i g n i f i c a n t  f r a c t i o n  o f  t h e  
t o t a l .  

Thus, comparison of launch mass i s  CI va l i d ,  bu t  no t  necessar i l y  
s u f f i c i e n t ,  bas is  f o r  comparison. Un t i  1 o ther  f ac to r s  a re  more so l  i d l y  
es tab l  ished through t he  cur ren t  research, launch mass represents t h e  on ly  
v a l i d  bas is  f o r  comparison. 

8.3 PRODUCT PERFORMANCE CONSTRAINTS 

8.3.1 P r o d ~ c t  Performance Rat io  

The products der ived from processing o f  e x t r a t e r r e s t r i a l  ma te r i a l s  
i n  space are l i k e l y  t o  be d i f f e r e n t  i n  one o r  more c h a r a c t e r i s t i c s  from t h e  
t e r r e s t r i a l  counterpar ts  which they are intended t o  displace. I n  order  t o  
evaluate po ten t i a l  u t i l i t y ,  i t  i s  use fu l  t o  use t h e  Product Performance Ra t i o  
( n )  def ined i n  Sect ion 8.2. 

Simply, t he  r a t i o ,  n, can be used as s q u a n t i t a t i v e  d e f i n i t i o n  o f  
1 )  how "good" a p a r t i c u l a r  e x t r a t e r r e s t r i a l  product i s ,  r e l a t i v e  t o  i t s  t e r r e s -  
t r i a l  compet i t ion,  o r  2)  how good a p r ~ d u c t  o r  c l ass  o f  products nus t  be t o  be 
compet i t ive.  

For example, i f  t he  e x t r a t e r r e s t r i a l  prodcct  f o r  a p a r t i c u l a r  
func t ion  (e.g., load b e a r i ~ g )  requ i res  f ou r  t imes t h e  mass f o r  t h e  equiva lent  
func t ion  by a t e r r e s t r i a l  product, t he  performance r a t i o  n = U/K = 114 = 
0.25. The numerical value o f  t he  performance r a t i o  i s  t he  same, independent 
o f  whether t he  f a c t o r  o f  4X i s  the r e s u l t  o f  mate r ia l  p rope r t i es  (e.g., 
i n a b i l i t y  t o  achieve optimum a l l o y  composit ion o r  he:'-t-edtment) o r  i s  t h e  
r e s u l t  o f  i n a b i l i t y  t o  maximize t he  use o f  ma te r i a l  plmoperties such as by 
removal o f  excess mate r ia l  from lowe, stressed regions dur ing  p a r t  f ab r i ca t i on .  

I f  we cunsider t h e  s t r u c t u r a l  performances o f  components f ab r i ca ted  
from unref ined o r  p a r t i a l l y  r e f i n e d  lunar  surface ma te r i a l ,  compared t o  h igh-  
per4formance aerospace components produc ib le  on Ear th  (e.g., m e t a l l i c  a l l o y  
and/or fi ber- re in forced composite pa r t s ) ,  t h e  performance r a t i o  w i  11 obv ious ly  
be very small . 

A t  t he  opposi te extreme, a propuls ion system would use lunar -  
produced oxygen j u s t  as e f f e c t i v e l y  as i t  would t ho  t e r r e s t r i a l  counterpar t ,  
and thus lunar  oxygen would have a performance r a t i o  o f  1.0. S i m i l a r l y ,  
r a d i a t i o n  sh i e l d i ng  made from l una r  ma te r i a l  might have a performance r a t i o  
approaching 1.0. 



I n  t h e  in termediate  case o f  components made from lunar-der ived 
metals, t he  conclusions a re  l ess  obvious. I n  t h i s  regard, i t  i s  useful  t o  
note t h a t  t he re  i s  t y p i c a l l y  a f a c t o r  o f  2 o r  g rea te r  d i f f e rence  between 
unal loyed metals and t h e i r  s t r u c t u r a l  counterpar ts  and another f a c t o r  o f  2 t o  
6 between heat - t reated and nonheat-treated condi t ions.  Furthermore, f o r  con- 
vent iona l  metal1 i c  space hardware s i g n i f i c a n t  improvement i n  f ~ . , ~ ~ ; i o n  per u n i t  
mass i s  t y p i c a l l y  achieved by removing excess materal i n  lower-stressed regions. 

8.3.2 Lunar Mate r ia l s  f o r  Use i n  LEO 

Considering t he  general case o f  l una r  ma te r i a l s  f o r  use i n  low Ear th  
o r b i t  (LEO), some general cons t ra i n t s  can be establ ished. Since t he  terms have 
been def ined as mass i n  LEO, f o r  t he  s p e c i f i c  case o f  use i n  LEO, t h e  equipment 
and p rope l l an t  f o r  del  i v e r y  o f  t e r r e s t r i a l  mate r ia l ,  V and W i n  Equation 8-1, 
become zero. 

Several cases have been examined f o r  t r anspo r t a t i on  o f  l una r  pro- 
ducts t o  LEO us ing  conventional chemical propuls ion and aerobraking f o r  LEO 
o r b i t  i n se r t i on .  D e t a i l s  a re  described i n  Sect ion 7.2 and a re  summarized it1 
Table 8.1. For t he  basel ine,  Case 3, each t on  o f  payload de l i ve red  from the  
Moon t o  LEO requ i res  0.44 tons o f  t e r r e s t r i a l  H2 (and 2.67 tons o f  l u n ~ r  
02) f o r  propuls ion. As a f i r s t  approximation we can assume t h a t  t h e  equip- 
ment t o  produce and t ranspor t  the  payload and lunar  oxygen (c,  d, e, and g i n  
Equation 8-4) i s  i n s i g n i f i c a n t .  Since j, the  remaining term i n  Equation 8-4, 
includes 0.44 t e r r e s t r i a l  H2 t he  minimum performance r a t i o  a t  which l una r  
mate r ia l  would have nn advantage i s  : 

To examine the  poss ib le  e f f e c t s  o f  improved chemical p ropu ls ion  
technology, a l i m i t  case (see Sect ion 7.2, Case 4 i n  Table 8 - i )  has been used. 
- o r  t h i s  1 i m i t  case, i t  has been assumed t h a t  t he  t r anspo r t  equipment mass i s  
zero and t he re fo re  t e r r e s t r i a l  and lunar  p rope l lan ts  a re  requi red on ly  t o  
t ranspor t  themselves and t h e  payload. Under these circumstances, j i n  
Equation 8-4 i s  0.22 and i f  we cont inue t o  assume t h a t  t he  o ther  terms a re  
i n s i g n i f i c a n t ,  then t he  minimum break-even performance r a t i o  i s :  

Under these circumstances, t he  fo l low ing  conclusions appear 
I-easonabi e .  

Products whose performance i s  d i r e c t l y  o r  near l y  p ropor t iona l  
t o  mass are the  most l i k e l y  t o  show an adva~tage.  

- Lunar 02 f o r  space-vehicle propuls ion,  i nc l ud ing  
o r b i t  r a i s i n g  

- Lunar products f o r  r a d i a t i o n  sh i e l d i ng  

S t ruc tu ra l  metal a l l o y  p a r t s  may be v i a b l e  candidates, bu t  
on ly  i f  they can be made i n  ways so t h a t  t l ~ e i ~  performance 
c l o s e l y  approaches t e r r e s t r i a l  compet i t ion.  



Table 8-1. Selected Examples o f  Lunar-to-LEO Transpor ta t ion 

Propel l a n t s  
Lunar 

Case Condit ions T e r r e s t r i a l  Lunar Pay1 oad payl oadb 
t o  LEO Rat io  

Base1 i n e  OTV 
1 All  T e r r e s t r i a l  321' 53.1 0 0 66.9 0.18 

Propel l a n t C  

Base1 i ne  OTV, LTV 
2 Combined T e r r e s t r i a l  26.7 17.9 80.5 0 66.9 1.50 

and Lunar 02 

B ~ s e l i n e  OTV, LTV 
3 M in imuml 'e r res t r~a l  0 17.9 107.2 0 40.2 2.25 

Propel 1 ant 

L i m t  Case 
4 Zero Dry Mass OTL1 3 13.8 82.7 0 62.7 4.54 

and LTV 

5 Assume Lunar Hz  0 0 89.8 14.9 54.1 0 

Avai l ab lea  

aLunar Hz has been postu la ted (Ref. 8-7), but  i t s  existence i s  uncer ta in ;  
r e s u l t s  shown f o r  i 1 l u s t r a t i o n  only. 

bpayload r a t i o  i s  defirted as tons o f  payload de l i ve red  ( f rom the lunar  surface 
t o  LEO) per ton  o f  t e r r e s t r i a l - o r i g i n  prop~l!;nt requi red i n  LEO t o  make the  
del  i very. 

CRequires m u l t i p l e  OTV t r i p s  and s tag ing i n  LLO. 



Components made from unref ined o r  p a r t i a l l y  r e f i ned  lunar  
surface mater ials,  whose func t ion  i s  p r i m a r i l y  s t r u c t u r a l  , 
are very u n l i k e l y  t o  be compet i t ive w i t h  t e r r e s t r i a l  
counterparts. 

Products which have an advantageous performance r a t i o ,  but  which a re  
required i n  r e l a t i v e l y  small quan t i t i es  (e.g., oxygen f o r  l i f e  support a t  
-300 kglperson year) ,  w i  11 not  be advantageous unless produced and 
transported i n  conjunct ion w i t h  a high-vol  ume product. Otherwise, " ind f  r e c t "  
missions (A) ,  t ranspor t  equipment (F and H), etc., w i l l  be too  l a rge  i n  
proportior, t o  the quant i t y  of the  product required. 

The s ign i f i cance  o f  a1 loy ing,  heat - t reat ing,  and f i n a l  machining of 
metal components becomes evident i n  comparison t o  the  minumum break-even r a t i o s  
o f  0.22 and 0.44. While a1 loy ing,  heat - t reat ing,  and machining ex t ra te r res -  
t r i a l  metal products i s  possible,  add i t iona l  f a c i l i t i e s ,  energy, suppl ies and 
t ranspor t  (terms C, D, E, F, and G i n  Equation 1) would be required. 

8.3.3 Lunar Mater ia ls  f o r  GEO 

The equivalent break-even performance-ratio values f o r  lunar  
mater ia l  i n  GEO are somewhat more advantageous. As shown i n  Section 7.2 w i t h  
current  conventional chemical propulsion, n > 0.2 i s  possible.  Even w i t h  
advances and o p t i m i s t i c  estimated TI > 0.1, conclusions s i m i l a r  t o  these 
f o r  Lunar/iEO hold. There would be a l a rge r  margin f o r  02 and r a d i a t i o n  
shielding, and somewhat more margin f o r  nonoptimum metal par ts .  S t ruc tu ra l  
use o f  lunar ceramic pa r t s  remains h i gh l y  un l i ke l y .  

8.3.4 Lunar Mater ia ls  f o r  Lunar Use 

Obviously, f o r  lunar  products t o  be used on the Moon, cons t ra in ts  
are s i g n i f i c a n t l y  d i f f e r e n t .  However, the  more advantageous condi t ions must be 
considered i n  the context o f  probable large-sca le lunar  operat ions and the 
resu l t i ng  "market" f o r  lunar  products. For lunar  use, t he  p rope l lan t  f o r  
product t ranspor t ,  j i n  Equation 8-4, i s  zero ( o r  a t  l eas t  r e l a t i v e l y  
i n s i g n i f i c a n t )  and Equation 8-4 can be rewr i t t en  as: 

I f  we de f ine  as tcns o f  equipment and suppl ies i n  place on t he  
Moon t o  produce any product per too o f  any product (prev ious ly  x had been 
s p e c i f i c a l l y  r e l a ted  t o  oxygen) then the  mass i n  LEO ( x '  6)  i s  the mass 
necessary for  product ion (c + d + e )  p lus  the mass f o r  p rope l lan t ,  g, o r  
XI$  = c t d + e + g .  We can a lso  consider t h a t  the  t ranspor t  o f  the  
competing t e r r e s t r i a l  oroduct can be considered equivalent t o  the  t ranspor t  o f  
equipment f o r  product ion u- i n  terms o f  tons o f  t e r r e s t r i a l  product t o  the 
Moon, 0 = 1 + w. Then Equation 8-11 becomes 



As w i l l  be shown l a t e r  i n  Sect ion 8-8, r e l a t i v e l y  e laborate 
f a c i l i t i e s  and power f o r  product ion o f  lunar  02 a t  s i g n i f i c a n t l y  l ess  
than 0.05 appears feas ib le .  For product ion o f  s t r u c t u r a l  s i l i c a t e  shapes, 
f a c i l i t y  mass t o  product mass <0.01 appears possible.  Therefore, on the  Moon, 
lunar  products are compet i t ive even w i t h  a  performance disadvantage o f  20 t o  
100 compa-ed t o  t ~ r r e s t r i a l  products. 

From Equation 8-11 i t  i s  ev ident  t h a t  there  i s  a  p o t e n t i a l  
advantage t o  e x t r a t e r r e s t r i a l  mate r ia ls  so long as t he  r a t i o  o f  the mass o f  
imported equipment and suppl ies t o  t he  mass o f  product i s  equal t o  o r  l e s s  
than the product performance r a t i o  (n). Thus f o r  h i  gh-performance products, 
processes and products r e q u i r i n g  major fac i  l i t i e s  (e.g., photovol t a i cs ,  wet 
chemical processes) may become viable.  The advantage i s  poss ib le  on ly  if the  
volume of t he  market f o r  t he  product i s  l a rge  enough; otherwise the  f i xed  mass 
items l i k e  " i n d i r e c t "  missions (A), operat ions (B), and t r ans fe r  vehic les (F) 
are l i k e l y  t o  be-ome dominant factors .  

For exsmple, i t  i s  usefu l  t o  consider an o p t i m i s t i c  market o f  500 
met r i c  tons per year o f  lunar  02 f o r  low Ear th  o r b i t  which i n  t u r n  generates 
a market fo r  lunar  s i l i c o n  pho tovo l ta ics  t o  produce the  oxygen. The power 
p l an t  t o  produce the  500 tons lyear  p lus  another -1000 t ns o f  02 t o  de l  i v e r  S the  payload f o r  LEO would requ i re  a  capaci ty  o f  -3 x  10 kwe. With 
cur ren t  pho tovo l ta ic  technology such a p l a n t  would have a mass o f  40-50 tons; 
w i t h  advanced technology, i t might be as small as 10-20 tons. Such a l e v e l  
may o r  may no t  be s u f f i c i e n t  t o  j u s t i f y  i n s t a l l a t i o n  o f  a  p l a n t  t o  produce 
photovol ta ics  on the  Moon (see Section 8-9). 

8.4 CONVENTIONAL PROPULSION--MOON TO LEO 

So f a r  we have considered on ly  the t e r r e s t r i a l  p rope l lan ts  requi red 
f o r  t ransgor ta t ion  and estab l ished minimum performance based on t h a t  simp1 i fi - 
cat ion. It i s  usefu l  t o  examine i n  more d e t a i l  the  condi t ions under which i t  
i s  advantageous t o  t r anspo r t  lunar  products from the  Moon t o  LEO. The 
fo l low ing  c a l c 1 9 ' ~ t i o n s  are based p r i m a r i l y  on lunar  oxygen t ranspor ted t o  LEO 
fo r  o r b i t  r a i s ~ n g .  The assumptions are cur ren t  s t a t e  o f  t he  a r t  H2/02 
propuls ion technology w i t h  t he  add i t i on  o f  aerobraking f o r  a l l  r e t u r n  t o  LEO 
t r a j e c t o r i e s .  Del i v e r y  t o  LEO was examined f o r  minimum t e r r e s t r i a l  p rope l lan t  
( a l l  Hz) from Ear th  and a l l  02 from the  Moon as a func t ion  o f  t he  "dry 
weights" of the Moon-LLO and the LLO-LEO t r a n s f e r  vehic les,  as described i n  
Section 7-2. 

I f  we assume the  pay:~ad t o  be oxygen, w i t h  r~ = 1.0, and the  mass 
o f  the t r ans fe r  vehic les t o  be i n s i g n i f i c a n t  t o  the  t o t a l  mass (except as they 
a f f e c t  t ranspor t  p rope l lan t  consumption), then there  i s  an advantage t o  the 
1 unar product when : 

With conservat ive values f o r  t r ans fe r - veh i c l e  d ry  weights from de ta i l ed  
studies,  j '  i s  0.44 tons o f  t e r r e s t r i a l  hydrogen i n  LEO per t on  o f  l una r  
oxygen del ivered and j" i s  2.67 tons o f  lunar  02 consumed f o r  every ton  o f  
O2 del ivered. Equation 8-13, i s  p l o t t e d  i n  F igure  8-3, which shows m as a 
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funct ion o f  x ( f a c i l i t y  and suppl ies per  t on  o f  product)  f o r  t h e  t h ree  values 
o f  B described i n  Section 8-2 above. The range o f  probable values of the  
p a r t s  o f  the  f a c i l i t y  and t he  t o t a l ,  x, 2 re  discussed i n  Sect ion 8-8 o f  t h i s  
repor t .  

For t he  l i m i t  case o f  zero "dry weight" f o r  the  LLO-LEO and LLO/ 
lunar  surface t r a n s f e r  vehic les,  one t on  o f  lunar  02 payload de l i ve red  t o  
LEO requi res 0.22 tons o f  t e r r e s t r i a l  H2 and 1.32 tons o f  lunar  02 f o r  
t ranspor t .  Equation 8-13 i s  p l o t t e d  i n  F igure 8-4, which shows m as a 
funct ion of x ,  w i t h  these l i m i t  values o f  j '  and j" and f o r  the th ree  values 
o f  B. Note t h a t  the  6 values are - not lower l i m i t  cases. 

It i s  poss ib le  t o  make some order  o f  magnitude ca l cu la t i ons  f o r  
power and processing equipment, as discussed l a t e r  i n  Section 8.8. However, 
reduct ion i n  t he  unce r ta i n t i es  i n  these q u a n t i t i e s  must be a major goal of t h e  
research p ro jec t .  I n  Equation 8-13, t he  lunar  surface mass, x, i s  compared 
t o  t e r r e s t r i a :  o r i g i n  mass t h a t  the  lunar  product can displace. Note t h a t  t h e  
value x has m u l t i p l i e r s ,  13, ranging from 3 t o  7.25 and (1 + j") which has 
values from 2.3 t o  3.7. The same m u l t i p l i e r s  (-7 t o  -30) apply a lso  t o  
unce r ta i n t i es  i n  X. 

S im i l a r  ca l cu la t i ons  and condi t ions a re  poss ib le  f o r  products o ther  
than 02 p rope l lan t .  Processed lunar  mater ia l  f o r  use as r a d i a t i o n  sh ie l d i ng  
might have a performance r a t i o  (n) near 1.0 and would l i k e l y  requ i re  l ess  
e laborate f a c i l i t i e s  and power supply than 02. Some metal a l l o y  shapes 
might approach 1.0; t he  f a c i l i t i e s  and power are uncertain,  bu t  probably no t  
s i g n i f i c a n t l y  greater  than f o r  02 production. 

8.5 NONCONVENTIONAL PROPULS IOY--MOON TO LEO 

The conclusions and cons t ra in ts  shown i n  t he  Sections above are 
based on conventional H2/02 propuls ion technology, w i t h  t he  essen t ia l  
add i t i on  o f  aerobraking f o r  r e t u r n  t o  LEO. Since the  use o f  e x z r a t e r r e s t r i a l  
ma tz r i a l s  i s  a t  l e a s t  a decade o r  two away, i t  i s  reasonable t o  examine the  
impact o f  major improvements i n  propuis ion on the v i a b i l i t y  o f  such use. 

It i s  e n t i r e l y  poss ib le  t h a t  some t ime i n  the  fu tu re ,  a v a r i e t y  o f  
scenarios may be p r a c t i c a l  1 i ke: electromagnetic-launcher de l  i v e r y  d i r e c t l y  
t o  L-po in ts  o r  t o  LEO; nuclear propuls ion w i t h  lunar  p rope l lan t ;  metal/oxygen 
rockets; mat ter /ant imat ter  propulsion. However, f o r  t h i s  study, somewhat more 
conservat ive advanced technology assumptions are more appropr iate.  

Lunar-surface t o  LLO us ing an electromagnetic launcher and LLO t o  
LEO us ing e l e c t r i c  propuls ion are examined i n d i v i d u a l l y ,  w i t h  conventional 
chemical propuls ion f o r  the  other  l e g  i n  each case. I n  add i t ion ,  a combin- 
a t i o n  o f  electromagnetic launch t o  LLO and e l e c t r i c  propuls ion from LLO t o  LEO 
was examined. 

The mass o f  t ranspor t  equipment, considered i n s i g n i f i c a n t  f o r  
chemical propulsion, can become a major f ac to r  f o r  these cases. For purposes 
of t h i s  analys is ,  i t  i s  assumed t h a t  the  e n t i r e  mass o f  t he  electromagnet ic 
launcher i s  t rhnspor ted from Earth, wh i l e  i n  f ac t ,  i t  might be poss ib le  t o  
const ruct  por t ions  o f  i t  from l una r  mater ia ls .  The mass o f  the e l e c t r i c  
propuls ion system i s  dominated by the  power supply f o r  the  t h r u s t e r  and can be 
reasonably estimated. 
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Figure 8-4. Po ten t ia l  Advantage o f  Lunar Payload De l i ve ry  t o  LEO; 
L i m i t  Case Propulsion Systems 



Since t he  mass of  t r anspo r t  equipment and p rope l l an t  can be r e l a t e d  
t o  t h e  mass of  de l i ve red  product, we can use Equations 8-2 through 8-4, 
r e t a i n i n g  t he  d e f i n i t i o n  of t e r r e s t r i a l  p rope l l an t s  (j' ) and l una r  p rope l lan ts  
( j " )  f o r  product de l i ve r y ,  and rede f i n i ng  t r anspo r t  equipment (H) f o r  product 
d e l i  very as: 

H '  = mass o f  LEOlLLO o r b i t  t r a n s f e r  veh ic le ;  h '  = t r a n s f e r  veh i c l e  
mass per mass o f  product ( i nc l ud ing  t h e  power system i n  t he  
case o f  t he  e l e c t r i c  vers ion) .  

H" = mass o f  lunar-sur faceILL0 t r a n s f e r  veh ic le ;  h "  = t r a n s f e r  
veh i c l e  mass per mass o f  product ( i n c l u d i n g  t he  power system 
i n  t h e  case o f  t h e  electromagnet ic launcher) .  

With these d e f i n i t i o n s  f o r  t r anspo r t  o f  l una r  materia: t o  LEO 
(w = 0),  Equation 8-4 becomes: 

(The use o f  13, t he  r a t i o  o f  t o t a l  mass i n  LEO t o  mass de l i ve red  t o  t h e  Moon, 
i s  convenient i n  l i e u  o f  cons ider ing F and G f o r  equipment t ranspor t . )  

8.5.1 Electromagnetic Launchers (Mass-Driver and Rail-Gun Systems) 

The d e t a i l s  o f  candidate mass-driver and r a i l - g u n  systems a re  
descr ibed i n  Sect ion 7-2. Using values from Figure 7-4, some extremes of 
t o t a l  launcher p l us  power supply mass can be estimated. Since t he  launcher 
mass i s  r e l a t i v e l y  i n s e n s i t i v e  t o  product mass, i t must be considered r e l a t i v e  i t o  some t y p i c a l ,  expected annual launch ra tes  and l i f e t i m e s .  A nominal value I : - 
o f  h" fo r  any la rge-quan t i t y  market, exc lud ing t he  power supply i s :  

h" = 60 tons equip. 
500 tons 02/yr x  5  y r s  

= .024 tons equip./ton 02 de l i ve red  

A t  t he  o ther ,  o p t i m i s t i c  extreme, 500 tons o f  O2 p l us  metal 
"by-product" a re  launched, and us ing t he  lower bound o f  t h e  launcher-mass 
uncer ta in ty  band, the  mass might be as low as (exc lud ing t he  power supply) :  

h" = 30 tons equip. 
1000 tons mat l  l y r  x  10 y r s  = .003 tons equip./ton mat l  de l i ve red  

The power consumption f o r  the  mass d r i v e r  i s  a  f unc t i on  o f  de l i ve red  
mass. Using the  upper l i m i t  o f  t he  unce r t a i n t y  band o f  100 kW f o r  a  product 
mass o f  l o 3  tons lyear  and cur ren t  space pho o v o l t a i c  technology of 66 Wlkg, 
the  power generat ing equipment i s  1.5 x  tons per t o n  o f  product  
launched. Using the  lower l i m i t  o f  t he  unce r t a i n t y  bsnd and more o p t i m i s t i c  
values of f u t u r e  space power technology, t he  value becomes even smal ler .  Thus, 
the  t o t a l  lunar-surface/LLO t r anspo r t  equipm n t  (h " ) ,  i n c l ud ing  power supply, 
can be estimated t o  be 3 x  t o  2.4 x  lo-' t o n s i t o n  o f  l unar  product. 



For t h e  case o f  l una r  O2 t o  LEO, assuming t h a t  t he  e n t i r e  
launcher i s  t ranspor ted l i k e  t he  processing and power equipment, we can 
r e w r i t e  Equation 8-14 f o r  cond i t i ons  w i t h  advantage t o  l una r  02 as: 

q = 1 2 m = x ~ ( 1  + j " )  + h '  + gh" + j ' (8-15) 

I n  t h i s  case, ca l cu l a t i ons  (see Sect ion 7-2) show t h a t ,  f o r  
t e r r e s t r i a l  Hz, j '  = 0.145 and, f o r  l una r  02, j" = 0.88, us ing r e a l i s t i c  
dry-weight mass o f  t he  LLO/LEO t r anspo r t  vehic le.  The curves i n  F igure 8-5 
show the  p o t e n t i a l  advantage o f  l unar  ma te r i a l  ( r i g h t  s ide  o f  Equation 8-15) 
m as a f unc t i on  o f  x f o r  t h e  t h ree  values o f  0 descr ibed i n  Sect ion 8.2.2, 
bu t  exc lud ing cons iderat ion o f  t he  launcher mass (h")  and assuming h '  i s  
negl i g i  b l  e. 

Since t he  launcher i s  a l a rge  mass, r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  
mass t o  be launched (see F igure 7-4), t he  v i a b i l i t y  o f  such an op t ion  depends 
s t rong ly  upon an establishment and maintenance o f  s u f f i c i e n t  product volume t o  
warrant t h e  i n s t a l l a t i o n .  The curves i n  F igure  8-5 assumed h" i n  x Equation 
8-15 t o  be neg l i g i b l e ;  F igure 8-6 shows t he  v i t a l  s e n s i t i v i t y  t o  annual 
product mass. F igure  8-6 shows values o f  m as a f unc t i on  o f  x (Equation 8-15) 
f o r  01 only,  and f o r  se lected values o f  annual product, i n c l ud ing  t he  B1  
curve f o r  h" = 0 from Figure 8-5. It should be noted t h a t  t he  launcher i s  
s ized (h " )  t o  t r anspo r t  ( 1  + j " )  from t h e  l una r  sur face t o  LLO, bu t  t h e  mass 
i s  "amortized" on ly  f o r  payload de l i ve red  t o  LEO. 

8.5.2 E l e c t r i c  Propul s ion  f o r  LLO/LEO 

D e t a i l s  o f  e l e c t r i c  propuls ion opt ions and var iab les  a re  discussed 
i n  Sect ion 7.2. I f  we assume chemical Moon t o  LLO t r anspo r t  and examine t h e  
s i ng le  o p t i m i s t i c  ("high-technology")  case o f  p a y l o a d l t e r r e s t r i a l  propel  l a n t  
mass r a t i o  o f  7.7, i t  w i l l  i l l u s t r a t e  t he  impact o f  t o t a l  equipment f o r  
e x t r a t e r r e s t r i a l  mate r ia l  product ion and t r anspo r t  and t he re fo re  can serve as 
an example f o r  o ther  ca l cu l a t i ons  t h a t  may be des i red  i n  t he  future.  

The terms i n  Equation 8-14 f o r  t h i s  case are:  

c + d + e = process equipment and suppl ies  as def ined i n  Sect ion 8.2 

h '  = 30-ton veh ic le  - 0.05-ton veh ic le  
60 tons/ load x 2 loads/yr  x 5 y r s  ton product 

h" = assumed t o  be n e g l i g i b l e  

j '  = 0.13 ( t e r r e s t r i a l  p rope l l an t  f o r  lunar-sur face t o  LLO) 

LS t o  LLO + LLO t o  LEO - 52,800 + 27,040 = 1-96 
j" = payload- 67,760 

For t h i s  case, the  appropr ia te  vers ion o f  Equation 15, f o r  an advantage o f  
l unar  oxygen t o  LEO becomes: 

0 = 1 m = x p ( l  + j " )  + h '  + j '  !8-16) 
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F i g u r e  8-5. P o t e n t i a l  Advantage o f  Lunar Payload D e l i v e r y  t o  LEO; Zero  
Mass E lect romagnet ic  Launcher f o r  Lunar-LLO and Convent ional  
Chemical Propuis ion  and Aerobraking f o r  LLO-LEO 
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TOTAL MASS OF EQUIPMENT AND SUPPLIES PER TON OF PRODUCT 

F igure  8-6. P o t e n t i a l  Advantage o f  Lunar Payload t o  LEO Using 
Electromagnet ic Launch fo r  Moon t o  LLO and Chemical 
Propuls ion and Aerobraking f o r  LLO t o  LEO 



Values of  m as a f unc t i on  o f  f o r  t h i s  case and f o r  t he  th ree  values o f  8 
are  shown i n  F igure 8-7. As expected from the  numbers above, t he  r e s u l t s  are 
no t  much d i f f e r e n t  than the  zero "dry-weight" chemical case descr ibed i n  
Sect ion 8.4 (F igure 8-4). 

8.5.3 Electromagnetic Launch and E l e c t r i c  Propuls ion 

Theore t i ca l l y ,  w i t h  the  combination, once product ion,  power, and 
maintenance equipment, expendables, and t r anspo r t  veh ic les  are i n  place, the  
e x t r a t e r r e s t r i a l  - p r o d u c t / t e r r e s t r i a l  - p r o  a n  r a t i o  i s  i n f i n i t e .  It i s  
useful t o  examine t he  ac tua l  p o t e n t i a l  which might be achieved w i t h  t h i s  
combination as a l i m i t  case. 

Considering an advantage f o r  lunar  oxygen t o  LEO, Equation 8-14 
becomes : 

In  t h i s  case 

j '  = 0 (no t e r r e s t r i a l  p rope l l an t  requi red)  

j" = lunar  oxygen f o r  e l e c t r i c  p ropu ls ion  t r anspo r t  = 0.4@ 

h '  = 0.05 f o r  5-year l i f e t i m e ;  0.025 f o r  10-year l i f e t i m e  

h" = launcher and power supply f o r  (payload + j"); s t rong l y  
dependent Ori product q u a i t i t y  (see Sect ion 8.5.1). 

Values o f  m as a f unc t i on  o f  x w i t h  the  above numbers i n  Equation 
8-17 are shown i n  F igure  8-8 f o r  ~1 on ly  and f o r  se lected values o f  annual 
payload. As was evident i n  F igure 8-6, the  p o t e n t i a l  b e n e f i t  i s  s t r ong l y  
dependent on product q u ~ n t i t y ;  product ion we l l  i n  excess o f  100-200 tons lyear  
f o r  10 years i s  esseq t ia l  f o r  reasonable r e t u r n  f o r  t he  electromagnet ic launch 
systems ind icated.  

The curves i n  F igure 8-8 a re  based on B 1  = 7.25 (se? Sect ion 
8.2). Some add i t i ona l  advantage i s  poss ib le  f o r  o ther  values o f  6 s i m i l a r  
t o  the  curves i n  o ther  f i gu res  ( f o r  example 8-3). I n  add i t i on ,  the re  may be 
f u r t h e r  advantage t o  an i n i t i a l  small f a c i l i t y  and subsequent expansion v i a  
equipment t ranspor ted w i t h  the  e l ec t r i c -p ropu l s i on  module. Such an approach 
could r e s u l t  i n  a s i g n i f i c a n t  reduct ion i n  the  long-term ne t  value of 0 and 
since p i s  a m u l t i p l i e r  i n  t h e  two l a r g e s t  terms i n  Equation 8-17, a 
s i g n i f i c a n t  improvement i n  the  advantage o f  l unar  payload t o  LEO. 

a': 
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Figure 8-7. Po ten t ia l  Advantage, Lunar-Product Del i v e r y  t o  LEO w i t h  
E l e c t r i c  Propulsion, Lunar 02 Propel 1 ant,  Conventional 
LS + LLO 
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F i g u r e  8-8. P o t e n t i a l  Advantage, Lunar-Product D e l i v e r y  t o  LEO w i t h  
Electromagnet i z  Launcher and E l e c t r i c  Propul  s i o n  



8.6 EXTRATERRESTRIAL MATERIALS FOR USE I N  GEO 

Po ten t i a l  candidate e x t r a t e r r e s t r i a l  mater i  a1 s  f o r  use i n  GEO 
inc lude metals and/or s i l i c a t e s  f o r  cons t ruc t ion  and r a d i a t i o n  sh i e l d i ng  and 
oxygen f o r  r e tu rn  o f  reusable LEO/GEO OTVs and f o r  o r b i t  charge/tr im, l i f e  
support, and f u e l - c e l l  power generation. The la rge-quan t i t y  needs a re  most 
l i k e l y  t o  be f o r  const ruct ion.  

For mate r ia l s  de l i ve red  t o  GEO, a1 1 terms i n  Equation 8-1 can be 
s i g n i f i c a n t ,  depending on t he  type o f  p ropu ls ion  t o  be used. 

I f  we assume la rge-quan t i t y  product us2 i n  GEO, the t r anspo r t  
veh ic les  can be assumed t o  be small enough t o  be considered i n s i g n i f i c a n t  
except as they a f f e c t  propel  l a n t  consunption. Under these c i  rcumstances , 
Equation 8-4 can be r e w r i t t e n  i n  terms o f  break-even r a t i o  as: 

and us ing t h e  terms def ined f o l l ow ing  Equation 8-4 a t  t he  end o f  Sect ion 8.2.2 
as: 

Among the  several cases examined f o r  t r anspo r t  t o  GEO (see Sect ion 
7.2) th ree  y i e l d  p a r t i c u l a r l y  use fu l  r e s u l t s  f o r  i l l u s t r a t i o n  o f  t h e  r e l a t i v e  
me r i t s  o r  value o f  e x t r a t e r r e s t r i a l  mater ia ls .  

1) Using a s ing le- loop mission p r o f i l e  o f  LEO/Moon/GEO/LEO w i t h  
minimum t e r r e s t r i a l  p rope l l an t  (Hz on l y )  and a l l  02 from the  
Moon, t!x ne t  del  i ve rab le  i s  negative. Th is  r e s u l t  i s  somewhat 
su rp r i s i ng  u n t i l  one considers +.hat t he  veh ic le  and oxygen fo r  t he  
GEO/LEO and the  next outtdund LEO/LLO must be i n j ec ted  i n t o  and 
back out o f  GEO. 

2 )  With a l l  t e r r e s t r i a l  Hz, t e r r e s t r i a l  0  f o r  t he  outbound 3 (LEO t o  LLO) leg,  lunar  O2 f o r  the  rema-ia e r  (LLO t o  l u n a r  
surface, lunar  surface t o  LLO, LLO t o  GEO and empty OTV r e t u r n  t o  
LEO) y i e l d s  a  p o s i t i v e  r e t u r n  o f  1.16 tons o f  payload i n  GEO per  
t on  i n  LEO. (Since w i n  Equatiuns 8-18 and 8-19 i s  s i g n i f i c a n t ,  
t he  b e n e f i t  o f  l unar  payload i s  much l a r g e r  than 1.16; t he  
effective payload r a t i o ,  as descr ibed i n  Sect ion 7.2, i s  4 o r  5,) 

3) Using two p a r a l l e l  mission p r o f i l e s ,  w i t h  empty O f V  r e t u r n  from 
GEO t o  LEO l i k e  #2 above, and p a r a l l e l  supply o f  lunar  02 f o r  t he  
outbound l e g  d i r e c t  t o  LEO as descr ibed e a r l i e r  (Sect ion 7.2), one 
t on  of  GEO payload requi res on ly  0.57 ton  o f  t e r r e s t r i a i  p rope l l an t  
and 3.45 tons o f  l unar  02. 

Making t he  somewhat o p t i m i s t i c  assumption t h a t  "se l f -conta ined"  
lunar  products can be i n j e c t e a  i n t o  low lunar  o r b i t  w i t h  electromagnet ic acce l -  
e ra to rs ,  the t e r r e s t r i a l  and lunar  p rope l lan ts  aszociated w i t h  t h e  l una r  o r b i t -  
to-sur face- to-orb i  t round t r i p  can be e l iminated.  Under the  circumstances , t h e  
po ten t i a l  advan$age o f  lunar  mate r ia l  increases s l g n i f i c a n t l y .  



There i s  s i m i l a r  advantage f o r  t he  use o f  s o l a r - e l e c t r i c  p ropu ls ion  
f o r  t he  LLO-to-GEO t r ans fe r .  S o l a r - e l e c t r i c  shows g rea te r  advantage over 
chemical t o  GEO than t o  LEO because t he  chemical systems cannot use aero- 
brak ing a t  GEO. The d i f f e rence  between t he  advantage o f  l unar  products i n  GEO 
and LEO i s  s i g n i f i c a n t  bu t  no t  dramatic, and appears t o  be p a r t i a l l y  counter-  
acted by a  somewhat lower p r o b a b i l i t y  o f  requiremeqt f o r  l a rge  q u a n t i t i e s  o f  
mater ia ls .  The d i f fe rences  do no t  appear s c f f i c i e n t  t o  modify most o f  t he  
general conclusions regard ing the  types of products which may f i n d  markets. 

Some recen t l y  suggested processes i o r  f a b r i c a t i n g  s i  1  i con  so: a r  
c e l l s  ( p r i v a t e  communication 3. B i ck l e r ,  e t  al., JPL) i n d i c a t e  t h a t  conven- 
t i o n a l  s i l i c o n  so la r  c e l l s  f o r  l unar  use might be compet i t ive.  Competit ion i n  
LEO s t i l l  appears un l i ke l y .  F a c i l i t y  requirements a re  t oo  uncer ta in  t o  def ine 
v i ab i  1  i t y  i n  GEO so f u r t h e r  i n v e s t i g a t i o n  appears warranted and w i  11 be under- 
taken i n  t h e  fu ture.  

8.7 ASTEROID MATERIALS 

There are th ree  general c lasses of as te ro ids :  the  m a j o r i t y  i n  the  
main b e l t  between Mars and J u p i t e r ;  t he  "Apol lo"  o r  "near-Earth" as te ro ids  i n  
e l l f o t i c a l  o r b i t s  which approach o r  cross t he  o r b i t  o f  Earth; and the  postu- 
l a t e d  "Tro.janH as te ro ids  i n  Earth-Sun l i b r a t i o n  o r b i t s .  

The major advantage o f  t he  as te ro ias  as sources o f  e x t r a t e r r e s t r i a l  
mate r ia l s  i s  t he  p r o b a b i l i t y  t h a t  some conta in  carbon and chemical ly combined 
u s e f ~ l  " v o l a t i l e s "  i nc l ud ing  C O z  and H z 0  which can be ex t rac ted  and used 
as reagents o r  t o  make p rope l lan ts .  

The main b e l t  as te ro ids  do no t  appear t o  be a t t r a c t i v e  sources of 
mate r ia l  unless they can be proven t o  conta in  v o l a t i l e s  t h a t  can be used t o  
make p rope l lan t .  They requ i r e  r e l a t i v e l y  l a rge  t r a n s f e r  energies and t r a n s i t  
times. Furthermore, t he  l a rge  d is tance from the  Sun would r equ i r e  development 
o f  processing energy from some other  source. 

The Earth-crossing as te ro ids  have the  advantage o f  low t r ans fe r  
energy but the counter ing d i sad~an tage  t h a t :  low energy oppo r t un i t i e s  occur 
i n f r equen t l y  (e.g.,  2-5 year i n t e r v a l s )  ; the  l a rge  and vary ing Earth-body 
d is tance e l  iminates t he  possi b i  1  i t y  o f  p r a c t i c a l  te5eoperat ion,  r e q u i r i n g  
h i gh l y  r e l i a b l e ,  f u l l y  autonomous operat ions;  and t he  l a rge  and vary ing Sun- 
body d is tance degrades the  e f f i c i e n c y  and u t i l i t y  o f  s o l a r  e i~ergy  f o r  pi-o- 
cessing. 

The major disadvantage o f  t he  "Trojan" as te ro ids  i s  t he  uncer ta in ty  
o f  t h e i r  existence. While t!tey can t h e o r e t i c a l l y  e x i s t ,  they have never been 
observed. I n  add i t i on  t o  t h e  p o s s i b i l i t y  o f  usefu l  v o l a t i l e s ,  they have the  
advantages o f  low t r a n s f e r  energy, in termediate  between t he  Apo l lo  bodies and 
the  Moon; near l y  constant Sun distance, and thus t he  p o s s i b i l i t y  o f  p r a c t i c a l  
so l a r  processing energy; and near l y  continuous oppor tun i t i es .  



While t he  ne t  t rans fe r  energies t o  t he  astero ids a re  lower than 
those t o  and from the Moon, t ranspor t  s tud ies (see Sect ion 7.2) i n d i c a t e  t h a t  
the mass t rans fe r  advantage t o  LEO i s  no t  s i g n i f i c a n t l y  b e t t e r  than t h a t  from 
the moon. This conclusion stems i n  p a r t  from the  f a c t  t h a t  lunar  t r a n s f e r  can 
take advantage of low lunar  o r b i t  (LLO) staging; t h a t  i s ,  t he  t e r r e s t r i a l  H2 
f o r  the  re tu rn  LLO t o  LEO l e g  can be l e f t  i n  LLO and no t  c a r r i e d  t o  t he  l una r  
surface and back up t o  LLO. S im i l a r l y ,  l unar  oxygen f o r  the LLO t o  lunar  
surface l e g  o f  t ranspor t ing  processing equipment and suppl ies can be staged i n  
LLO ra ther  than c a r r i e d  t o  LEO and back. 

As a r e s u l t  o f  the t r a n s f e r  energy s i m i l a r i t i e s ,  t he  general conclu- 
sions and const ra in ts  describe3 e a r l i e r  f o r  the  Moon apply t o  as te ro ida l  
m a t v i a l  s as we1 1, w i t h  small , q u a n t i t a t i v e  d i f ferences.  Should reasonably 
accessible astero ids be i d e n t i f i e d  w i t h  proven, l a rge  quan t i t i es  o f  " v o l a t i  l e s "  
t ha t  can be made i n t o  propel lants ,  t he  advantages of processing and t ranspor t  
of products t o  LEO, GEO, o r  t he  Moon, would be dramatic. 

8.8 FACILITIES AND SUPPLIES 

Examination o f  the b re~k-even  in te rcep ts  i n  Figures 8-3 through 8-8 
make i t  obvious t h a t  the  t o t a l  mass on t he  lunar  surface t o  produce products 
f o r  LEO, inc lud ing  processing equipment, power supply and expendables, etc., 
cannot exceed approximately 0.05 tons/ton 9 f  product. I n  fact ,  f o r  any 
advantage t o  e x t r a t e r r e s t r i a l  mate r ia ls  i n  LEO, the t o t a l  must be s i g n i f i -  
can t l y  less  chan t h a t  value. 

8.8.1 t r  ergy Supply f o r  Processing 

Small so la r  and nonsolar (e.g. RTG) power systems have been wide ly  
used i n  space, and scale-up t o  l a rg2 r  systems has been extens ive ly  studied. 
Thus, current  and po ten t i a l  f u tu re  technology are reasonably we l l  understood; 
these fac to rs  are described i n  d e t a i l  i n  Section 6. Solar pho tovo l ta ic  
technology i s  estimated t o  be cu r ren t l y  capable o f  -66 W/kg and has been 
extrapolated, w i t h  appropr iate development, t o  be 200 W/kg by the  mid 1990s. 

Current rad ioac t i ve  thermoelect r ic  generators (RTGs) are -4 \;/kg; 
fu ture space reaccors i n  the  100-kW e l e c t r i c  range are pro jected t o  be i n  the  
10-50 k/kg range. 

Ana ly t i ca l  studies i nd i ca te  t h a t  us ing so la r  concentrators made frorn 
loca l  e x t r a t e r r e s t r i a l  mater ia ls  and w i t h  major development programs, advanced 
systems !night approach 1 kW/kg. While t h i s  value i s  ebviously speculat ive,  i t  
i s  a useful  l i m i t  case t o  consider s ince i t  might be approachtd w i t h  extensive 
development, but  i s  almost c e r t a i n  not  t o  be exceeded. 

Anywhere on the Moon except a t  the poles, solar-power systems w i l l  
be able t o  operate -112 o f  the t ime o r  -4000 hours per year. Since the 
performdnce numbers already inc lude so la r - i n tens i t y  and pho ton- to -e lec t r i ca l  
conversion factors ,  the expectpd output w i l l  be - 400G kwhe ( k i l o w a t t  
hours, e l e c t r i c )  per year, per kV of capaci ty.  



Using the f ree  energy o f  formation o f  S i O E  from S i  and O2 as 
the l i m i t  o f  energy required fo r  d issoc ia t ion  a t  100% e f f i c i e n  the lower SYs l i m i t  o f  e l e c t r i c a l  power required fo r  e l e c t r o l y s i s  i s  -8 x 10 kWh/ton o f  02. 

The amount o f  equipment on the Moon f o r  power generation per ton of 
produced oxygen, previously defined as d can be calculated from: 

8 x 10' kWh/ton o f  O2 
d = 

4 x 103kwhe power system kW lo3kg process system 

kW capacity y r  performance kg ton e f f i c i ency  l i f e t i m e  y r s  

Using pessimist ic values of: power-system performance a t  0.1 kW/kg, 
system l i f e t i m e  o f  5 years, d a t  100% process e f f i c i ency  i s  0.004 and a t  10% 
ef f ic iency i s  0.04, With power-system performance projected for  the l a t e  
1990's o f  0.2 kW/kg and a l i f e t i m e  of 10 years, the values are 0,001 a t  100% 
e f f i c i ency  and 0.01 a t  10%. Using the l i m i t  case o f  1 kW/kg and assuming 
10-year l i f e t i m e ,  values of d would be fu r the r  reduced by a fac tor  of 5. 
Values o f  d as a function of process e f f i c iency  f o r  the three cases are shown 
i n  Figure 8-9. 

Calculat ions i n  Sections 8-2 through 8-6 have shown tha t  there i s  
an advantage t o  use o f  e x t r a t e r r e s t r i a l  mater ia ls  only when the t o t a l  mass of 
production and power equipment and expendibles i s  less than a few percent o f  
the t o t a l  product mass, Comparison o f  break-even points  i n  Figures 8-3 through 
8-8 and the  scale o f  power-supply mass i n  Figure 8-9 c l e a r l y  demonstrate t h a t  
process e f f i c i ency  and energy technology are key issues i n  the v i a b i l i t y  o f  
lunar 02 production. 

It i s  important t o  note t h a t  the current  and mid-term technology 
curves are f o r  photovoltaics w i th  inherent so lar  t o  e l e c t r i c  conversion 
e f f i c iency  o f  10-15%, assuming t h a t  a l l  o f  the d issociat ion energy i s  provided 
e l e c t r i c a l l y .  With t h i s  b u i l t - i n  scal ing factor ,  r e l a t i v e l y  high e f f i c i e n c i e s  
(po ten t i a l l y  greater than 100%) are possible i f  a major f rac t ion  of the energy 
can be provided v i a  the more e f f i c i e n t  d i r e c t  photon t o  thermal conversion. 

In contrast t o  02 production requ i r ing  -lo4 kWh/ton o f  
product, conversion o f  lunar mater ial  i n t o  useful mixed s i  1 i c a t e  shapes 
requires ~ 5 0 0  kWh/ton of product. For such products, the process e f f i c i ency  
and thus, process energy requirements, are therefore important but  c e r t a i n l y  
1 ess c r i t i c a l  . 
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Figure 8-9. Power-System Requirements f o r  Lunar Oxygen 



8.8.2 Processing Equipment 

The Ea r t h -o r i g i n  mass of equipment f o r  processing e x t r a t e r r e s t r i a l  
mate r ia l s  w i l l  no doubt be t h e  subject  o f  a s i g n i f i c a n t  design and development 
e f f o r t  p r i o r  t o  eventual operat iona l  development. The niass r e l a t i o n s h i p  t o  
analogous t e r r e s t r i a l  equipment i s  no t  imnedi a t e l y  obvious. C lass ica l  aero- 
space design and ma te r i a l s  se l ec t i on  w i l l  tend t o  reduce mass f o r  equ iva len t  
funct ion;  t he  requirement f o r  re1 i ab l e ,  long-term unattended operat ion w i  11 
tend t o  lead t o  increases. Mass/function equiva lent  t o  t e r r e s t r i a l  equipment 
appears t o  be a reasonable assumption pending s p e c i f i c  equipment conceptual 
design. 

I n  s p i t e  o f  t he  unce r t a i n t i es ,  i t i s  use fu l  t o  make rough o rder -o f -  
magnitude (ROM) est imates o f  equipment mass i n  order  t o  focus technology. 
These can serve as s p e c i f i c  guides f o r  techn ica l  eva lua t ion  and emphasis 
w i t h i n  t he  program. A more impor tant  app l i ca t i on  i s  i n i t i a l  eva lua t ian  o f  t h e  
u l t i m a t e  v i a b i l i t y  o f  candidate process/product combinations. 

I n  previous sect ions,  i t  has been shown t h a t  t ~ t a l  power and p ro -  
cessing equipment must be ~ 5 %  of t he  l i f e t i m e  product mass. It i s  use fu l  t o  
conceptua l ly  consider process equipment i n  t h e  context  o f  t he  t ime requi rea t o  
pi.oduc$ a product mass equ iva len t  t o  t he  equipment mass. A t  0.1% o f  t h e  
annual mass, t h e  t ime f o r  equiva lent  mass i s  a few hours, as might be 
t y p i c a l  o f  bu lk  mate r ia l  -hand1 i n g  (e.g. Earth-moving) equipment. A t  10% of  
t he  annual product ion mass, t he  t ime f o r  product ion o f  equ iva lent  mass i s  -1 
month, which might be t y p i c a l  o f  a l a rge  machine t o o l  producing small 
p rec i s i on  parts.  

A ROM est imate o f  e l e c t r o l y s i s  equipment has been made f o r  t h e  
equipment concept shown i n  t he  FYI82 annual r epo r t  (Reference 8-6), F igure  
VI-13, p. 98, as fo l l ows :  

• 500 tons L02/year a t  40% 02 i n  s o i l  requ i res  processing of 
1250 tons soi  1 /year 

1250 tons s o i l /  year 4000 opera t ing  hours/ year requ i res  
processing 300 kg s o i l /  hour 

300 kg so i  l / hou r  requi res -0.1 t o  0.2 m3 so i l / hou r  

8 With throughput i n  10 hours, process volume i s  1-2 m3 

Container w i t h  1 cm t h i c k  wa l l s ,  -lo5 cm3 

Container a t  dens i t y  o f  tungsten, 20 gm/cm3, -2 tons 

2 ~ o t e  t h a t  we are us ing annual product mass; o ther  comparisons are based on 
1 i f e  cyc l e  product mass w i t h  1 i f e  cyc les o f  5-10 years assumed. 



I f  such a 2-ton conta iner  represents 1110th o f  t he  t o t a l  
e l e c t r o l y s i s  f a c i l i t y  and such a f a c i l i t y  has an opera t ing  l i f e t i m e  of 10 
ye?rs, then (ROM): 

c = m  20 tons 
tons /y r  x 10 y r s  = .004 

Such a value seems t o  i n d i c a t e  t h a t  t he  processing f a c i l i t y  (no t  - 
inc lud ing  power suppiy)  f o r  e l e c t r o l y t i c  product ion o f  l una r  02 may be we1 1 
w i t h i n  t he  1 i m i  t s  o f  p o t e n t i a l  p r a c t i c a l i t y .  Obviously, improved est imates 
w i l l  be needed when b e t t e r  understanding o f  t he  process and t he  r e q u i s i t e  
f a c i  1 i t y  are b e t t e r  establ ished. 

8.8.3 Process Expendables/Consumables 

Several i n ves t i ga to r s  have proposed o r  examined processes r e q u i r i n g  
s i g n i f i c a n t  q u a n t i t i e s  o f  process a ids such as f l uxes ,  working f l u i d s ,  con- 
sumable electrodes, e tc .  I n  p r e l  iminary  e l e c t r o l y s i s  experiments, Kesterke 
(Ref. 8-12) usea 65-75 wsight f l u x  by weight and found i t  impossible t o  
recover o r  recyc le  any o f  it. 

The analyses i n  e a r l i e r  sect ions have shown t h a t  t he  maximum mass 
o f  equipment and expendables f o r  lunar  products f o r  use i n  LEO cannot exceed a 
few (e.g. 3-5) percent o f  t he  product mass. Thus, w i t h  requirements f o r  power 
(Sect ion 8.8.1) and product ion f a c i  1 i t i e s  (Sect ion 8.8.2) i t  would appear t h a t  
ne t  expendables should not  exceed, and p re fe rab ly  should be s i g n i f i c a n t l y  l ess  
than, 1% o f  t he  product mass. I f  we consider the  cond i t i ons  used by Kesterke, 
t he  molten mate r ia l s  contained -4 kg o f  f l u x  per kg o f  02. Thus, a 
r ecyc l i ng  e f f i c i e n c y  o f  -99.75% would be requ i red  t o  keep consumption down 
t o  a ne t  1% o f  product (02) mass. Such a l e v e l  would be d i f f i c u l t  w i t h  
mu l t i s tage  t e r r e s t r i a l  f a c i l i t i e s ,  and u n l i k e l y  f o r  the  simple f a c i l i t i e s  t h a t  
w i l l  be p r a c t i c a l  on t he  Moon. 

Processes which use v o l a t i l e  gases o r  f l u i d s  (e.g., wet chemistry)  
i n  c losed systems must be protected from damage from micrometeor i te  impact, 
which would r e s u l t  i n  ca tas t roph ic  l oss  o f  t he  working f l u i d .  

Obviously, f o r  products made from l una r  ma te r i a l s  and intended f o r  
use on t he  Moon, these cons t ra i n t s  are s i g n i f i c a n t l y  l ess  severe (see Section 
8.3.4). 

8.9 EXPLORATION, INSTALLATICN, AND MAINTENANCE 

I n  t h e  analyses described above, we have assumed t h a t  several  of 
t he  f ac to r s  (exp lo ra t ion ,  i n s t a l  l a t i o n ,  e tc . )  are  amortized over l a rge  quan- 
t i t i e s  o f  mate r ia l  and can t he re fo re  be considered i n s i g n i f i c a n t .  I f  on ly  
small q u a n t i t i e s  of e x t r a t e r r e s t r i a l  ma te r i a l s  a re  required, even very con- 
se rva t i ve  exp lo ra t ion ,  i n s t a l l a t i o n ,  o r  maintenance w i l l  tend t o  overshadow 
and cancel any advantages. 

The impact o f  these f ac to r s  can be i l l u s t r a t e d  by examining l una r  
operat ions and products. For the  ana lys is  i t  i s  usefu l  t o  consider both 
manned and unmanned operat ion opt ions and t o  use t he  f o l l o w i n g  approximate 
q u a n t i t a t i v e  values: 



a Manned operat ion f o r  exp lo ra t ion ,  i n s t a l  l a t i o n ,  and main- 
tenance equiva lent  t o  t h e  Apol l o  system, which had t h e  
c a p a b i l i t y  o f  d e l i v e r i n g  two men w i t h  instruments and t o o l s  
t o  t he  lunar  surface and r e t u r n i n g  then, t o  Earth. Tota l  
s t a r t i n g  mass i n  LEO -100 tons (Ref. 8-13). 

Instrumented operat ion f o r  exp lo ra t ion ,  etc., equ iva lent  t o  
the  Surveyor spacecraf t ,  which had observat ion and simple 
te leoperated manipu la t ion capabi 1 i t i e s .  Would probably 
r equ i r e  a d d i t i o n  o f  m o b i l i t y  o r  mobi le-veh ic le  payload (1  i k e  
the  Surveyor rov ing  veh i c l e )  so t h a t  t h e  mass might  be 2-5x 
t h a t  o f  Surveyor. Tota l  mass o f  Surveyor veh ic le  i n  park ing  
o r b i t  (LEO) was approximately one ton  (Ref. 8-14). 

At an e x t r a t e r r e s t r i a l  mate r ia l s  market l e v e l  o f  500 tons of l una r  
02 de l i ve red  t o  LEO per  year f o r  5-10 years, several  manned missions f o r  
exp lo ra t ion  and equipment i n s t a l  l a t i o n  would no t  have a major impact. However, 
a t  a l e v e l  o f  100 tons o f  product per year  a t  a 2 : l  advantage (i.e., 100 tons 
of 02 de l i ve red  t o  LEO f o r  every 50 tons o f  equipment and suppl ies)  a manned 
maintenance v i s i t  once i n  two years would completely cancel any advantage. 
Obviously i f  t he  maintenance v i s i t  inc luded serv ice  o f  some o ther  l una r  oper- 
a t ions  (e.g., astronomical 1 aboratory)  and t h e  "charse" t o  e x t r a t e r r e s t r i  a1 
mate r ia l s  operat ion reduced accordingly,  t he  impact would be less.  

Even a t  a h igh  o p t i m i s t i c  l e v e l  o f  500 tons per year, an annual 
manned maintenance v i s i t  represents a s i g n i f i c a n t  f r a c t i o n  of t h e  d isp laced 
t e r r e s t r i a l  - o r i g i n  mass. Therefore, f o r  t he  foreseeable fu tu re ,  p lans f o r  
manned i n t e r ven t i on  must be f o r  nonrout ine maintenance on ly ;  a l l  r o u t i n e  and 
even simple nonrout ine maintenance must be done remotely. R e l a t i v e l y  frequent 
(e.g., 1-3 lyear)  use o f  Surveyor-class veh ic les  (2-5 tons i n  LEO) ca r r y i ng  
te leoperab le  equipment f o r  i n s t a l  l a t i o n  o r  maintenance w i  11 be p r a c t i c a l  f o r  
l a rge-quan t i t y  product ion.  

Even Surveyor-class operat ions become imprac t i ca l  f o r  smal ler  
q u a n t i t i e s  o f  mate r ia l .  I f  we consider oxygen f o r  Space S ta t i on  l i f e  support, 
a t  0.84 kg (1.84 l b s )  per person-day o r  -300 kglperson-year (Ref. 15), an 
annual Surveyor-scale maintenance veh ic le  would be imprac t i ca l  f o r  suppl i e s  o f  
oxygen t o  a 10- 20-man Space Stat ion.  Even i f  l una r  02 could  be de l i ve red  
a t  a 2 : l  advantage, more than 30 years would be requ i red  t o  recover t h e  
investment o f  a s i ng l e  Apol l o - t ype  mission f o r  exp lo ra t i on  and s ta r tup .  

8.10 IMPACT OF AVAILABLE VOLATI LES 

The analyses and discussions above are based p r i m a r i l y  on a know- 
ledge o f  ava i l ab l e  space resources which i s  supported by some l e v e l  o f  phys- 
i c a l  l y  measured evidence. Lunar samples, re turned by t he  var ious Apol l o  
missions, have been ex tens ive ly  examined and i n d i c a t e  a Moon--near t h e  surface 
o f  t he  areas exp lo red - - v i r t ua l l y  devoid o f  v o l a t i l e s .  There i s  evidence (Ref. 
8-16) t h a t  a t  l e a s t  some o f  t he  carbonaceo~s chondr i te  a s t v o i d s  con t z i n  a few 
percent water. 



The ready a v a i l a b i l i t y  o f  volat i les--hydrogen, carbon, o r  even 
su l f u r  o r  phosphorus compounds--in l a rge  q u a n t i t i e s  would have an impor tant  
e f fec t  on t he  e n t i r e  s t ra tegy  and l i m i t s  regard ing t he  use of e x t r a t e r r e s t r i a l  
mater ia ls .  Such a v a i l a b i l i t y  would have an even more profound e f fec t  on the  
e n t i r e  wor ld  e f f o r t  t o  exp lore and u t i l i z e  space. 

S t ra teg ies  f o r  ground observat ions and exp lo ra t i on  m i  ss ions t o  
determine the  p o s s i b i l i t y  and ex ten t  of e x t r a t e r r e s t i a l  v o l a t i l e s  a re  des- 
c r ibed  i n  Sect ion 9, fo l lowing.  

8.10.1 U t i l i t y  o f  V o l a t i l e s  

The p r i n c i p a l  use o f  l a rge-quan t i t y  v o l a t i l e s  ( i f  found) w i l l  most 
1  i ke l y  be t he  product ion o f  propel l an t s ,  f o r  LEO t o  GEO o r b i t  r a i s i n g ,  fo r  Moon 
t o  Ea r t h -o rb i t  t r a n s f e r  of p rope l lan ts  and o ther  lunar  products, fo r  i n t e r -  
p lanetary  o r b i t  i n s e r t i o n ,  e tc .  I n  add i t i on ,  they a re  l i k e l y  t o  f i n d  impor tant  
use as reagents o r  processing a ids  f o r  product ion o f  e x t r a t e r r e s t r i a l  products, 
f o r  conversion i n t o  usefu l  z x t r a t e r r e s t i a l  products (e.g., p l a s t i c s ) ,  and fo r  
1  i f e  support. 

While t he  s i m p l i f i e d  example o f  Case 5 i n  Table 8-1 shows a "payload 
r a t i o "  o f  i n f i n i t y  f o r  t he  a v a i l a b i l i t y  of l unar  Hz, the  r ea l  bene f i t  of 
lunar  v o l a t i  l e s  would be somewhat less ,  bu t  s t i l l  dramat ic when requirements 
fo r  product ion and power equipment are considered. The q u a n t i t a t i v e  impact 
w i l l  be examined i n  f u t u r e  studies.  

S im i l a r l y ,  t h e  e f f e c t  o f  a  small i n i t i a l  f a c i l i t y  t o  produce HZ 
and 02 t o  t r anspo r t  equipment and suppl ies  f o r  expansion o f  the l una r  f a c i l -  
i t y  has no t  been examined bu t  w i l l  l i k e l y  have t he  e f f e c t  o f  f u r t h e r  improved 
margins. 

It i s  important t o  note t h a t  v o l a t i l e s  must be present i n  s i g n i f -  
i can t  quan t i t i e s  and conc2ntrat ions t o  have t he  type o f  engineer ing impact 
expected. For example, tt2 from implanted so lar -wind protons i s  present i n  
the  l una r  r e g o l i t h  t o  t he  ex ten t  o f  -10 ppm. As estab l ished by experiments 
on t he  Apo l lo  samples, t h e  H2 i s  e a s i l y  released by moderate heating. 
However, i f ,  i n  processing l una r  s o i l  t o  e x t r a c t  0  a l l  o f  the  ava i l ab l e  
Hz i s  extracted, i t  w i  11 amount t o  much l ess  than !? % of t he  H2 p rope l l an t  
requi red t o  launch the  l una r  02 t o  LLO (us ing H /02 chemical propuls ion) .  
This comparison i s  no t  t o  imply t h a t  t he  t rappe 8 so la r  wind w i l l  no t  be ex t r ac -  
ted  and used, on ly  t h a t  i t  i s  no t  present i n  s u f f i c i e n t  q u a n t i t i e s  t o  a f f e c t  
t ranspor ta t ion.  

8.10.2 Sources 

Proof o f  ex is tence o f  l unar  po la r  water - ice would have an important 
e f f e c t  on any program t o  e x t r a c t  and use e x t r a t e r r e s t r i a l  mater ia ls .  It would 
be t he  most accessible source fo r  e a r l y  exp lo ra t ion .  

The small amount o f  water on some carbonaceous chondrates i s  a t t r a c -  
t i v e  bu t  would requ i re  means t o  i d e n t i f y  t he  water-bearing astero ids,  t h a t  they 
be accessible,  and t h a t  means f o r  e x t r a c t i o n  i n  m ic rograv i t y  be developed. 



Proof & t h e  hypothesis t h a t  some Earth-approaching asteroids a r e  
e x t i n c t  comets w i th  l a r g e  v o l a t i l e  cores (Ref. 8-17) and i d e n t i f i c a t i o n  o f  'such 
bodies which a re  accessible would provide very a t t r a c t i v e  ta rge ts  f o r  e a r l y  
explorat ion.  

The means o f  f ind ing  and assaying p o t e n t i a l  sources o f  v o l a t i l e s  a r e  
discussed i n  the  next Section (Section 9.) .  
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SECTION 9 

RESOURCE EXPLORATION MISSIONS 

H. L. Staehle 

9.1 BACKGROUND 

Ear ly  ana lys is  i nd i ca tes  t h a t  the  use o f  c e r t a i n  n o n t e r r e s t r i a l  
resources may be commercial l y  advantageous w i t h i n  two decades. Oxygen from 
the  Moon p resen t l y  appears t o  be the most l i k e l y  candidate f o r  an i n i t i a l  
space-resource product - - in  t h i s  case, a  product t o  be used fo r  p rope l l an t  f o r  
o r b i t  t r a n s f e r  veh ic les  (OTVs) ca r r y i ng  high-value cargo from low Ear th  o r b i t  
(LEO) t o  geostat ionary Ear th  o r b i t  (GEO). Such OTVs would u t i l i z e  hydrogen as 
a  f u e l ,  t o  be burned w i t h  oxygen; the  l a t t e r  represents about 60% of t h e  gross 
loaded mass o f  an OTV, and about 4 t imes t he  use fu l  payload mass. 

Strong advantages have been i d e n t i f i e d  (b.y Fr isbee, C a r r o l l  , and 
Staehle),  i f  hydrogen could  be found along w i t h  oxygen i n  use fu l  access ib le  
quan t i t i e s .  At t h i s  t ime there  i s  no known source o f  both hydrogen and oxygen 
t h a t  meets both t he  favorable concent ra t ion a ~ d  t he  accessi b i  1  i t y  c r i  t e r i d  
(Mars i s  r a the r  inaccess ib le ,  wh i l e  known lunar  hydrogen i s  a t  a  very low 
concent ra t ion) .  However, the re  a re  good reasons t o  suspect undiscovered 
hydrogen sources on the  Moon and among the  astero ids.  

Other resources o f  p o t e n t i a l l y  h igh value may a lso  e x i s t  (Table I ) ,  
 particular:^ among t he  near-Earth astero ids.  Dur ing FYd2, Resource Exp lo ra t ion  
Mission a c t i v i t i e s  have been focused on i d e n t i f y i n g  t h e  p o t e n t i a l l y  important 
e a r l y  resources, i d e n t i f y i n g  t he  key unce r t a i n t i es  regard ing t h e i r  presence i n  
accessible locat ions,  and proposing methods o f  r eso l v i ng  those unce r t a i n t i es .  
Resul ts of t h i s  work occupy the  remainder of t h i s  sect ion.  

I f  resource u t i l i z a t i o n  i s  t o  begin i n  20 years, t he  general 
resource s i t e s  need t o  be known i n  10 years, and s p e c i f i c  s i t e s  i n  15. If an 
operat iona l  c a p a b i l i t y  op t ion  i s  t o  be preserved f o r  t he  years 2000-2005, then 
requi red resource exp lo ra t ion  missions must be i n  progress by 1990-92 ( f o r  
general s i t e s )  and 1995-98 ( f o r  s p e c i f i c  s i t e s ) .  Consequently, t he  key 
missions must be i d e n t i f i e d  dur ing  the  next year and def ined o v e r n e x t  2-3 
years. One miss ion ( f o r  l una r  p o l a r  i c e )  has been i d e n t i f i e d  and i s  d e s c r m  - 
l a t e r ,  and much of t he  groundwork has been l a i d  f o r  poss ib le  as te ro i d  missions. 



Table 9-1. Operational Uses f o r  V o l a t i l e  Elements 

Propulsion, espec ia l l y  O2 and H2, poss ib ly  w i t h  C 

Using LOX/LH2, 60% o f  GEO-bound LEO mass i s  LOX f o r  advanced chemical 
propuls ion 

LOX/LH2/CH, reduces tankage mass, increases propel  1 ant  mass 

Tota l  mass 2-3 t imes usefu l  payload mass f o r  most comnon operat ions 

100-700 t a / y r  by 2000 i f  t r a f f i c  t rends as p red ic ted  

Possible l a t e r  i n t e r e s t  i n  Ar f o r  e l e c t r i c  p ropu ls ion  

L i f e  Support 

1-2 kg 02/person/day i f  C02 no t  recyc led 

N2 leakage makeup ( l ess  than 02 consumption) 

10-20 t / y r  by 2000 i f  40 people continuous, recyc led C02 

Other 

Process reagents 

M i  1 i t a r y  l ase rs  

TBD 

Demand uncer ta in  
I 

a t  = met r i c  tons 
I 
t 



As p resen t l y  planned, space ma te r i a l s  processing techniques are t o  
rece ive t he  l a r g e s t  p o r t i o n  o f  Research i n t o  t he  U t i  1 i za t i on  o f  Space Resources 
(RUSR) funding over t he  next few years. A t  t h i s  time, procesr ing research must 
be f a i r l y  broadly  aimed f o r  two reasons. F i r s t ,  w i t h  space ma te r i a l s  process- 
i n g  research i n  i t s  in fancy,  i t  i s  d i f f i c u l t  t o  se lec t  the  most promising 
technologies so soon. Second, our  l e v e l  o f  ignorance about t he  ava i l ab l e  
resources t o  be processed i s  high, so t h a t  processing research must prepare 
f o r  a broad spectrum o f  resource opt ions (Table 9-21. 

The present research program, based on known na tu ra l  avai 1 ab i  1 i t y  , 
i s  nevertheless planned w i t h  t he  f l e x i b i l i t y  t o  take advantage o f  any newly 
discovered resources (Tables 9-3, 4, 5). Four p a r t i c u l a r  unce r t a i n t i es  regard- 
i n g  resource ava i l ab i  1 i t y  are key issues i n  focus ing processing technology 
development. The sooner these unce r t a i n t i es  can be resolved, the  sooner a 
sound space resource u t i  1 i za t ion  scenar io may be constructed, a1 lowing a1 1 
re levant  technology areas t o  be focused much more e f f e c t i v e l y  than i s  poss ib le  
today. These f ou r  uncer ta in t ies ,  i n  descending order  o f  p r i o r i t y ,  are: 

1) I s  the re  water ( o r  o ther  v o l a t i l e  i ces  con ta in ing  H o r  C) a t  
t he  l una r  po les (Ref. 9 - I ) ?  

2)  Do Ear th  Trc jdn as te ro ids  e x i s t ,  and if so, what are t h e i r  
o r b i t a l  parameters, what resources do they harbor, and how 
l a rge  are they (Ref. 9-21? 

3) Are t he re  e a s i l y  access ib le  as te ro ids  (i .e., low i n c l i n a t i o n  
"near-Earth" as te ro ids )  w i t h  water o r  w i t h  subs tan t ia l  
q u a n t i t i e s  o f  f r e e  metals a t  o r  near t h e i r  surfaces (Ref. 9-3)? 

4) Do t r ans ien t  l una r  phenomena i n d i c a t e  the  ex is tence of  
subs tan t ia l  gas o r  v o l a t i l e  i c e  depos i ts  on the  Moon, and if 
so, what gases o f  resource importance a re  ava i l ab l e  (Ref. 9-4)? 

A p o s i t i v e  answer as e a r l y  as poss ib le  t o  any of these quest ions 
would be of great  value by p rov id ing  a focus f o r  e a r l y  resource u t i l i z a t i o n  
work. The importance o f  each resolved uncer ta in ty  i s  summarized below. 

1) Lunar water: w i t h  e l e c t r o l y s i s ,  water provides a source o f  
both hydrogen and oxygen. Hydrogen appears t o  be absent on 
t he  r e s t  o f  the  Moon i n  0.1% o r  h igher  concentrat ions.  
Hydrogen can be employed i n  very e f f e c t i v e  h i gh - t h rus t  rocke t  
engines ( w i t h  oxygen), and can be used as a reducing agent i n  
processing lunar  so i  1 fo r  c e r t a i n  metals. (Concentrations of 
carbon, another poss ib le  reducing agent, a l so  appear t o  be 
absent on t he  Moon. Carbon d i ox i de  i c e  could conceivably be 
mixed i n  w i t h  any water i c e  depos i ts  as a c l a t h r a i o  (Ref. 
9-5). Having a lower sub1 imat ion po in t ,  C02 i s  less  
suscept ib le  t o  t he  po la r  co l d - t r ap  e f f e c t  (Ref. 9-1,). I n  
add i t ion ,  t he  e l e c t r o l y s i s  o f  water i s  a much s impler  and 
b e t t e r  understood process f o r  ob ta in ing  oxygen than i s  oxygen- 
e x t r a c t i o n  from rocks and s o i l .  The a v a i l a b i l i t y  o f  both f ue l  



Table 9-2. A c c e s s i b i l i t y  i n  the  Inner  Solar System 

Minimum A V  Time o f  Frequency o f  Distance Distance 
t o   LEO^ F l i g h t  Opportuni ty from Earth from Sun Rota t ion  

Locat ion (km/sec) ( b a l l  i s t i c )  ( b a l l  i s t i c )  (1  i g h t  t ime) (AU ) Per iod 

1982 DB 0.1-9.5 2-8 mc 2-10 y r  0.5-20 min 0.9-1.2 ? h r  

Near-Earth 0.5-2 2-20 mo 2-5 y r  1 -20min  0.8-2 ? h r  
Asteroids 

Ear th  <1.4-2 - 0.8-2 y r  continuous 4-10 min 1 ? h r  
~ r o j a n s b  

Phobos -1.5-2 0.5-2 y r  1-7 y r  5-20 min 1.4-1.7 8-31 h r  
Deimos 

Lunar 3.2 3-5 d continuous -2 s 1 28 d 
Surface 

Mars 5.6 0.5-2 y r  1-2 y r  5-20 min 1.4-1.7 25 h r  
Surface 

Earth 9.1 10-15 m i  n continuous - 1 24 h r  
Surf ace 

aWith aerobraking i n  Ear th  atmosphere p r i o r  t o  o r b i t  i n s e r t i o n  
b ~ p e c u l a t i v e  

A11 s i t e s  shown are o f  poss ib le  i n t e r e s t .  I f  water e x i s t s  near the  lunar  
surface (see l a t e r  char ts ) ,  t he  Moon w i l l  almost c e r t a i n l y  become the  f i r s t  
s i t e  o f  commerci?l resource extr  2ct.ion. The f i r s t  th ree  a c c e s s i b i l i t y  c r i t e r i a  
(AV, TUF, FOO) are t he  most important,  and since no body excels i n  a l l  three,  
complex commercial t r adeo f f s  w i l l  e x i s t .  Note t h a t  t r d n s i t  energy var ies  as 
the square o f  AV, wh i le  p rope l lan t  requi red i s  an exponent ia l  f unc t i on  of AV. 



Table 9-3. Known V o l a t i  l e s  Sources o f  P o t e n t i a l  O??rat ional  Importance 

Body V o l a t i l e  Elements o f  Opera t iona l  I n t e r e s t  

0 H C N Ar 
- 

Near-Earth probab le  ? ? ? no 
k s t e r o i  ds 

Ear th  ? 
Trojansa 

Phobosl p robab le  ? ? ? no 
Oei mos 

Moon 30-501 10-10C ppm t r a c e  no ? lI 

Mars abundant p o l a r  caps C02 2.7% 1.6% 
H20 vapor atmos. atmos. atmos. 

aNot d iscovered 
b ~ e e  S. Jcvsnovic and 6.W. Reed, Jr . ,  "Trapping o f  Gases and Low Temperature 

V o l a t i l e s  i n  Lunar Samples," Conference on P lanetary  V o l a t i  l e s ,  Abst rac ts ,  
Lunar and P lanetary  I n s t  i t u t e 3 t o b e r  9, 1982. 



Table 9-4. Speculat ive Volati les--Sources o f  Po ten t ia l  Operational Importance 
(Ordered by Ant i  c i  pated Operational S i  gni  f i cance I f  Di  scovered) 

- -- 

Lunar po la r  water ( i c e )  

Suggested by Watson, Murray, Brown (Ref. 9-13) 

No evidence f o r  o r  against  

Dissgreemenc on quan t i t y  and l oss  mechanisms 

" Idea l "  source f o r  H and 0, simple e x t r a c t i o n  and processing 

Earth Trojan astero ids 

Existence postu la ted (Weissman and Wetheri 11 ) , theo re t i ca l  l y  s t ab le  
o r b i t s  (Dunbar) 

Low t r a j e c t o r y  energies, low thrust :weight  

Long t r a n s i t  t ime but  continuous f l i g h t  oppor tun i t i es  

Neqr-Earth astero ids 

A t  l eas t  4 u i t h  AV compar~bie  t o  lunar  surface, probably dozens 
w i t h i n  detect ion 1 i m i t s a  

Speculative con~posi t i o n  para1 l e l  s meteori t c s  

Lunar subsurface gas 

High ly  specuia t ive and con t rovers ia l  

H and C suggested 

Spec i f i c  s i t e s  suggested 

No h ian-qua l i t y  evidence 

D i f f i c u l t  ex t rac t ion ,  po ten t i a l  l y  simple processing 

Possible contemporary source o f  po l a r  i c e  

aAs o f  October 1982. 



Table 9-5. Resolv ing t he  Key Resource Uncer ta in t ies  

Lunar i c e  

Polar  o r b i t e r  

y-ray spectrometer, e lectromagnet ic s o ~ n d e r  (100-150 MHz) 

Very s imple spacecraft,  l a rge  launch-mass margins 

A1 t e r n a t i  ve t o  i n t eg ra te  w i t h  science-or iented LPO o r  POLO 

Ear th  Trojans 

Ongoing ground-based search (Dunbar, He1 i n )  

Simple search spacecraf t  poss ib le  i f  no te lescop ic  success 

He l i ocen t r i c ,  near-Earth as te ro ids  

Ongoing search and discovery (e.g., Hel in ,  e t  a1 .) 

Ongoing spect ra l  cha rac te r i za t i on  (e.g., McCord, e t  a1 . ) 
Lunar gas releases 

Gaseous o r i g i n  o f  l unar  t r a n s i e n t  phenomena no t  confirmed 

No ongoing con f i rmat ion  e f f o r t  

No ongoing spect ra l  instrument readiness 



CLARKE 

LEO = LOW EARTH ORBIT 200-400 km 
CLARKE = GEOSTATIONARY EARTH ORBIT (GEO) 35,900 km 

LLO = LOW LUNAR ORBIT 100-200 km 
ab = WlTH AEROBRAKING (DRAG ONLY) 
am = WlTH AEROMANEUVERING (LIFT AND DRAG) 

F i g .  9-1. Cis-Lunar A c c e s s i b i l i t y  (kmlsec)  



and o x i d i z e r  on t he  Moon i n  an e f f i c i e n t  and t,ested combination 
would tremendously r e l i e v e  t r anspo r t a t i on  burdens dur ing  any 
e a r l y  lunar  resources u t i  1  i z a t i o n  e f f o r t  (see F igure 9-1). 
Because o f  these advantages, mining and processing technology 
development would best be red i r ec ted  i n  the  event o f  a  major 
lunar  v o l a t i l e s  discovery. Ea r l y  discovery would reduce t he  
costs  of research and red i r ec t i on ,  and would probabl-. r e s u l t  
i n  an e a r l i e r  c a p a b i l i t y  f o r  comnercial space resource 
u t i l i z a t i o n .  

Ear th  Trojans (ETs): i f  they e x i s t ,  as te ro ids  i n  s tab le ,  
1  i b r a t i n g  Earth-Sun o r b i t s  would r equ i r e  t he  l e a s t  energy t o  
reach from Ear th  o f  any surface i n  t h e  Solar System, i nc l ud ing  
t he  Moon's (Ref. 9-6). A1 so, such as te ro ids  would move on ly  
very s lowly  i n  t he  r o t a t i n g  Earth-Sun system, pe rm i t t i ng  
launch and r e t u r n  t r a j e c t o r i e s  1  a rge ly  i n s e n s i t i v e  t o  launch 
date. These advantages mean t h a t  t he  ex is tence o f  ETs could  
subs tan t ia l  l y  reduce l o g i s t i c a l  burdens o f  space resource 
u t i l i z a t i o n .  I f  ETs con ta in  any use fu l  resources (oxygen a t  
l e a s t  would be present, along w i t h  perhaps carbon, metals, o r  
water--probably w i t h  v a r i a b i l i t y  among d i f f e r e n t  bodies), then 
they could become t h e  s t rongest  candidates f o r  e a r l y  
u t i l i z a t i o n .  k determinat ion o f  ET composit ion would then 
permi t  focusing t he  min ing and processing technology 
development on those ma te r i a l s  most access ib le  from Earth. 

Near-Earth as te ro ids  w i t h  metals o r  water: based on meteor i te  
ana lys is  and some uncer ta in  spec t ra l  data, a  number of 
near-Earth as te ro ids  may possess subs tan t ia l  quar t t i t i es  o f  
na tu ra l  n i c k e l - i r o n  a l l oy .  Free metals are much eas ie r  t o  
process than those i n  s i l i c a t e  rocks, and any metals car  be 
formed i n t o  more v e r s a t i l e  s t r u c t u r a l  members than o ther  space 
resource products. E a s i l y  access ib le  as te ro ids  w i t h  h igh  
free-metal content would suggest a  g rea te r  emphasis on metal 
mining and processing technologies,  though i t  i s  no t  y e t  c l e a r  
i f  t he  s t r u c t u r a l  performance o f  as te ro ida l  metals .I 

s u f f i c i e n t  t o  compete w i t h  metals produced on Ear th  J 
complex and h i gh l y  evolved processing techniques, wh I (  would 
be p r o h i b i t i v e l y  c o s t l y  t o  employ i n  space. 

Again, based on meteor i te  analys is ,  carbonaceous chondr i te  
as te ro ids  may conta in  from 1 t o  20% water. Advantages would 
be s im i l an  t o  f i n d i n g  water on the  Moon, except t h a t  t r a n s i t  
t imes are much longer  and b a l l  i s t i c  oppo r t un i t i e s  infrequent.  
A t  c e r t a i n  t i n e s ,  t r a n s i t  energies can be much lower than from 
the  Moon f o r  a t  l e a s t  6  known asteroids.  Compositions of 
these as te ro ids  have no t  been determined w i t h  any rea l  
c e r t a i n t y .  



4) Transient Lunar Phenomena (TLP) : near-surface 1 unar gas 
rese rvo i r s  might be tapped us ing equipment already understood 
by t he  t e r r e s t r i a l  na tu ra l  gas indus t ry .  These methods are 
r a d i c a l l y  d i f f e r e n t  from those now under study f o r  a c q u i s i t i o n  
o f  v o l a t i l e  elements on t h e  Moon. I f  TLPs a re  i n  fac t  caused 
by gas releases, the  most l i k e l y  cons t i t uen t  appears t o  be 
hydrogen (Ref. 9-7), though Cop, H20, CHq and He are 
a l so  p o s s i b i l i t i e s  by t e r r e s t r i a l  analogy. Ready access t o  
any of these v o l a t i l e  compounds except hel ium would make lunar  
resource u t i l i z a t i o n  much more p r a c t i c a l  than p resen t l y  
envis ioned w i t h  t he  absence o f  v o l a t i l e s  concentrat ions.  
Conf i rmat ion o f  gas-or ig inated TLP, determinat ion o f  t h e i  r 
cons t i tuen t  gases and es t imat ion  o f  t h e i r  volume would probably 
r e s u l t  i n  a r e d i r e c t i o n  o f  processing technology development. 
A t  t h e  very l eas t ,  t h i s  in fo rmat ion  about TLP, which may be 
obta inable  w i t h i n  t he  next 5 years, would i n d i c a t e  a p l a u s i b l e  
source f o r  gases cold-trapped a t  t he  lunar  poles. This i n  
t u r n  would add e x t r a  impetus t o  an e a r l y  lunar  po la r  v o l a t i l e s  
de tec t i on  mission. 

9.3 GEO TRAFFIC 

I f  water i s  found on t he  Moon, i t s  pr imary i n i t i a l  market i s  l i k e l y  
t o  be as p rope l l an t  (Hz and 02) f o r  LEO t o  GEO t r a n s f e r  veh ic les  (OTVs). 

9.3.1 H i s t o r i c a l  T r a f f i c  t o  GEO 

The f i  r s t  successful geostat ionary  sate1 1 i t e ,  t h e  Hughes Syncom 3, 
was launched August 14, 1964. Hughes has s ince become the  lead ing I 

. - manufacturer o f  c o n u n i c a t i o n s  s a t e l l i t e s ,  and recen t l y  was awarded the  
I n t e l s a t  V I  cont ract ,  valued i n  excess of $1 b i l l i o n .  

Inc lud ing  a conservat ive est imate as o f  A p r i l  1982 (exc lud ing 
Soviet  t r a f f i c  and t he  e f f e c t  o f  the  Ariane L-05 f a i l u r e ) ,  by t he  end o f  1982, 
150 s a t e l l i t e s  w i l l  have been placed i n  GEO w i t h  a t o t a l  mass o f  82 t ( t  = 
met r i c  tons) .  O f  t h i s  mass, 40% i s  i n  the  form o f  c i v i l i a n  operat iona l  
communications s a t e l l i t e s .  A l l  o f  these can be thought o f  as commercial, 
though they are f requen t l y  operated by government-owned companies when ou ts ide  
the  Uni ted States. Another 21% o f  the  t o t a l  mass i s  con t r ibu ted  by operat iona l  
mi 1 , t a r y  comnunications sate1 1 i t e s  (U.S., U.K., and NATO). The balance 
cons is ts  o f  c l a s s i  f i o d  m i l i t a r y  sate11 i t e s  (probably main ly  f o r  b a l l  i s t i c  
m i s s i l e  e a r l y  warning and e l ec t r on i c  i n t e l l  igence) and sate1 1 i tes  f o r  
commercial and m i l  i t a r y  experimentation, weather observat ion,  and science. 
The c i v i l i a n  communications f r a c t i o n  appears t o  be increasing, probably t o  
remain between 50 and 65% over t he  next 3-5 years. 

GED t r a f f i c  i s  p l o t t e d  i n  F igure 9-2 w i t h  t o t a l s  l i s t e d  i n  
Table 9-6. 
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Table.9-6. Non-Soviet GEO D e l i v e r i e s  by Calendar Year 
(Estimated as of A p r i l  1982) 

C i v i l i a n  M i  1  i t a r y  Tota l  t o  
Total  Tota l  No. ~ o m n u n i c a t i o n s ~  ~o tmnun i ca t i ons~  G E O ~  

Year No. Cumul . Year Cumul . Year Cumul . Year Cumul . 

V o t a l  mass i n  ki lograms. 

b ~ n c l u d e s  t o t a l  number o f  i nd i v i dua l  sate1 1  i t e s  on mu1 t i p l e  launches, except 
on c l a s s i f i e d  launches. The Ariane and Shu t t l e  r e s u l t  i n  m u l t i p l e  launches 
i n  a l l  years beyond 1981. 



9.3.2 Future T r a f f i c  t o  GEO 

The f o l l ow ing  graph (Fig. 9-2) and char ts  note t he  f ac to r s  
i n f l uenc ing  t r a f f i c  t o  GEO. The graph shows h i s t o r i c a l  t r a f f i c  ( p l o t t e d  
po in t s ) ,  p o i n t  p ro j ec t i ons  f o r  t he  years 1985 and 2000 ( v e r t i c a l  bars) ,  and 
logar i thmic  t r e n d - l i n e  p ro j ec t i ons  based on past  t r a f f i c  w i t h  var ious 
assumptions about t h e  mix o f  s a t e l l i t e  users. 

No 20-year p r o j e c t i o n  w i l l  be accurate, bu t  t h e  growth r a t e  shown 
i s  cons is tent  w i t h  e a r l i e r  r a t es  i n  communications and commercial av i a t i on .  
Possible f ac to r s  which could  hasten o r  i n h i b i t  f u t u r e  t r a f f i c  growth a re  
summarized i n  Tables 9-7 through 9-9. Competit ion from f i b e r  o p t i c s  cou ld  
reduce demand fo r  s a t e l l i t e  t r a f f i c  serv ing overseas and domestic 
po in t - t o -po in t  telephone and data t r a f f i c ,  bu t  prov ide 1 i t t l e  t h r e a t  t o  
d i  rect-broaacast , v ideo- te l  econferencing and mobi l e  appl i c a t  ions. 

Present and evo lv ing  geostat ionary  d e l i v e r y  methods a re  c i t e d  i n  
Table 9-0. 
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HISTORICAL TRAFFIC TO GEO I S  SHOWN BY PLOTTED POINTS, WITH LOGARITHMIC FITS 
SHOWN AS LINES WITH EXTRAPOLATION AT CONSTANT GROWTH RATE. OBVIOUSLY N O  
SUCH EXTRAPOLATION SHOULD BE CONSIDERED A SOLID PREDICTION, BUT MAY SERVE 
AS A N  INDICATOR OF PLAUSIBILITY WHEN CONSIDERED ALONG WITH INFLUENCING 
FACTORS. 

SHADED REGION INDICATES EXPECTED LEVEL O F  MASS BREAKEVEN LEVEL WHEN CAPITAL 
AND OPERATIONAL MASSES ARE CONSIDERED FOR USE OF LUNAR OXYGEN IN OTVs, AS 
DISCUSSED IN REF. 9-39. 1 =TOTAL TRAFFIC TO G K I .  2 = CIVILIAN COMMUNICATIONS 
EQUIPMENT TRAFFIC ONLY. 3 = ADJUSTED EXTRAPOLATED TOTAL, ASSUMING CIVILIAN 
COMMUNICATIONS MAKES UP 80% OF TOTAL TRAFFIC AND FOLLOWS LINE 4. 4 = 
REDICTED CIVILIAN COMMUNICATIONS TRAFFIC ALONE FOR THE YEAR 2000 (REF. 9-8). 
5 = TOTAL TRPFFIC SCHEDULED FOR 1985 ASSUMING STS MANIFEST DESCRIBED IN REF. 
9-40, PLUS ARIANE TRAFFIC OF 4.3 t JAPANESE TRAFFIC O F  1 t, CHINESE TRAFFIC OF 
0.5 t, WITH 4.5 t ADDED FOR MILITA~Y SATELLITES NOT ANNOUNCED TO GEO IN 
MANIFEST. 1983 TRAFFIC IS ESTIMATED ASSUMING ONLY ONE TDRSS LAUNCH AND NO 
CLASSIFIED MILITARY SATELLITES. 

F ig ,  9-2. Annual T r a f f i c  t o  GEO 



Table 9-7. GEO T r a f f i c  V i t a l  S t a t i s t i c s  

- -- - 

Tota l  71 t, 131 s a t e l l i t e s ,  1964-1981, excluci ing USSR 

Operational c i v i l i a n  communications = 24.6 t 

Operational m i l i t a r y  comnunications = 17.7 t 

1985 scheduled launches -30-40 + t o t a l a  

1981, 82 actua l  and scheduled launches -10-12 t t o t a l a  each year  

Communications sate1 1 i t e  operator group r a p i d l y  growing 

New U.S. corporate  c a r r i e r s  

European government/corporate c a r r i e r s  

Developing coun t r ies  and reg ional  groups 

aNot cons ider ing Ar iane L-05 f a i l u r e  



Table 9-8. Factors I n f l uenc ing  GEO T r a f f i c  
-- -- - - - 

Customer demand 

T rad i t i ona l  po in t - to -po i  n t  (telephone, data, TV, v i a  I n t e l  sat ,  
Comsat General, AT&T, RCA, ANIK, PALAPA, etc.)  

Mar i t ime 

Di  r e c t  broadcast 

Mobi le se rv ice  ( land  commercial, aeronaut ica l  ) 

Video te leconferenc ing 

Launch veh ic le  throughput capac i ty  

Capacity-1 i m i  t e d  through 1986-1990 

Possible p r i v a t e  launch vehic les  

Congressional vs commercial STS f l e e t  s i z e  se l ec t i on  

STS upper* stage se lec t i on  (cost  vs. mass-, to-orbi t )  

Uprated Ariane ( 4  and 5)  development 

Launch veh ic le  re1 i a b i  1 i t y  

Insurance costs,  r i s k  exposure 

Uncer ta in ty  o f  Ar iane L-02, L-05 f a i l u r e s  

Regulatory uncer ta in ty  

I n t e rna t i ona l  A l l oca t i ons  o f  s l o t s  and frequencies 

Domestic a l l oca t i ons  

D i r e c t  TV broadcast t r e a t i e s  

Other unce r t a i n t i es  

Petroleum p r i ces  

I n t e r e s t  ra tes  

Techno1 og i  ca l  advances 



Table 9-9. GEO Transpor ta t ion 

Present opt ions ( p r i ces  dependent on launch year, customer services,  
use as ROM on l y )  

U.S.. De l ta  (600 kg, $30M), A t l as  Centaur (1100 kg, $50M), 
STSIPAM-0 600 kg, $15-25M , STS/PAM-A (-1200 kg, ~$40-50M), 
STSIIUS (-4,300 kg, -f 130M 

E.C. : Ariane (-1,000 kg, -920-30M) 

Japan : Del t a -de r i  v a t i  ve 

$3,00O/kg t o  LEO on STS 

Developing op t ions  

Shu t t le :  IUS t oo  expensive f o r  commercial uskrs, 
Centaur capabi 1 i t y  5,000-6,000 kg, $100M? 

Ariane: Aggressive marketing, development o f  growth capabi 1 i t y ,  
poss ib le  cost  reductions. 2,000-3,000 kg 1986-1988 

Future possi b i  1 i t i e s  

Orbit-based reusable o r b i t  t r a n s f e r  veh ic le  (OTV) 
L i k e l y  together  

Aero-assi s ted OTV 

Ariane t o  5,000 kg  

Solar -  o r  nuc lear- ion low thcus t  (revenue loss,  so l a r  c e l l  
degradat ion) 



9.3.3 Prope l lan t  Estimate f o r  GEO T r a f f i c  ir, t h e  Year 2000 

The f o l l ow ing  i s  a  p re l im inary  est imate o f  t he  mass o f  p rope l l an t  
requi red t o  supply o r b i t  t r a n s f e r  veh ic les  (OTV) ca r r y i ng  communications 
equipment from LEO t o  GEO i n  t he  year 2000. These numbers are ver  crude and 
bascd on several u n v e r i f i a b l e  assumptions, bu t  represent a  fi r s d e p  i n  
es t imat ing  commercial i n t e r o r b i t  t r a f f i c  f o r  t he  t ime per iod  when space 
resources could  conceivably be en te r ing  the  zarketplaci!. Any est imate o f  
turn-of - the-century  t r a f f i c  i s  h i gh l y  specula t ive,  j u s t  as a  1960 model of 
1978 t r a f f i c  would have been. 

This p rope l l an t  es t imate i s  h i g h l y  dependent on a  crude mission 
model generated a t  t he  Johnson Space Center as p a r t  o f  research on t he  Space 
Operations Center concept (hcf .  9-8). I n  the  communications category fo r  t he  
year 2000, t h i s  model snows 18 equiva lent  STS f l i g h t s  per year--10 domestic 
and 8 foreign. Elsewhere i n  t t e  reference i t  can be shown t h a t  approximately 
one-thi  r d  o f  each STS-equi va lent  load i s  actua l  communications spacecraft mass, 
w i t h  the  balance cons i s t i ng  o f  uGger stages, p rope l lan t ,  cradles,  and a i rborne  
support equipment (Table 9-10). Taking an STS load t o  be 29,500 kg (65,000 l b s )  
t h i s  imp l ies  a  6EO payload mass o f  (18 x  19, 500 * 3) = 177,000 kg = 177 t. 
Taking t h i s  same payload and assuming i t  t o  be boosted by an expendable 
Centaur-derived OTV ( I S  = 460 sec, propu1;ion and tankage mars = 0.1 m , 3% 
unuseable p rope l lan t ,  nb = 4.3 kmlsec), t h i s  r e s u l t 5  i n  a  need f o r  369 ! of 
p rope l l an t  per year. A t  a  6 : l  mix ture r a t i o ,  t h i s  imp l i es  316 t of ??, and 
53 t o f  H2. (See a l so  Table 9-11.) If t h i s  were a l l  tankered t u  3 r D l t  on 
separate b h u t t l e  f l i g h t s  ( c e r t a i n l y  not  t he  case w i t h  an expendable BTV, bu t  
an i l l u s t r a t i v e  comparison, anyway), t he  launch charges would be $1.4 b i l l  i o n  
d o l l a r s  a t  $90 m i l l i o n / f l i g h t ,  w i t h  $1.1 b i l l i o n  d o l l a r s  f o r  02 alone. 

A reuseable OTV would reduce expended hardware costs,  but  increase 
the  t o t a l  p rope l l an t  requirement. An aerobraking veh ic le ,  which uses drag but  
no l i f t  t o  reduce o r b i t a l  energy, requ i res  a  r e t u r n  AV o f  2.0 kmlsec (Ref. 
9-9). According t o  mass es t imat ion  techniques given i n  Ref. 9-9, a l m g  w i t h  
some reasonable OTV assumptions ( a t  a  de l i ve red  payload mass o f  8,000 kg per 
f l i g h t ) ,  the  t o t a l  (up and down) p rope l l an t  mass i s  2.8 t imes t he  payload mrss 
del i vered t o  GEO. 

Based on t he  o r i g i n a l  GEO payload mass, t h i s  y i e l d s  426 t of C2 
and 71 t o f  HE, f o r  an Oo launch cost of about $1.4 b i l l i o n  do1 l a r s  under 
cost  assumptions i d e n t i c h  t o  t he  previous expendable case. I f  t h i s  i s  below, 
t he  cost  f o r  a  space resource operat ion t o  d e l i v e r  t h e  same amount a f  
p rope l lan t  , then, a f t e r  accounting f o r  a1 1  t he  quest ionable a~sur ,~p t ions ,  t h e  
economic door t o  comnercial space resource c ora t ions  i s  a t  l e a s t  p a r t  way 
open. Keep i n  mind t h a t  t o t a l  system costs  t o r  resource operat ions are being 
compared here on ly  t o  Shu t t l e  launch costs. Even i f  a l l  t he  assumptions were 
co r rec t ,  a  much more d e t a i l e d  ana lys is  would be requ i red  t o  determine cos t  
e f fec t iveness.  S t i l l  more complex f ac to r s  would en te r  arf es t imate o f  
c~mmerc ia l  v i ab i  1  i t y  (as opposed t o  cost  e f fec t i veness) .  

By t he  year  2000 i t  i s  a t  l e a s t  conceivable t h a t  t r anspo r t a t i on  
expendi tures f o r  LEO-GEO p rope l l an t  w i  11 be on the  order  o f  $1 b i l l  i o n  
annually. Actual t r a f f i c  w i l l  depend on a  g rea t  many externa l  factors.  
Several of t he  mechanisms which could fo rce  t r a f f i c  down are: 



Table 9-10. GEO Transpor ta t ion 

Physical parameters 

LEO - 370 km, 4 = 28.50; GEO - 35,900 km, i = 00 

bVup = 4.3 krnlsec = c h a r a c t e r i s t i c  v e l o c i t y  
4.3 kmlsec = a l l  p ropu ls i ve  
2.0 km/sec = aerobrcking (dra on l y )  [best  choice]  
1.6 kmlsec = aeromaneuver~ng 71 i f t  and drag) 

rocke t  equation: t 

rn r o  e l  1 ant mass = _e = exp 
mf 

cef f  = e f f e c t i v e  exhaust ~ e l o c i t y  -3.4-4.5 km/sec 

Actual stages 

mf = tankage + guidance + s t r uc tu re  + usefu l  payload 

m (propel  l a n t  2.5 expendable 
m (use fu l  p a y l ' o m  3.8 aerobraking, a1 1 p rope l l an t  from LEO 

3.2 aerobraking, r e t u r n  p rope l l an t  de l  i vered 
t o  GEO 



Table 9-11. GEO Transpor ta t i on  P r o p e l l a n t  Requirements 

C i v i  1  I a n  communications o t ~ l y ,  ce f f  = 4.5 km/sec, Ae rc -ass i s t  OTV 

(4 .3 ,  2.0 kmlsec), m ~ 3 ~ / P ' ~ ~ 2  = 6 ,  no b o i l o f f  p r o v i s i o n  

No t e r r e s t r i a l  p r o p e l l a n t s  a f t e r  i n i t i a l  i z a t i o n  

T e r r e s t r i a l  Lunar Hydrogen and Oxygen 
Useful Payload LEO P r o d u c t i o n  t o  LtO t o  GtO 

t o  GEO LOX LH2 LOX LH2 LOX LH2 LOX LH2 
"ear ( t )  ( t )  ( t )  (t 1 ( t  1 

Comparison of t e r r e s t r i a l  vs l u n a r  masses o f  requ i  rea  p r o p e l l a n t .  Product ion  
on l u n a r  sur face i s  g r e a t e r  than sum o f  p r o p e l l a n t s  d e l i v e r e d  t o  LEO and GEO 
o r b i t  by amount equal t o  t h a t  used i n  c i s - l u n a r  t r a n s p o r t a t i o n  o f  p r o p e l l a n t  
product .  



1) launch veh ic le  capac i ty  1  i m i t a t i o n s  (Ref. 9-10) 
2 )  sa tu ra t ion  o f  o r b i t a l  s l o t  a1 l oca t i ons  
3) sa tu ra t i on  o f  sate1 1 i te-served comnunications markets through 

overcapaci ty o r  h igh p r i c e  
4) p o l i t i c a l  blockage o f  GEO u t i l i z z t i o n  

On the  other  hand, there are several f ac to r s  which could  tend t o  
increase GEO t ra f f ic - -amcng them are: 

1) subs tan t ia l  reduct ion i n  the  p r i c e  o f  launch serv ices 
2) subs tan t ia l  increase i n  Th i rd  World d~mand and a b i l i t y  t o  pay 

f o r  domestic communications services 
3)  new uses f o r  GEO developed dur ing  t h ~  next decade 
4)  maior r i s e  i a  petroleum pr ices,  w i t h  consequent demand f o r  

excensive video te leconferenc ing (Ref. 9-10) 

We should note t h a t  space communications i s  today one of t he  
f as tes t  growins i ndus t r i es  o f  i t s  size. Such a growth r a t e  may o r  may no t  be 
susta inable  over the  next two decades. The broad-bssed communications 
indus t ry  bas t o  date been capable of ~ t t r a c t i n g  very l a rge  amounts o f  c a p i t a l  
(assets of the  B e l l  System are i n  t he  $100-bi l  l i o n  c l ass )  because 
comnunication i s  a  "must have" se rv ice  among near l y  a l l  consumers, and i t  
f a c i l i t a t e s  subs tan t ia l  pro*' - f  i v i t y  improvements. Because comrunications 
equipment dominates t he  LEC t r a f f i c  load, t r a f f i c  i n  t he  in termediate  
fu ture necessar i ly  depends on rhe  a b i l i t y  o f  space communications t o  open new 
markets and t o  cont inue s a t i s f y i n g  present markets. 



9.4.1 Statement o f  Problem 

What i s  the  f a s t e s t  and l e a s t  expensive method o f  ascer ta in ing  
whether o r  no t  usefu l  q u a n t i t i e s  o f  access ib le  water o r  o ther  v o l a t i l e  i c e s  
e x i s t  a t  t he  lunar  poles? This  sec t ion  documents our p re l im ina ry  answer t o  
t h a t  question. As disccsse i n  t he  next sect ion,  t h e  a v a i l a b i l i t y  o f  4 s i g n i f i c a n t  q u a n t i t i e s  ( > l o  t )  o f  v o l a t i l e  i ces  on t h e  Moon wosjld have a 
profound e f f e c t  upon f u t u r e  space operat ions r e q u i r i n g  p rope l l an t s  o r  reduced 
metal s  (Ref. 9-11). A sect  i o n  on science background summarizes several  
references which support t he  c r e d i b i l i t y  o f  poss ib le  lunar  water. Based on 
what might e x i s t  i n  t he  permanently shadowed p o l a r  c ra te rs ,  we discuss several 
poss ib le  inethods o f  da tec t i ng  these subsurface v o l a t i l e s .  We then present a  
conceptual mission design (spacecraf t ,  t r a j e c t o r y ,  ins t ruments)  as a  suggested 
s o l u t i o n  t o  t he  s ta ted  problem. A very rough cos t  est imate i s  presented us ing 
comparisons w i t h  o ther  missions. F i n a l l y ,  we mention some o ther  oppo r t un i t i e s  
from the  past  and f u t u r e  t o  f i n d  l una r  water. 

9.4.2 Rat iona le  

The energy requ i red  t o  reach LEO from the Moon's surface i s  &out 
one-seventh o f  t h a t  requ i red  t o  launch from the  ground t o  LEO. Obviously, a t  
today 's  throughput, the  e ie rgy  advantage of going t o  t he  Moon i s  o~ twe ighea  by 
the  c a p i t a l  investment (even i n  terms o f  mass alone) requi red t o  e s t a b l i s h  
1 undr operations. We a1 ready know t h a t  t he  M ~ o n  holds access ib le  oxygen 
(about 50% o f  s c i l ,  by mass) which can be l i b e r a t e d  w i t h  a v a i l a b l e  so l a r  
energy (Ref. 9-12.) i t has been shown i n  sect ionc 7 and 8 t h a t  OTVs can be 
provided w i t h  lunar  oxygen i n  LEO w i t h  about a  2 : l  advantage over t e r r e s t r i a l  
oxygen i n  terms o f  t he  mass which must be c a r r i e d  from t h e  ground t o  LEO 
( i . e . ,  one Shu t t l e  launch can be vade t o  do t he  work o f  two). This scenar io 
invo lves a l l -chemica l  propuls ion and hydrogen from Ear th  only. Add i t i ona l  
leverage can be obtained w i t h  t he  use o f  l ow- th rus t  o r  (rnuch l a t e r )  
e lectromagnet ic latinchers, f o r  some miss ion phases. 

However, i f  hydrogen becomes ava i l ab l e  on t he  Moon, t h e  leverage i s  
increased t o  a  fac to r  o f  5  o r  greater,  d r a s t i c a l l y  reducing the  requ i red  
throughput t o  support a  given l e v e l  o f  i n t e r o r b i t  and escape operat ions i n  
space on t he  most d i f f i c u l t  l e g  o f  t he  t r anspo r t a t i on  network. With both f u e l  
and oxygen r e l - t i v e l y  seven t i n e s  more access ib le  i n  energy terms, t he  sca le  
o f  space operaLlons can be magnif ied by a  l a rge  f a c t o r  w i t h  small increases i n  
operat ions costs (assuming amor t i za t ion  o f  f i x e d  and c a p i t a l  costs  over a  
l a rge  throughput). I f  hydrogen i s  avai 1  ab le  on t he  Moon, then, t h e o r e t i c a l l y  , 
on ly  usefu l  payload and associated a i rborne  support equipment ntzds t o  be 
brought from Ear th  t o  LEO, which e f f e c t i v e l y  means t h a t  ins tead o f  20-251 of 
GEO-bound launch-vehic le payload c a p a b i l i t y  being devoted t o  equipment a r r i v i n g  
a t  the f i n a l  des t ina t ion ,  100% o f  payload can be "use fu l "  equipment. This 

l ~ h e  p r i n c i p a l  spacecraf t  and t r a j e c t o r y  work was done by Chauncey Uphoff, 
w i t h  assistance from David Skinner and otners who are referenced. The 
o r i g i n a l  problem was posed b, Robert j t aeh le ,  who a lso  wrote t he  sect ions on 
r a t i o n a l e  and s c i e n t i f i c  basis. Other work, i n c l ud ing  a l t e r n a t e  concepts and 
n ~ i s s i o n  complexi ty were prepared j o i n t l y .  



assumes a reusable space-based OTV. The leverage i s ,  o f  course, g rea te r  f o r  
missions o f  h igher  c h a r a c t e r i s t i c  v e l o c i t y  where a l a r g e r  f r a c t i o n  o f  paylodd 
must be devoted t.~ prope l lan t .  And w i t h  a l o c a l  source o f  p rope l lan t ,  
operat ions from the  Moon (e.g., r e t u rn i ng  t o  Ear th )  no longer r equ i r e  t h e  
cos t l y ,  high-througtiput supply 1 i n e  o f  propel  1 ant  from Earth. 

A t  present, and f o r  some t ime t o  come, t h e  f i r s t  l e g  o f  space 
t ranspor ta t ion ,  g e t t i n g  o f f  t he  Ear th ' s  surface, i s  t he  most expensive per 
u n i t  o f  usefu l  payload de l i ve red  t o  comnon des t ina t ions  such as t he  Moon, GEO, 
astero ids,  and Mars o r b i t .  Thi, a r i ses  f o r  two reasons. F i r s t ,  t he  veh ic les  
f o r  Ear th  t o  LEO t r a n s i t  are  i n t r i n s i c a l l v  more complex because of  h i gh  
c h a r a c t e r i s t i c  ve l oc i t y ,  k b ,  j h  surface g r a i  ; t y ,  and t h e  v a r i e t y  o f  f l i g h t  
regimes. Second, t he  amount o f  mass c a r r i e d  on t h i s  f i r s t  l e g  always exceeds 
t he  amount c a r r i e d  t o  t he  f i , l a l  des t ina t ion ,  because o f  aerodynamic shrouds o r  
the  Shu t t l e  O rb i t e r  i t s e l f ,  and because o f  t e r r e s t r i a l  propel  i a n t s  requi  red t o  
get beycnd LEO, midcourse equipment, e tc .  

A t  Shu t t l e  launch costs  o f  about $3,00O/kg, we can a f f o r d  t o  spend 
perhaps 80-90% of t h a t  anount i n i t i a l l y  f o r  every k i l cg ram which can be taken 
of f  t he  Shu t t i e  and de l i ve red  through another p o r t i o n  o f  a t r anspo r t a t i on  
network. !f lunar hjdrogen and oxygen are ava i l ab l e  and t he re  i s  a market t o  
d e l i v e r  200 t / y r  o f  e q u i p w n t  t o  G 0, we cdn a f f o r g  t o  spend approximately E (0.9) x (200 t )  x (2.8) x ($3 x 10 I t )  = $1.5 x 10 / y r  t o  d e l i v e r  t h e  
requi red 1 unar-der i  ved OTV propel  l a n t  t o  LEO. 

Without a de ta i l ed  cos t  ana lys is  and p r o j e c t i o n  o f  competing launch 
costs, it j s  no t  c l e a r  i f  a 200 t / y r  market i s  l a rge  enough t o  support 
commercial 1 unar propel  1 ant  operations. But 1 unar hydrogen w i  11 1 ower t h e  
market breakeven l e v e l  i n  any case by increas ing t he  saving i n  launch veh i c l e  
throughput, t o  support a given l e v e l  o f  OTV operat ions.  I n  add i t i on ,  i f  water 
permafrost ex i s t s ,  t h e  e x t r a c t i o n  o f  hydrogen and oxygen i s  simp1 e r  (by 
e l e c t r o l y s i s  o f  water)  than  t h e  e x t r a c t i o n  o f  oxygen a1 one from 1 unar reg21 i t h  
(by molten e l e c t r o l y s i s  o f  rock).  L ique fac t ion  o f  hydrogen i s  no t  simple, bu t  
perhaps t h i s  cou ld  be done most ly  i n  LEO, w i t h  the  p rope l l an t  payload c a r r i e d  
t o  LEO as water. Product ion o f  hydrogen on t h e  Moon could  be l i m i t e d  t o  t h a t  
necessary f o r  t h e  t r i p  t o  LEO. 

Space s t a t i o n  operat ions could be a f f ec ted  s u b s t a n t i a l l y  by the  use 
o f  l unar  hydroget1 and oxygen. Not on ly  would OTVs be serSl iced, bu t  the  l i k e l y  
OTV-derivative veh ic les  used t o  support l unar  operat ions would a l so  be 
serviced. A t  least. one s t a t i o n  would take on an even g rea te r  operat ions- 
o r ien ted  r o l e  than p resen t l y  envisioned. I f  successful i n  reducing t he  cost  
of space operations, then more users could be expected, inc reas ing  t h e  
quan t i t y  and frequency of space s t a t i o n  operat ions i n  s p i t e  o f  a reduc' l ion i n  
launch veh ic le  operations. 

A second advantage o f  l unar  hydrogen i n  l a rge  q u a n t i t i e s  i s  i t s  
poss ib le   us^ i n  the  reduct ion o f  l unar  metal oxides ( o f  which t he  s o i l  i s  
composed) i n t o  f ree metals and oxygen. Many t e r r e s t r i a l  processes are based 
on the  use o f  H as a redl lc ing agent ( f r equen t l y  i n  t h e  form o f  an ac id) .  
0 t h ~  zlements r a r e  on ! I , ; $  Moon, such as F, C1, C, o r  N, may be requ i red  i n  
combination w i t h  H t o  employ t h e  most advantageous reduc t ion  processes, so 
f i n d i n g  H alone may c o t  be as important as i n  t he  case o f  p rope l l an t  
manufacture. Free metal s can apparent ly be produced by energy- in tens ive 
processes not  i n v o l v i n g  any reagents. 



The p r i n c i p a l  advantages, f c r  metal product ion,  of f i n d i n g  indigenous 
reducing agents would be f i r s t  t o  lower t he  energy requirements, and second t o  
enable u t i  1  i z a t i o n  o f  we1 1 -understood t e r r e s t r i a l  processes. Because l ess  
soph is t i ca ted  a l l o y s  would be a v a i l a b l e  from l una r  sources than from 
t e r r e s t r i a l  vendors, i t  may be some t ime before lunar  metals a re  compet i t ive  
w i t h  t e r r e s t r i a l  metals i n  LEO on a mass basis. For app l i ca t i ons  on t he  l una r  
surface, however, s t r u c t u r a l  performance o f  l una r  metals may be a small 
f r d c t i o n  o f  t h a t  o f  comnon t e r r e s t r i a l  products, wh i l e  s t i l l  ma in ta in ing  a 
comnercial advantage because o f  v a s t l y  reduced t r anspo r t a t i on  costs. 

9.4.3 S c i e n t i f i c  Basis (Summarized i n  Table 9-12) 

To mainta in  t he  proper perspect ive,  i t  i s  important t o  remember t h a t  
the re  i s  no t  a  s i n g l e  i t em  o f  r ea l  evidence f o r  o r  against  t h e  ex is tence of i c e  
on t he  Moon. A t  t h i s  t ime t he  arguments on e " t he r  s ide  o f  t h e  issue can on ly  be 
speculat ive.  The proper i n s t r ~ m e n t a t i o n  has no t  been f lown over t he  lunar  poles. 
Since t he  ice,  i f  i t  ex i s t s ,  res ides a t  the  bottom o f  permanently shadowed 
c ra te rs ,  i t  was undetectable by t h e  cameras which Lunar O r b i t e r  ca r r ied .  

Hydrogen i s  a1 ready knorel: t o  e x i s t  on t he  Moon, bu t  on l y  a t  l e v e l s  
o f  10-100 ppm i n  lunar  r e g o l i t h .  I n  t h i s  case t he  source i s  so l a r  wind 
implantat ion.  This concent ra t ion i s  i n s u f f i c i e n t  t o  be ope ra t i ona l l y  important 
because o f  the  amount o f  s o i l  wh'ch u s t  be contained and heated t o  l i b e r a t e  4 ! s i g n i f i c a n t  quan t i t i e s ,  i.e., 10 -10 kg s o i l  per 1 kg hydrogen. 

The f i r s t  d i r e c t  specula t ion about l una r  i c e  was publ ished i n  1961 
by Kenneth Watson, Bruce Murray, and Harr ison Brown (WMB), a1 1 o f  Caltech 
(Ref. 9-1). The i r  work (Ref. 9-13) appears t o  have been prompted by Urey, 
Herzberg, and Kuiper, who asser ted i h a t ,  wh i le  v o l a t i l e s  might be present, 
water was out  of t he  quest ion (Herzberg suggested Sa2) (Refs. 9-14 and 
9-15). WMB asserted t h a t  "water, i n  t he  form o f  i ce ,  i s  the  on ly  common 
v o l a t i l e  t h a t  could be s tab le  f o r  a  per iod  o f  t ime comparable t o  t he  age of 
the  Moon," and t h a t  "absence o f  l una r  i c e  would i nd i ca te  an extremely small 
amount of chemical d i f f e r e n t i a t i o n  o f  t he  lunar  mass. " Apol l o  r e s l ~ l t s  have 
since i nd i ca ted  subs tan t ia l  d i f f e r e n t i a t i o n ,  and ':::IB went on t o  examine t he  
sources and loss  mecnanisms o f  water, assuming i t  was released from a17 over 
t he  lunar  s ~ r f a c e  dur ing  and a f t e r  d i f f e r e n t i a t i o n .  I n  f a c t ,  WMB viewed t he  
ex is tence of  water as a  t o o l  i n  measuring the  degree o f  d i f f e r e n t i a t i o n ,  and 
made no mention o f  i t s  poss ib le  operat iona l  importance. (They were 
s c i e n t i s t s ,  besides which, j u s t  g e t t i n g  t o  the  Moon seemed hard enough i n  
1961). 

I n  1962 E. J. Opik (Ref. 9-16) recognized t he  WMB arguments f o r  
s t a b i l i t y  o f  water a t  the poles, bu t  suggested a so l a r  wind source of  hydrogen 
c rea t i ng  water chemical ly which accumulated "up t o  100 meters equiva lent  
th ickness"  i n  permanent shadow. The so la r  wind source has no t  been ver i f i ed .  
!n 1963, V. S. Safronov and Ye. L. Rusk01 (Ref. 9-17) po in ted out some shor t -  
com i~~gs  o f  WMB and bpick,  namely t h a t  ". . . the  t raps  were f i l l e d  t o  capac i ty  
a t  the  kery s t a r t  o f  t he  epoch o f  l i be ra t i on , "  bu t  t h a t  " the i c e  e x i s t i n g  i n  
these t raps  , . . i s  t o  a  p r a c t i c a l  e f f e c t  preserved. It has f o r  a  long t ime 
been in ipossible t o  add t o  t h i s  ice. "  From a p r a c t i c a l  p o i n t  o f  view, t h i s  
s i n p l y  means t h a t  the re  can s t i l l  be p l en t y  o f  i c e  present, though i t s  
quan t i t y  may be l i m i t e d  from the  perspect ive o f  100 ysars  o f  u t i l i z a t i m .  
Conservation may become important,  but  i s  u n l i k e l y  t o  b? an o v e r r i d i n g  concern 
f o r  the  f i r s t  few decades o f  u t i l i z a t i o n .  



Table 9-12. I s  There Water a t  t h e  Lunar Poles? 

No rea l  evidence, f o r  o r  against ,  e x i s t s  regard ing t he  presence o f  l una r  p o l a r  
ice.  

Permanently shadowed c r a t e r s  e x i s t  a t  l a t i t u d e s  h igher  than -700, cover ing 
about 0.5% o f  t o t a l  l una r  surface. Surface temperatures are 120 K and 
below, a t  which several meters o f  water i c e  a re  s t ab le  over b i l l i o n s  o f  
years (Watson, Murray, Brown, 1961). 

Source o f  water: presumably outgassing dur ing  and a f t e r  d i f f e r e n t i a t i o n .  
Released water does not  achieve escape immediately, and some migrates t o  
c o l d  po la r  surfaces from a l l  l a t i t udes .  

Theoret ica l  l o ss  mechanisms (sub1 imat ion,  meteoroid impact, so l a r  wind 
bombardment, etc.) remove a small f r a c t i o n  o f  t o t a l  expected - i f  proposed 
sources a re  accurate. 

If i c e  ex i s t s ,  i t  w i l l  almost c e r t a i n l y  be a11 H20, and w i l l  be present i n  
operat iona l  l y  l a rge  ( i  .e., many decades ' supply)  quan t i t i e s .  



The ab i  1 i t y  o f  a y-ray spectrometer t o  de tec t  hydrogen, and there -  
fore  water, a t  t he  lunar  poles was noted i n  1975 by Metzger, e t  a l .  (Ref. 9-18), 
wh i le  Burke noted i t s  p o t e n t i a l  operat iona l  u t i l i t y  f o r  p o l a r  base s i t i n g  i n  
1977 (Ref. 9-19). It i s  no t  known whether e i t h e r  o f  these references were t he  
f i r s t  ones presented f o r  t h e i r  respec t i ve  concepts. 

I n  l i g h t  o f  Apol l o  r esu l t s ,  James R. Arnold undertook i n  1979 t o  
review the WMB work (Ref. 9-20). "The r e s u l t  (was) t o  conf i rm, so f a r  as a 
paper ana lys is  can do so, t h e  essen t ia l  correctness o f  the  ideas o f  WMB." 
Since then, Arnold i nd i ca ted  (Ref. 9-21) t h a t  he ;s aware o f  two f u r t he r  
analyses, one by Hodges (Ref. 9-22) and one by Lanzero t t i ,  e t  a l .  (Ref. 9-23), 
i n  1980. Arnold sa i d  Lanzero t t i  was very negat ive on t he  ex is tence of i c e  
because of spu t t e r i ng  by so l a r  wind, bu t  Arnold "does no t  be1 ieve"  t h i s  
conclusion given t he  analyses which he and o thers  have done o f  t h i s  l oss  
mechanism. Hodges showed t h a t  t he  area o f  s u f f i c i e n t l y  low e q u i l i b r i u m  
temperatures i n  permanent shadows was l ess  than t h e  WMB and Arnold est imates,  
because o f  greater  r e f l e c t i o n  and r e r a d i a t i o n  from i 1 luminated areas i n t o  t he  
shadowed areas. Even t h e  415 reduct ion i n  s u i t a b l e  area a t t r i b u t e d  by Arnol 
t o  Hodgos would be ope ra t i ona l l y  i n s i g n i f i c a n t .  A s i n g l e  c r a t e r  w i t h  a 1-km 1 
f l o o r  having a 100-m l a y e r  o f  i c e l r e g l l  i t h  and an i c e  co cen t ra t i on  of 500 kg/m3 9 (i.e., about 15% o f  r e g o l i t h  mass) would con ta in  over 10 t of  water. 

Based on t he  reviewed l i t e r a t u r e ,  i t  appears t h a t  i f  water i s  indeed 
a t  the  poles', the re  w i l l  be p l en t y  t o  supply p ro jec ted  space operat ions fo r  a t  
l e a s t  several decades. 

9.4.4 Instrument Se lec t ion  

Several instruments were considered as candidates f o r  a simple water 
detector.  Mu l t i spec t ra l  imaging was one o f  t he  f i r s t  candidates t o  come t o  
mind bu t  was re j ec ted  a f t e r  some cons iderat ion because o f  the  d i f f i c u l t y  o f  
supply ing a l i g h t  source i n  t he  permanently shadowed regions near t h e  poles. 
Several p o s s i b i l i t i e s  f o r  p rov i d i ng  1 i g h t  were considered, i nc l ud ing  a l a s e r  
beam, a magnesium bomb, and even a 1-rge r e f l e c t o r  t o  r e f l e c t  sun l i gh t  i n t o  
t he  craters .  On cursory  examination a l l  these schemes appeared t oo  complex 
f o r  f u r t h e r  cons iderat ion.  The X-ray spectrometer was s i m i l a r l y  r e j ec ted  
because i t  requ i res  s o l a r  X-ray i l l u m i n a t i o n .  

One p o s s i b i l i t y  t h a t  might rece ive a t t e n t i o n  i n  t he  f u t u r e  i s  t h e  
concept o f  a penet ra tor  t o  imbed i t s e l f  i n t o  one o f  t h e  cra ters .  Nav igat ion 
requirements f o r  such a miss ion and t he  complexi ty o f  t he  device i t s e l f ,  
requ i red t o  achieve p o s i t i v e  r e s u l t s  w i t h  ce r t a i n t y ,  would be very expensive 
and would r equ i r e  d i f f i c u l t  technology development. because o f  t he  possi  b i  1 i t y  
o f  water i c e  being covered by e i t h e r  a t h i n  l aye r  o f  r e g o l i t h  o r  impact dust, 
a l :  the  d e t t ~ t i o n  mechanisms depending on r e f l e c t e d  l i g h t  were re jected.  

Three o ther  poss ib le  de tec t ion  methods were considered. A sur face 
rover  could ca r r y  t he  requi red instruments and could  even d r i l l  down several  
meters t o  c o l l e c t  samples. However, t h i s  seemed a much t o o  complex and 
thorough methrd t o  answer the  bas ic  question. A rover  would seem more 
appropr ia te  f o r  mapping out  a s i ng l e  p o t e n t i a l  resource s i t e  which appeared 
promising based on o ther  data. An e a r l i e r  suggestion (Kef. 9-24) was t o  
launch a water o r  OH ' s n i f f e r '  on a c o l l i s i o n  t r a j e c t o r y  w i t h  a pole. Just  "I 
f r o n t  o f  t h i s  probe, several p r o j e c t i l e s  o r  'bombs' would be launched, 



impact ing t he  surface perhaps 30 sec t o  1 min ahead o f  the  s n i f f e r ,  which would 
then pass through t he  e j ec ta  clouds. A tuned instrument would r e s u l t  i n  a 
b r i e f ,  l ow- reso lu t ion  data i t em  i n d i c a t i n g  whether o r  no t  water was w i t h i n  a 
few meters o f  any o f  t he  var ious impacts. Two problems here are t he  r e l a t i v e l y  
h igh  probabi 1 i t y  o f  a f a l s e  negat ive answer because o f  inopportune impact s i t e s  
o r  chance surface obs t ruc t ions  such as boulders, and secondly, t h a t  the  method 
would g i ve  l i t t l e  i n d i c a t i o n  o f  t he  actga l  l o c a t i o n  o r  ex ten t  o f  any water 
depos i t  ind icated.  Consequently, t h i s  method cannot i n d i c a t e  whether o r  no t  a 
quan t i t y  detected i s  "usefu l  " i n  engineer ing terms. A f i n a l ,  s i m i l a r  method 
was suggested (Ref. 9-25), and s u f f e r s  f o r  t h e  same reasons. This was t o  
launch a c l u s t e r  o f  exp los ives o r  passive impactors and attempt t o  de tec t  water 
us ing an in-p lace erperiment on an Apol lo  Lunar Surface Experiments Package 
(ALSEP) , the  Lunar Atmospheric Composition Experiment (Ref. 9-26). Th is  op t i on  
was no t  inves t iga ted  because i t  cannot answer t he  bas ic  quest ion,  bu t  i t  i s  
thought t h a t  t h e  ALSEP s ta t i ons  have been i r r e v e r s i b l y  turned off.  

The two p r i n c i p a l  instrument candidates were a y-ray spectrometer 
and an electromagnet ic sounder, which would i nc l  ude a VHF t r a n s m i t t e r  and 
rece ive r  i n  the  range o f  100-150 MHz which could  penetrate t he  water i c e  and 
would g ive  an exce l l en t  reading f o r  the  depth of t he  i c e  by y i e l d i n g  m u l t i p l e  
r e f l ec ted  s ignal  s o f f  sharp subsurface grad ients  i n  t he  d i e l e c t r i c  constant.  
This however i s  no t  an unambiguous determinat ion o f  i ce ,  and wh i l e  a dual o r  
t r i p l e  frequency o r  a frequency-modulated s ignal  might lend more in fo rmat ion ,  
there ar s t i l l  many th ings  t h a t  might g i ve  t he  same k i n d  o f  r e t u r n  s igna l .  
The y - r c j  spectrometer was u l t i m a t e l y  se lected as the  p r i n c i p a l  instrument 
f o r  t he  de tec t ion  o f  water. The major reason i s  t h a t  i t  requ i res  no i npu t  
source a s  i t  detects  gamma rays which are generated by incoming cosmic rays 
i n t e r a c t i n g  w i t h  hydrogen. The determinat ion o f  water i s  almost unambiguous, 
us ing t i le y-ray spectrometer, and t h e  f i n a l  reason f o r  the  se lec t i on  i s  t h a t  . , 

the re  ; s  a f l i g h t  spare from one o f  t he  Apol lo  missions a v a i l a b l e  and i n  good 
cond i t i on  here a t  JPL (Ref. 9-27). 

The f i n a l  se l ec t i on  o f  t h e  instruments was then a combination o f  t he  
electromagnet ic sounder, i n  order  t o  y i e l d  a good de-th measurement i n  case 
water i s  found, and, of course, t he  y-ray spectrometer f o r  t he  p o s i t i v e  
i d e n t i f i c a t i o n  of the  water. The exact nature o f  the  y-ray spectrometer i s  
no t  spec i f i ed  here. The Apol lo  instrument (Ref. 9-28) i s  o f  t he  s c i n t i l l a t i o n  
type and i s  l ess  s e n s i t i v e  than s o l i d  s t a t e  devices now under development bu t  
no t  y e t  ava i lab le .  The Apol lo  y-ray spectrometer would be ab le  t o  de tec t  
water up t o  appro,ltimately 1 m beneath the  sur face (Ref. 9-27), even i f  1 m o f  
dust o r  4ego l i th  i s  above t he  water. The new instrument being developed a t  JPL 
would be ab le  t o  de tec t  water several meters beneath t he  surface and would have 
much b e t t e r  r eso lu t i on  (Ref.  9-27), but  would requ i re  expensive development 
over the  next two years. The y-ray spectrometer, i n  combination w i t h  an 
electromagnet ic sounder t o  y i e l d  depth and cor robora t i ve  absorpt ion character -  
i s t i c s ,  i s  a combination t h a t  would y i e l d  a very h igh  confidence i n  de tec t i on  
of water. The f o l l ow ing  p r e l  iminary  spacecraf t  desc r i p t i on  assumes t he  use of 
t he  Apol lo  y-ray spectrometer and t h e  standard electromagnet ic sounder us ing  
a yag i  antenna i n  t he  range o f  100-150 MHz (Ref. 9-29), s i m i l a r  t o  t h a t  f lown 
on A;ol l o  17 (Ref. 9-30). A t  100 MHz the  sounder can de tec t  ice- rock i n t e r -  
faces t o  a depth o f  10-15 m. Greater pene t ra t ion  could be achieved w i t h  lower 
frequencies, bu t  might no t  be considered e a s i l y  access ib le  f o r  e a r l y  commercial 
operation. 



9.4.5 f r a j e c t o r y  and Midcourse Correct ion Requirements 

It i s  assumed t h a t  t he  spacecraf t  w i l l  be launched from  he Shu t t l e  
us ing a  s o l i d  rocket  i n  a  sp i n - s tab i l i zed  mode. One p o s s i b i l i t y  i s  t h e  
McDonnell .Douglas PAM D, a  substant ia:  so l  i d  rocket  t h a t  i s  compatible w i t h  
t he  Shu t t l e  and the Shu t t l e  sp in  t a b l e  c a p a b i l i t y  (Ref. 9-31). A  low-energy 
Earth-to-moon t r a j e c t o r y  r e q u i r i n g  about 115 h r  f o r  t h e  t r a n s f e r  has been 
selected. This t r a j e c t o r y  requ i res  a  launch C3 o f  from -1.9 t o  -2.1 
km2/s2, depending upon t he  p a r t i c u l a r  geometry and 1  aunch oppor tun i t y  
selected. F igure 9-3 shows t he  launch mass c a p a b i l i t y  o f  t he  PAM D i n j e c t i o n  
module, showing t h a t  a  t o t a l  launch mass o f  up t o  800 kg can be expected, 
al though i t  i s  an t i c i pa ted  t h a t  much l ess  mass w i l l  be requ i red  fo r  t h e  
suggested mission. 

Translunar mi f~course co r rec t i on  requi  rements w i  11 be d i c t a t e d  by 
t he  e r r o r s  incur red  dur ing  t h e  t rans lunar  i n s e r t i o n  (TL I )  and can be expected 
t o  range from 80 t o  120 m/sec (30). Execution e r r o r s  o f  t h i s  f i r s t  
rnidcourse maneuver (expected t o  be requ i red  i n  t he  t ime per iod  from 5  t o  15 h r  
a f t e r  launch) w i l l  propagate t o  the  Moon and cause e r r o r s  o f  t he  order  o f  500 
km i n  pe r i aps i s  a l t i t u d e .  A second midcourse maneuver w i l l  t he re fo re  be 
requi red t o  remove these execut ion e r r o r s  and can be expected t o  occur from 70 
t o  90 h r  i n t o  t he  t r ans fe r .  

O r b i t  i n s e r t i o n  requirements w i l l  be o f  t he  order  o f  800 m/sec f o r  
i n s e r t i o n  i n t o  a  100-km c i r c u l a r  o r b i t .  O r b i t a l  t r i m  maneuvers o f  20 t o  40 
m/sec w i l l  subsequently be requ i red  t o  ad jus t  the  p o s i t i o n  o f  the  pe r i l une  and 
t he  e c c e n t r i c i t y  f o r  maximum o r b i t  l i f e t i m e .  

Because o f  these requirements, i t  has been asscmed t h a t  t he  o r b i t  
i n s e r t i o n  maneuver w i l l  be made us ing a  s o l i d  rocket  motor and t h a t  t h e  
midcourse co r rec t i on  and o r b i t  t r i m  maneuvers w i  11 be accomplished us ing  a  
monopropellant hydrazine systein o f  Isp = 220 sec, and t h a t  t he  t o t a l  AV 
requi red f o r  t h e  midcourse arid t r i m  system w i l l  be 200 m/sec. Add i t i ona l  
p rope l l an t  can be loaded if desi red i n  order  t o  prov ide o r b i t  sustenance 
maneuvers t o  lengthen the  l i f e t i m e  o f  the  o r b i t e r .  The assumptions above a re  
q u i t e  s i m i l a r  t o  those made f o r  the  lunar  po la r  o r b i t e r  study (Re4. 9-31). 

9.4.6 Spacecraft and Subsystem Assumptions 

The two major experiments requ i re  a  t o t a l  power o f  from 45 t o  50 W 
(30 W f o r  the  electromagnet ic sounder, 5  W f o r  t he  Apol lo  Y-ray spect ro-  
meter, p lus  10 W f o r  t h e  y-ray snectrometer heat ing requirements). An 
S-band transponder capable o f  s: f p o r t i n g  a  5  k b i t s / s  data r a t e  w i l l  r equ i r e  
approximately 17 W. A l t h o u ~ :  : s  may sound l a rge  i t  i s  assumed t o  have t h i s  
value so t h a t  t he  f u l l  data r,.; may be t ransmi t ted  a t  any t ime v i a  an 
omni -d i rect iona l  antenna. This ~ e l i e v e s  t he  spacecraf t  o f  t h e  burden of 
p o i n t i n g  a  medium- o r  high-gain antenna a t  Earth. Thus a  t o t a l  power 
requirement f o r  the  spacecraft,  i n c l ud ing  15 W f o r  thermal con t ro l  and 
engf t ~ e e r i  ng housekezpi ng , i s  under 90 W. 
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Fig.  9-3. I n j e c t i o n  Module Performance (PAM D )  



9.4.7 O rb i t  Se lect ion 

The o r b i t  se lected must be f a i r l y  near the  poles bu t  need no t  be 
exac t l y  90 degrees. O rb i t s  o f  85 o r  95 degrees are much l ess  l i k e l y  t o  have a 
shor t  1  i f e t i m e  than o r b i t s  exac t l y  a t  90 degrees. The c ~ b i t  sustenance 
requirements f o r  near l y  po la r  o r b i t s  a re  considerably l ess  than those f o r  
t r u l y  po la r  o r b i t s .  This i s  because i n  a  t r u l y  po la r  o r b i t  the  spacecraf t  
comes over exac t l y  t h e  same lumps a t  t he  poles each revo lu t ion .  Some 
"frozen" o r b i t s  have been i d e n t i f i e d  f o r  several models o f  t he  l una r  g rav i t y ,  
and i t  i s  poss ib le  t o  f i n d  o r b i t s  w i t h  pe r i aps i s  near the  south po l?  t h a t  have 
very long 1 i fe t imes.  Nevertheless, one would wish t o  examine both poles,  and 
some o r b i t  sustenance maneuvers w i l l  be required. I nso fa r  as t h e  spacecraft 
needs a midcourse co r rec t i on  system i n  any case f o r  d e l i v e r y  t o  lunar  o r b i t ,  
i t  i s  no t  a  major expense t o  load more hydrazine on board i n  order  t o  pro\  '4e 
o r b i t  sustenance cdpabi 1  i t y .  

The spacecraf t  w i l l  be placed i n t o  an 85- o r  95-degree o r b i t  by 
f i r i n g  along the  v e l o c i t y  vector  a t  c loses t  apprcach t o  t he  Moon, and t h e  
o r b i t  w i l l  have a pe r i aps i s  o f  about 100 km and an apoapsis a l t i t u d e  from 100 
t o  500 km. The spacecraf t  w i l l  remain i n  the  s p i n - s t a b i l i z e d  mode w i t h  t he  
instruments mounted perpend icu la r l y  t o  the  sp I n ax i  5 so t h a t  each rev01 u t i o n  
o f  the  spacecraf t  w i l l  a l l ow t he  instrument f i e l d  o f  view t o  sweep across t h e  
Moon d i r e c t l y  below a t  the  poles. Another p o s s i b i l i t y  which would y i e l d  
near l y  f u l l  coverage o f  the  Moon dur ing  the  mission i s  t h a t  the  sp in  ax i s  can 
be reor ien ted  normal t o  the o r b i t  plane; t he  instruments mounted as descr ibed 
above would then sweep along t he  ground t r ack  once each spacecraf t  :evol u t ion .  
The s ignal  so received could  then be c a l i b r a t e d  according t o  a  hor izon sensor 
o r  a  s igna l  returned from the  electromagnet ic sounder. Adequate coverage w i l l  
be ava i l ab l e  given even a very slow sp in  ra te ,  bu t  i t  i s  expected t h a t  the  
spacecraf t  would sp in  a t  approximately 60 rpn, y i e l d i n g  one f u l l  sweep per 
second dur ing any pass over the  poles. Expected dura t ion  o f  t he  mission i s  
approximately 3 months. Very 1  i t t l e  a t t i t u d e  and o r b i t  sustenance fuel  would 
be requi red fw such a mission. 

Mass summaries are presented i n  Tables 9-13 and 9-14. Mass 
es t imat ion  was ass is ted by David Sk inner1< software. 



Table 9-13. Spacecraft Mass Estimatea 

Equipment Mass (kg) 

Components 
Solar Array 
Harness 
S t ruc tu re  
y-Ray Spectrometer 
Thermal Control  
Sate1 1 i t e  Adapter 
Mission Equiprnent 

Boom 

Total  Spacecraft Mass 191.2 

aC. Uphoff and D. Skinner 

Table 9-14. Mission Mass Statementa 

Mass o f  Spacecraft i n  O r b i t  
O rb i t  Sustenance 
Lunar O r b i t  I n s e r t i o n  
Sol i d  Rocket Tne r t s  
Sol i d   rock^; $rope1 1 ant 
Earth-Moon M i  dcourse 

and A t t i t u d e  Control  

I n j e c t i o n  Mass Required (C3 = -2 km2/s2) = 288.2 k g  
ShuttlelPAM-D !n jec t ion  Capabi i i t y  = 800 



9.4.8 Mission Cost 2nd Complexity (Summarized i n  Table 9-15) 

If r e s t r i c t r d  t o  t he  o r i g i n a l  o b j e c t i v e  o f  searching f o r  la rge,  
accessible deposi ts o f  i c e  on the  Moon, t h e  miss ion we examined i s  very 
simple. The small spacecraf t  accommodates on ly  two instruments w i t h  i d e n t i c a l  
ob ject ives,  no p o i n t i n g  va r i a t i ons  (except by v i r t u e  of spacecraft sp in) ,  and 
apparent ly on ly  two modes o f  operat ion,  i.e., both  on o r  both o f f .  The PAM D 
was suggested as an i n j e c t i o n  stage on ly  because i t  w i l l  be S h u t t l e - q u a l i f i e d  
and i n  r ou t i ne  use, thereby reddcing t e s t  and i n t e g r a t i o n  costs. I n  1981 
do1 l a r s ,  PAM D hardware costs are l i s t e d  as approximately $3.0 m i l l  i on ,  
general missiofi  s p e c i f i c  costs  are under about $2.1 m i  11 i on  (Ref. 9-31), and 
we est imate op t iona l  mission s p e c i f i c  costs  payable t o  t he  stage con t rac to r  as 
being under $2 m i l  1 ion. Shu t t l e  launch charges, which a re  no t  h i s t o r i c a l l y  
covered by t he  mission budget (but must be pa id  somewhere) would be under $25 
m i l  1 ion.  Using t h e  Apol lo  y-ray spect roveter  and an o f f - t h e - s h e l f  so l  i d  
i n s e r t i o n  stage and hydrazine system, $20 m i l  l i o l i  would seem more than 
adequate t o  b u i l d  t he  spacecraf t ,  even by t r a d i t i o n a l l y  expensive methods s t  
JPL. A f l i g h t  team o f  60 people w i t h  a 2-month mission and 9 months t r a i n i n g  
(qu i t e  generous) y i e l d s  approximately $6 m i  11 i o n  i n  parsonnel costs,  w i t h  
another $6 m i  11 i o n  allocated f o r  m iss ion-spec i f i c  ground eqgipment and 
f a c i l i t i e s  (most o f  whit!- would i n  f a c t  be ava i l db l e  as surp lus o r  on standby 
from other  p ro j ec t s ) .  Data ana lys is  cou ld  r equ i r e  another $5 m i l l i o n  i f  done 
w i t h  extreme thoroughness and l i t t l e  cos t  consciousness. This y i e l d s  a t o t a l  
around $50 m i l  1 i on  exc lus ive  o f  launch charges, o r  $75 m i l  1 i o n  inc lus ive .  

Should a mi;sion l i k e  t h i s  be f lown, the greatest  temptat ion would 
be t o  add "a few" ins:ruments, use up t he  PAM D payload margin, and make i t  
i n t o  a s c i e n t i f i c  "Lunar Polar Orb i ter " .  This would almost c e r t a i n l y  d r i v e  
the costs i n t o  t he  Mariner Mark I 1  c lass  o f  $200 m i l l i o n .  While such a 
mission 's  const i tuency would be broadened, the  past  record o f  post-Apol l o  1 unar 
mission proposals makes t h i s  mission look 1 i ke a poor chance i n  t he  face of 
s c i e n t i f i c  i n t e r e s t  i n  c rhe r  bodies. Whether a resource ni ission under $100 
m i l l i o n  can be funded i s  an e n t i r e l y  d i f f e r e n t  question--no one ha; cver  t r i e d .  
The payoff  could be very la rge  indeed, o r  t he  mission could y i e l d  only a l i t t l e  
poor l y  co r re l a ted  Apol l o - t ype  data t o  t h a t  which i s  a l ready shelved and 
unanalyzed. 

9.4.9 Lunar Science Mission Candidates 

Because as proposed they would have c a r r i e d  s e n s i t i v e  y-ray 
spectrometers, both t he  NASA Lunar Polar  O r b i t e r  (LPO) (Ref. 9-32, 9-33) and 
l a t e r  ESA-NASA Polar O r b i t i n g  Lunar Observatory (POLO) (Ref. 9-34) cou ld  have 
detected near8-surface ( w i t h i n  1-2 m) water a t  the  pales. Nei ther  proposal was 
author ized as a funded program, and i t  does no t  appear t h a t  e i t h e r  i s  1 i k e l y  
t o  be rev ived soon. A recent announcement was made o f  Soviet  i n t e n t i o n s  t o  
launch an LPOIPOLO-type mission i n  1986-89, i n  which o ther  coun t r ies ,  
i n c l ud ing  t ha  1J.S. and Frarce, have been i n v i t e d  t o  p a r t i c i p a t e  (Ref. 9-35). 
I n  the  cu r ren t  p o l i t i c a l  c l imate,  U.S. p a r t i c i p a t i o n  appears out  o f  t h e  
question. French p a r t i c i p a t i o n  i s  a d i s t i n c t  poss ib i  1 !ty, bu t  any such 
i n v o l v e m e ~ t  i s  as y e t  unfunded, and space science i s  no t  a t op  French p r i o r i t y  
i n  as t ronau t i cs  (Ref. 9-36). 



Table 9-15. A Summary o f  t he  Proposed Lunar Water-Discovery Mission 

Mission Cha rac te r i s t i c s  

Spin-stabi  1 i zed, 300-kg spacecraf t  

2-month mission 

Apol lo  spare y-spectrometer, a simple EM sounder der ived from Apol lo  

Minimal new f a c i l i t i e s  

Cost and Complexity 

S ing le  mission ob jec t i ve  

Two instruments, low data ra te ,  on o r  o f f ,  omni-antenna 

In-product ion PAM-D standard i n j e c t i o n  stage, STS-qua1 i f i e d ,  l a rge  mass rqargin 
(500 k g )  

Short mission, no instrument sequence planning 

Low data quan t i t y ,  modest processing requi  reo 

Frequent launch oppor tun i t i es ,  compatibi 1 i t y  w i t h  o ther  Shu t t l e  payloads 

Tota l  p r o j e c t  cost  -$70M 
---.- - 

aFrom C. Uphoff, R. Staehle, and D. Skinner 



I F  the French do p a r t i c i p a t e  i n  the  Soviet  m iss ion ,  they w i l l  most 
l i k e l y  prov ide sdveral h i gh -qua l i t y  instruments,  i n c l ud ing  a y-ray spectrometer. 
I f  the Soviets go i t  alone, as Prof. J a c q ~ e s  Blamont f e e l s  tney are prepared t o  
do--though perhaps w i t h  a  yea r ' s  delay (Ref. 9 -36 ) - - i t  i s  no t  c l e a r  whether 
proper ins t rumentat ion o f  h i gh  enough q u a l i t y  would be included. A f a l s e  
negat ive answer iSegarding t he  presence o f  water cou ld  be a l i k e l y  res8 : l t .  We 
have seen no evidence o f  Soviet  operat iona l  i n t e r e s t  i n  l una r  ice.  The 
operat iooa l  s i gn i f i cance  o f  an i c e  discovery was new t o  Blamont, and might no t  
y e t  have occurred t o  the  appropr ia te  Sovie.; planners. 

9.4.10 Conclusion and Recommendation 

Our work suggests t h a t  a t  l e a s t  one resource-or iented mission whose 
r e s u l t s  cou ld  be profourd can be conducted f o r  much l ess  than t h e  cos t  of 
t r a d i  t iona!  so l a r  system exp lo ra t io , ,  missions. Another mission concept ~f 
comparable complexity, designed t o  d iscover  Ear th  Trojan astero ids,  has a l j v  
been repor ted (Ref. 9-37). The key t o  l ~ w  cos t  i s  a s ing le ,  narrowly f~..il.'~:l 
mission ob jec t i ve .  Nothing i s  added t o  t he  mission which i s  no t  essent4.  i -0  

achiev ing the  ob jec t i ve .  I n  r e a l i t y ,  t he  d i s c i p l i n e  requ i red  t o  imp~,ovc I S  

cond i t i on  may prove beyond the  c a p a b i l i t y  o f  a  government-sponsored proJect  
because of the  vary ing p o l i t i c a l  <?ot ives o f  a l l  the  groups and con:nittees 
which must endorse 3 :ucccrsful  proposal. 

I f  space resource operaticins are t o  b r  v i ab l e  ' * 20-36 years,  and 
i f  we are t o  r e t a i n  the op t ion  f o r  e a r l y  u t i l i z a t i o n  o f  as :let unconfirmed 
resources which could  profoundly a f f e c t  space operat ions,  thsn the  conf i rmat ion 
o f  those resources ( i f  they e x i s t )  must come w i t h i n  t he  decade so t h a t  ocher 
developments may proceed accordingly.  ~f discovery occurs l a t e r ,  a f t e r  massive 
investments i n  the  development @f more d i f f i c u l t  techno1 ogies, t : .e  s p x e  
resource indus t ry  could be s u b s t a n t i a l l y  set  back by t he  compet i t ive  t h r e a t  
poseti by new, e a s i l y  accessible competing resources a v a i l a b l e  a t  lower cost .  
The r e s u l t i n g  loss  w r i t e - o f f s  cou ld  r e t a r d  development o f  both t r a d i t i o n a l  and 
now-specul a t i  ve resources. 



9.5 EARTH TROJAN ASTEROID DISCOVERY 

Another mission w i t h  a focused-object ive philosophy s i m i l a r  t o  t h a t  
fo r  the  lunar  po la r - i ce  mission was s tud ied i n  1979, t o  search f o r  Ear th  

:ojan astero ids (Ref. 9-37). Cost and i n j e c t i o n  stage can probably be s i m i l a r  
t o  the  lunar  mission. The spacecraft  c a r r i e s  a s ing le ,  simple o ~ t i c a l  
instrument (a 0.25-degree-f ield-of-view telescope w i t h  a photomul t i  p l  i e r  , bu t  
no imaging) which scans the sky on the f a r  s ide o f  the  spacecraft  from the 
Sun. A simple technique r e s u l t s  i n  Ear th  Trojans appearing i n  two d i f f e r e n t  
locat ions,  wh i le  f i x e d  s ta r s  appear i n  one loca t ion ,  a1 lowing t he  s igna ls  t o  
be separated. Prec is ion ground observations a re  targeted by spacecraft 
d iscover ies i n  order t o  ob ta in  as te ro id  o r b i t a l  elements. 

T k -  :.allowing two char ts  (Figs. 9-4 and 9-5) i l l u s t r a t e  the  Ear th  
T ~ G L  d i  SCOLC y mission. Ground-based search ooerat ions are s u f f i c i e n t l y  
m a r g i w l  (because o f  sky br ightness and unfavorable viewing geometry) t h a t  
t h l r  rnission could discover astero ids o f  great importance ( i f  they e x i s t )  even 
i f  ground searches t u r n  up nothing. Ground searches are appropr iate,  how~ver ,  
for  several more years, be-ause they should be capable o f  de tec t ing  l a r g e r  
ob jects  which could ex i s t .  The ground-based orb i t -determinat ion observatory, 
t o  fo l low up any spacecraft  d iscover ies,  can employ a much narrower f i e l d  of 
view than requi red f o r  search observations. 

9.6 NEAR-EARTH ASTEROIDS 

Asteroids which come near Ear th 's  o r b i t  wh i le  i n  t h e i r  own 
independent, he1 i o c e n t r i c  o r b i t s ,  are re fe r red  t o  as near-Earth asters ids.  
bong these objects,  a few have a low enough i n c l i n a t i o n  and e c c e n t r i c i t y  t o  
be r e l a t i v e l y  accessible by occasional b a l l  i s t i c  t r a j e c t o r i e s .  Neal Hul kower 
and Uavid Bender, both of the  Advanced Pro jects  Group, have i d e n t i f i e d  about 
f i v e  known astero ids wh'ich, dur ing  in f requent  oppor tun i t ies ,  are eas ier  t o  
r e tu rn  from than the Moon, i n  terms o f  energy (see, f o r  example, Ref. 9-38). 

With funding from advanced p lanetary  mission o f f i c e s  of NASA 
Headquarters and under the overs ight  o f  Robert Staehle i n  the RUSR group, a 
b r i e f  consu l t ing  study was performed by consul tant  Jerome Wright. The task 
was t o  loosely  def ine an as te ro id  research program aimed a t  resource 
u t i l i z a t i o n ,  ra ther  than pure ly  s c i e n t i f i c  understanding. Wright noted 
general i zed  se lec t ion  c r i t e r i a  fo r  favorable asteroids,  and a p l aus ib l e  
sequence o f  missions leading t o  estab l  ishment o f  resource operations. Wright 
a1 so noted p a r t i c u l a r  problems w'th t he  infrequency o f  oppor tun i t ies  t o  the  
most accessible asteroids.  

Wnl l e  near-Earth astero ids remain o f  i n t e res t ,  the  t r a n s i t  t ime, 
comnunications and so la r  distances, and the  l i m i t e d  number of favorable 
t rans fe r  oppor tun i t ies  combine t o  make them look less  a t t r a c t i v e  fo r  e a r l y  
resource operations than the Moon o r  Ear th  Trojans ( i f  discovered). 
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ASTEROID PROCRAM I n  t r  oduc t i on 

INTRODUCTION 

The b a s i c  o b j e c t i v e  of  t h i s  s t u d y  i s  t o  d e s c r i b e  a n  a s t e r o i d  
e x p l o r a t i o n  p r o g r a m  which  c o u l d  l e a d  t o  t!,.e e x p l o i t a t i o n  of 
a s t e r o i d a l  r e s o u r c e s  as a n  e v e n t u a l  g o a l .  The  s t u d y  
i d e n t i f i e s  m i s s i o n  p o s s i b i l i t i e s  a n d  s c i e n c e  o b j e c t i v e s  
c o n s i s t e n t  w i t h  t h i s  g o a l .  

T h i s  s e p o r t  d e s c r i b e s  t h r e e  a s p e c t s  o f  t h e  a s t e r o i d  
p rog ram.  F i r s t  i s  a d e s c r i p t i o n  o f  t h e  p r o g r a m  c o n c e p t  a n d  
i t s  s p e c i f i c  o b j e c t i v e s .  S e c o n d  i s  a d e s c r i p t i o n  o f  a s e t  
of m i s s i o n  p r o j e c t s  wh ich  c a n  c o m p r i s e  t h e  p r o g r a m .  T h i r d  
i s  a d i s c u s s i o n  of  s p e c i f i c  m i s s i o n  t y p e s ,  w i t h  e m p h a s i s  
upon t h e  f i r s t  m i s s i o n .  

T h i s  s t u d y  h a s  b e e n  c o n d u c t e d  f o r  t h e  J e t  P r o p u l s i o n  
L a b o i , , a t o r y ,  t h r o u g h  S e c t i o n  312, Advanced  P r o j e c t s  Group.  
I t  h a s  b e e n  a f o u r  man-week e f f o r t  (JPL c o n s u l t i n g  a g r e e m e n t  
KO-740366).  I t  h a s  b e e n  d o n e  i n  c o o r d i n a t i o n  w i t h  a 
c o m p l e m e n t a r y  s t u d y  f o r  The P l a n e t a r y  S o c i e t y .  

A s t e r o i d s  a r e  a m a j o r  s o u r c e  o f  n o n t e r r e s t r i a l  
r e s o u r c e s ,  wh ich  c a n  b e  u s e d  a t  t h e  a s t e r o i d s  o r  t r a n s f e r r e d  
e l s e w l i e r e .  E n e r g y  c o s t s  f o r  u s e  o f  n e a r - E a r t h  a s t e r o i d s  a r e  
l o w e s t  f o r  a1 1 n o n t e r r e s t r i a l  s o u r c e s .  The e n e r g y  
r e q u i r e m e n t s  f o r  g e t t i n g  t o  t h e  b e s t  a s t e r o i d s  i s  
e s s e n t i a l l y  t h e  same as g o i n g  t o  g e o s y n c h r o n o u s  o r b i t .  The 
r e t u r n  v e l o c i t y  i n c r e m e n t s  t y p i c a l l y  a r e  a few h u n d r e d  
m e t e r s  p e r  s e c o n d ,  a n d  l e s s  t h a n  1 0 0  m / s  i n  t h e  b e s t  c a s e s .  
M a t e r i a l  c a n  be  r e t u r n e d  u s i n g  c o m p a c t  r o t a r y  l a u n c h ( , - s .  
The p r i m a r y  p e n a l t i e s  f o r  u s i n g  a s t e r o i d s  a r e  t h e  t i m e  
a s s o c i a t e d  w i t h  t r a n s f e r s  a n d  t h e  r e s t r i c t e d  o p p o r t u n i t i e s ,  

A s t e r o i d  r e s o u r c e s  w i l l  b e  u s e d .  A t  i s s u e  i s  wha t  
s p e c i f i c  r e s o u r c e s  a r e  a v a i l a b l e ,  wha t  d i f f i c u l t i e s  a r e  
a s s o c i a t e d  w i t h  m i n i n g  a n d  t r a n s p o r t  o p e r a t i o n s ,  aqd when 
a n d  where  s p e c i f i c  r e s o u r c e s  a r e  n e e d e d .  



ASTEROID PROCWH Program D e f i n i t i o n  

PROGRAM DEFINITION 

PROCRAH CONCEPT 

The  p r o g r a m  d e s c r i b e d  h e r e  i s  a c o h e r e n t  s e t  o f  
p r o j e c t s  d i r e c t e d  t o w a r d  t h e  g o a l  o f  a s t e r o i d  u s a g e  
c a p a b i l i t y ,  I t  d e f i n e s  a s e t  o f  o b j e c t i v e s  f o r  e a c h  p r o j e c t  
wh ich  s u p p o r t s  t h e  p r o g r a m  g o a l .  

The p r o g r a m  i s  a s sumed  t o  s t a r t  i n  t h e  m i d - 1 9 8 0 ' s  w i t h  
commitment  t o  t h e  f i r s t  m i s s i o n .  The  f i r s t  l a u n c h  wou ld  
t h e n  o c c u r  i n  t h e  l a t e  1980's o r  e a r l y  1 9 9 0 ' s .  The p r o g r a m  
is d e f i n e d  t o  e n d  w i t h  a c q u i r i n g  t h e  c a p a b i l i t y  t o  b e g i n  
m a j o r  u s a g e  of r e s o u r c e s ,  E x p l o r a t o r y  m i s s i o n s  w i t h i n  t h i s  
p r o g r a m  m i g h t  make u s u  o f  some r e s o u r c e s ,  b u t  t h i s  i s  n o t  
h e r e  c o n s i d e r e d  a m a j o r  u s a g e .  

P r o g r a m s  wh ich  a r e  s c i e n c e  o r i e n t e d  a n d  r e s o u r c e  
o r i e n t e d  h a v e  much i n  common d u r i n g  t h e  e a r l y  y e a r s ,  i n  t h e  
d i s c o v e r y  a n d  E a r t h - b a s e d  a n a l y s i s  of a s t e r o i d s .  However ,  a 
s i g n i f i c a n t  b i f u r c a t i o n  w i l l  o c c u r  e v e n t u a l l y  b e c a u s e  t h e  
s c i e n c e  o b j e c t i v e s  are t o  u n d e r s t a n d  t h e  a s t e r o i d s  as a 
s y s t e m ,  t o  u n d e r s t a n d  t h e  e v o l u t i o n  o f  t h a t  s y - t e m  a n d  how 
i t  r e l a t e s  t o  s o l a r  s y s t e m  e v o l u t i o n .  R e s o u r c c  o b j e c t i v e s  
f o c u s  on how t o  u s e  t h e  a s t e r o i d s  wh ich  a r e  c o n v i a n t l y  
l o c a t e d  r e l a t i v e  t o  p o t e n t i a l  human a c t i v i t y  s i t e s  i n  s p a c e .  
Thus m o s t  a s t e r o i d  s c i e n t i s t s  a r e  c o n c e r n e d  w i t h  t h e  ma in  
b e l t ,  whi l e  r e s o u r c e  i n v e s t i g a t o r s  a r e  c o n c e r n e d  w i t h  
n e a r - E a r t h  a s t e r o i d s .  T h e s e  two g r o u p s  s u p p o r t  m i s s i o n  
c o n c e p t s  wh ich  a r e  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  e a c h  o t h e r .  

A c o h e r e n t ,  l o n g - t e r m  m i s s i o n  p l a n n i n g  a n d  d e s i g n  
e f f o r t  n e e d s  t o  b e  e s t a b l i s h e d  f o r  a n e a r - E a r t h  a s t e r o i d  
p rog ram.  C o n t i n u i t y  o f  e f f o r t  a n d  c o n s i s t e n c y  o f  g o a l s  is  
e s s e n t i a l  c o r  i t  t o  be  a f f e c t i v e .  The  work n e e d s  t o  c o v e r  
m i s s i o n  d e f i n i t i o n  w i t h i n  a n  o v e r a l l  p r o g r a m .  Manned, 
r o b o t i c ,  a n d  o r b i t e r / s a m p l e r  modes n e e d  t o  b e  i n v e s t i g a t e d .  

Economic a r g u m e n t s  f o r  t h e  p r o g r a m  s h o u l d  b e  r e a l i s t i c .  
What r e s o u r c e s  a r e  u s e d ,  w h e r e  a n d  when t 9 e y  a r e  u s e d ,  
d e p e n d s  upon e c o n o m i c s ,  n o t  p o p u l a r  i d e a s  o r  w i s h f u l  
t h i n k i n g .  E a r t h  is n o t  r u n n i n g  o u t  o f  r e s o u r c e c ,  i t  is o n l y  
c h e a p  s o u r c e s  t h a t  a r e  b e i n g  u s e d  up.  A s t e r o i d a l  r e s o u r c e s  
a r e  n o t  n e e d e d  t o  s a v e  c i v i l i z a t i o n  on E a r t h ,  b u t  t h e y  c a n  
b e  v e r y  i m p o r t a n t  w h e r e  t h e y  a r e  c o a t  e f f e c t i v e .  C o s t s  on 
E a r t h ,  p a r  t o n ,  p r e s e n t l y  r a n g e  f r a m  8 HS f o r  g o l d  a n d  
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platinun, to 160 k$ for silver, to 440 $ for steel, and SO d 
f o ~ .  scrap steel. It secmr very unlikely that asteroidal 
iron could be brought to Earth for prices comparable to that 
of terrestr ial steel. 

Transportation costs to orbit will be about 3 H6 per 
ton in 1985, which far exceeds the intrinsic cost of basic 
materials on Earth. There is clearly a potantial major 
savings from using asteroidal materials in Earth orbit, in 
contrast to their use on Earth. This means that asteroidal 
resource usage should not be con side^-ed completely out of 
context with potential operations ' s Earth orbit, where 
essentially a1 1 of the returned material might be used. 

If bulk structural material is needed in orbit during 
the late 1980's and l99Ovs, then Shuttle External Tanks are 
almost certainly the cheapest sources of up to a few 
thousand tons. The tanks could also provide a few hundred 
tons of volatiies (oxygen, hydrogen, and water). 
Asteroidal, or o t h ~ r  nonterrrstrial, resources wi 1 1  probably 
not be nceded until large scale operations are started in 
Earth orbit. At that time, they could b e  low cost sources 
of a wide variety of materials. 

The overall availability o f  funding is, and probably 
wi 1 1  remain, very tight. This clearly impacts the number 
and scope of possible asteroid missions, putting a premium 
on an ability to accomplish specific goals with the least 
cost. An important rrsult of the near-term funding 
1 imitati~nd is tha.i crucial pral iminrry mission analysis 
might nct be sufficiently funded. This work is important 
not only to identify opportunities, but to characterize the 
mission; and determine the most cost effective manner for 
conducting the missions. If this work is not adequately 
done, the attractiveness of the missions might not b e  
sufficiently well described to generate interest in getting 
the miss ions under way. 
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PROJECTS 

The individual projects are each based upon a specific 
mission rssociated with near-Earth asteroids or a specific 
ancillary task supporting a mission or technology 
development. The projects can b~ placed into four general 
categorirs, as follows: 

1. Detection and orbit determination is the mos? primary 
activity. This needs to be enhanced for a major increase 
the number of known near-Ear th asteroids. 

2. Analysis of asteroids and meteorites using Earth-based 
observatiens and laboratory work for characterization 

3. Exploration of selected near-Earth asteroid5 iq any cf 
several mission modes to characterize specific asteroids. 

4. Development of capabilities to process and use 
asteroidal materials. 

Only mission projects are discussed further. 
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Schedules 
A serial program based upon including each mission 

type, with project starts at the completion of the preceding 
mission, would require at least 20 years. This means 
extending the program until 2010 or later, which seems 
unnecessarily long. The program might better be based upon 
overlapping projects and less than the full set of mission 
types. No attempt is made here to show a particular program 
structure; it could be meaningfully done only after 
substantial ~;7alytib. Estimated schedules for individual 
projects are listed in the following table. 

--------------------------------------------------- 
Time From Project Start, years 
... PROJECTS 1...2...3...4...Sa..6...7...8 

Rendezvous ............. -L.. . 
Sampie Return ........,......- L-....... 
In-situ Automated . . . . . . . . . . . . .  . .- L-...... 
Manned, fast ..................- L.. 

. . . . . . .  Manned, slow ................... -L-- 
................................................... 

L; nominal launch time 
-: range of variation in launch 

Ccs ts 
Cost estimates were  made based upon analogies with 

other projects of r ~ u y 3 l y  similar scope. T h e  estimating wac 
approximate, without extensive analysis. The slow manned 
mission wi 1 1  neccssar i ry require far more hardware, almost 
entirely nenw;, than the first mission based upon using 
modified Apollo designs. Projects made sufficiently 
ambitious can exceed the larger estimates. 

------------.----------------------------- 

COST R A N G E ,  US, FY82 (rough estimates) 
Rendezvous, minimum 70 90 

expected 80 120 
Sample Return 300 600 
In-situ Automated 500 1000 
Uanned, fast 4,000 8,000 
Uanned, slow 10,000 20,000 ......................................... 
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HISSIONS PLAN 

The b a s i c  t y p e s  of m i s r ; s r s  t o  a s t e r o i d s  a r e  
r endezvous ,  sample  r e t u r n ,  i n  s i t u ,  and manned. These  t y p e s  
p r o v i d e  d i f f e r e n t  l e v e l s  04 c a p a t i l i t i c s  w i t h  which t o  meet 
t h e  o b j e c t i v e s ,  w i t h  i n c r e a s i n g  l e v e l s  of c o s t ,  c o m p l e x i t y ,  
and c a p a o i l i t i e s .  

O r b i t a l  mapping i s  a p r i m a r y  r e q u i r e m e n t  t o  d e t e r m i n e  
volume, mass, s u r f a c e  p r o p e r t i e s ,  and  same e l e m e n t a l  
rbundances .  T h i s  would be  t h e  o b j e c t i v e  of a r endezvous  
m i s s i o n ,  b u t  would b e  i n c l u d e d  i n  a sample  r e  i r n  or  i n  s i t u  
m i s s i o n  i f  t h e r e  was no p r e c u r s o r  r endezvous  m i s s i o ~  t o  t 9 a t  
a s t e r o i d .  

For an  o b j e c t i v e  of r e s o u r c e  u sage ,  a s i n g ! e  n e a r - E a ~ t h  
a s t e r o i d  would p r o b a b l y  b e  s e l e c t e d  a c c o r d i n g  t o  i ts o r b i t a l  
c h a r a c t e r i s t i c s  and  i t s  t y p e .  Type w i l l  p r o b a b l y  be  
r e l a t i v e l y  u n i m p o r t a n t  e x c e p t  t h a t  i t  i s  d e s i r a b l e  t o  u s e  a 
wa te r -bea r ing  a s t e r o i d .  P u r e  me ta l  1 i c  a s t e r o i d s  w i  1 1  
p r o b a b l y  be  a v u i d e d  because  t h e y  c a n n o t  b e  p r o c e s s e d  w i t h  
f o r e s e e a b l e  t e chno logy .  A se:ies of m ~ s s i o n s  c o u l d  b e  sent.. 
t o  t h e  s e l e c t e d  a s t e r o i d  f o r  mapping,  s a m p l i n g ,  a n d  p o s s i b l y  
t r i a l  p r o c e s s i n g  of  m a t e r i a l s .  The o r b i t a l  c h a r a c t e r  i s t i c s  
s h o u l d  a s s u r e  s u i t a b i  1 i t y  f o r  min ing  o p e r a t i o n s  over  a 
minimum of a few decades .  

For r e s o u r c e  u sage ,  t h e  t r a n s f e r  f rom t h e  a s t e r o i d  t o  
E a r t h  i s  more i m p o r t a n t  t h a n  t h e  outbound t r i p .  The p h a s i n g  
of r a t u r n  o p p o r t u n i t i e s  is a n  i m p o r t a n t  f a c t o r ,  p e r h a p s  as 
much as t h e  ene rgy  r e q u i r e m e n t s .  The p h a s i n g  and  r e t u r n  
ene rgy  r t q u i r e m e n t s  s h o u l d  b e  a n a l y z e d  f o r  s e v e r a l  a s t e r o i d  
c a n d i d a t e s  t o  b e t t e r  u n d e r s t a n d  t h e  p r a c t i c a l i t y  of r e s o u r c e  
usage .  I t  a p p e a r s  t o  b e  t h e  c a s e  t h a t  many p roponen t s  of 
a s t e r o i d  u s a g e  have c o n c e n t r a t e d  upon e n e r g y  r e q u i r e m e n t s  
and i gno red  t h e  p h a s i n g ,  which h a s  a s t r o n g  mpact upon t h e  
p r a c t i c a l i t y  o f  u s i n g  a p a r t i c u l a r  a s t e r o i d  d u r i n g  a s p a n  of 
a few decades .  

The t r a n s f e r  of a s t e r o i d a l  m a t e r i a l  t o  E a r t h  a p p e a r s  t o  
b e s t  be d o n r  by use of r l e c t r  i c a l  l y  d r i v e n  r o t a r y  l a u n c h e r s  
which th row packages  o f  p e r h a p s  r few t o n s  mass. These  
packages  u o u l d  have  r c o u r s e  c o r r e c t i o n  c a p a b i l i t y  and a 
thermal  s h i e l d  t o  w i t h s t a n d  aerodynamic b r a k i n g  i n  E a r t h ' s  
a tmosphere ,  The packages  would b e  c l a i m e d  in  E a r t h  o r b i t .  

H i s s i o n  s t u d i e s  s h o u l d  be s u p p o r t e d  f o r  work 
d e t e r m i n i n g  t h e  long-term s u i t a b i  l i  t y  of s p e c  i f  i c  a s t e r  i ods  
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for resource operations. Rhi le the g e ~ m e t r y  of the orbit of 
an asteroid might not change much over a 50 year span, for 
example, the asteroid can drift in its relative phasing with 
respect to Earth. This can preclude short, low-energy 
transfers for extended periods of time. For near-Earth 
asteroids, optimum trajectories are usual ly determined, but 
there are no studies for defining specific missions. There 
is also nothing being done for defining very low-cost 
missians using low-mass spacecraft. There was some recent 
work on a possible asteroid mission using Mariner H a r k  11, 
5ut that has bren or ientsd toward main belt asteroids. 

Asteroid 1382DB is a very good target for missions of 
various scopes, including eventual resource usage. An 
apparently good mission opportunity exists in 1990-91, but 
the characteristics have not yet been quantified. Both a 
moderately fast rendezvous and a round-trip mission might 
exist here, An excel lent opportunity apparently exists in 
2001. This opportiinity includes a fast, low-energy transfer 
mission, and apparently a s 1%-month round-trip mission. 
Thus a modest precursor mission could be done in 1991, 
followed by an advanced mission ten years later. This two- 
mission set might meet the rather ideal goal of achieving 
resource usage capability by around the end of the century. 
However, there is no currant funding for a mission study. 
There is no funding either for tieing in an asteroid like 
1982DB with an ultimate objective of a manned mission and 
resource usage. Even modest funding (a few t m s  of k% per 
year) will still allow some important definitive w o ~ k  to be 
done. Such work done at this somewhat ear ly point can serve 
to focus later work, and even induce additional mission work 
which might not otherwise come about. 

If a mass launcher with a 500 ~ t / * s  capability was placed 
on this asteroid, over a span of several years it could be 
used approximately 20% of the time to send material to 
Earth. This does not illow for additional constraints which 
might be applied, such as restr ictincr the arrival times at 
Earth. The determination of spec if ic departure windows 
requires further analysis. 
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MISSIONS DESCRIPTION$ 

SELECTION CRITERIA 
There might be a set of particular missions which best 

m r ! r , t s  the overall objectives. The basic functions of 
ct;ital mapping, sample return, and in situ analysis might 
P T  combined into two missions, or even one. One or more of 
t I : e  functions might be delayed until a manned mission is 
done. These missions might include more than one asteroid. 
Ko~rrever, the total cost might be minimized by concentrating 
upon the single must attractive near-Earth asteroid. 

Both celestial limitations and funding limitations are 
a 1  o major factors, along with program objectives, in 
de -ermining which missions should be accompl ished. A clear 
der: inition of asteroidal resource objectives is needed to 
dexermine the specific character istics of the missions. 

The ideal characteristics of resource asteroids are 
listed in estimated order of importance: 

I .  Low inclination, which improves the span of 
i~pportuni ties and reduces the general energy requirements. 
"his is important for resource shipments to Earth. 

C:r apsis near 1.0 AU, typically the perihelion. This is 
i m p w  tant f - low-energy requirements and fast transfers. 

5 .  Relative phasing determines the ability to use the best 
transfers. Good synchronization is important to al low 
repeats of the best phasing conditions. The relative phase 
angle can be defined as the central anglr between the Earth 
and the asteroid when the asterold is at its 1. AU apsis. 
The bert trar ... ier conditions usually occur when this angle 
is only a :zw deqrees. 

4. TI-.! second apsis should not be too far from 1. AU to 
keop .?nerqy requirements moderate. A good range would be 
befwenn approximately 0.6 and 2. AU. 
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Current Bes t Cho i c es 
Inclination Per i aps i s 

1982DB 1.4 deg .95 AU 
Anter os 8.7 1.06 
1982HR 2.8 .81 
Er 0s 10.8 1.13 

TRAJECTORIES 
Estimated trajectories for the 2001 opportunity with 

1982DB are 1 isted. The total velocity increments are shown 
for a1 1 prapuls ion events, including Earth departure. These 
are approximate, and require confirmation through additional 
analysis. 

40 day Minimum Time 9.0  km/s 
190 day Minimum Energy 4.4 km/s 
6 month Round Trip 9.0 km/s 

RENDEZVOUS 
A rendezvous mission has the least cost and comp1exit.y 

of the set of possible missions. It has the shortest 
development time and can be done with a small spacecraft. 
The mission objective would be orbital mapping, although a 
landing fol lowed by modest surface analysis could be 
included. The mapping cou!d be satisfactorily done with a 
set of 2 or 3 i~struments. The relatively low spacecraft 
mass can allow use of fast transfer trajectories. 

SAXPLE RETURN 
A sample return mission could be done over a wide range 

of costs depending upon the complexity of the mission. A 
simple, low-cost return capsule could be used which would 
provide course corraction and thermal protection for 
aerodynamic braking at Earth. Using aerodynamic braking, 
the capsule could be sent into Earth orbit or direct to the 
surface. This mission could be dane using fact (6 month) or 
slow ( 2  year) trajectories. 

Sampling should be done following the orbital mapping, 
which should be done during the same or a precursor mission. 
Several samples from the asteroid would be preferred. 

AUTOHATED IN SITU 
The automated in situ mission has a broad choice for 

its scope. Even a modest effort will be relatively 
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expensive, and have limited flexibility. A semi-automated 
system using macro commands might be b e s t  to avoid time-lag 
problems with teleopcrators. Technological and cost 
problems would probably preclude using a fully automated 
(robotic) system. It would be desirable for the system to 
work at several sites on the asteroid. A sample return 
capsule and its loader can be made for less cost than any 
substantial automated system, thus the sample peturn might 
more effective unless the in situ system can process enough 
of the surface to justify the additional cost. 

MANNED 
The manned mission clearly is the most complex, 

expensive, and flexible, with t h e  ability to meet the widest, 
range of objectives. A manned mission might be necessary to 
initiate the resource extraction processes. 

The first manned mission probably should be limited to 
6 to 8 months, using the fast round-trip trajectories. For 
this type of mission, modified Apollo hardware could 
probably be used to meet most of the hardware requirements. 
This would provide a substantia! savings in development 
costs. In favorable cases, as with 1982DE, the ret.urn to 
Earth is sufficiently short (3 weeks) to allow return in 
only the Apol lo Command and Service Module. A large 
quantity of material could be sent back separately on a 
lou-energy transfer. 

The longer mission is approximately two yelps in 
duration, with a stay time at the asteroid of several 
months. This would allow extensive operations, including 
setting up a processing facility. The total velocity 
increment would be somewhat less than for the fast round 
trip, but substantially more mass would have to be sent to 
support the mission. 



ASTEROID PROGRAM Objectives and Hardbare 

OBJECTIVES 

The general objectives for the exploration of an 
asteroid are clearly to gain puff icient information for 
establishing the technology and capability to use its 
resources. Additionally, there are science objectives which 
include the morphology and evo!ution of the target rsteroid 
and asteroids in general. 

The information needed for resource usage includes 
mineralogy, elemental abundances, distributions across and 
through the asteroid, and the structure of the rsteroid. 
The early missions will probably not have more than 
capabilities for surface mapping of elements, morphology, 
some surface mineralogy, and density determination. 
Obtaining the other information w i  1 1  require sample return 
and extensive in situ investigations. 

Optical Camera 
CCD type, with spectral/polar itation filters. Optical 

mapping yields volume and topography. from which density can 
be obtained. Reflectance spectroscopy yields mineralogy of 
the surface. Polar imetry yields surface texture and 
particle size range; it can be used to corroborate 
mineralogy. 

Gamma-r ay Spec tr ome t er 
This spectrometer yields the elemental composition. 

Uhen used with the x-ray instrument, they can analyze a1 1 
major elements, radioactive elements (Th, U, K), and some 
trace elements including H. 

X-ray Fluorcscencc Spectrometer 
X-ray fluorescence yields elemental composition. This 

instrument might b e  combined wi tA the gamma-ray 
spectrometer. 

IR Rad i ometer 
This instrument can provide surface temperatures and 

albedo meausrements, and can provide some compos it i onal 
information on volatiles. 
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SPACECRAFT 

LOW-COST ORBITER 
A low-cost, low-mass orbiter could be used for a simple 

rendezvous mission. It could be spin stabi 1 izcct, and carry 
a set of 2 or 3 instruments to accomplish topographical, 
mineralogical, and elemental mapping. It could be 
compatible with a landing on the surface at the end of the 
miss ion. 

OREITER 
A more sophisticated orbiter might be 3-axis 

stabilized, and carry a larger instrument set. It could be 
designed for multiple landings on the surface, or carry a 
lander or sample return capsules. 

LANDER 
A lander could be used for surface analysis, and could 

provide a platform for loading and launching sample return 
capsules. It could be built with a capability of moving to 
additional sites on the surface. 

SAMPLE RETURN 
The return capsules could be simple spin-stabilized 

units able to provide the departure impulse and course 
corrections. They might be designed to carry on the order 
of one kilogram samples back to Earth or Earth orbit using 
aerodynamic braking. 

SURFACE STATION 
A sophisticated station could provide extensive in situ 

operations both for analysis of the asteroid and launching 
of material to Earth. 

MANNED 
Manned spacecraft could be based upon Apol 1 o hardware 

for r six-month mission. The Command and Service Hodules 
might be essentially unchanged in general design and 
function, The Lander would be the upper stage of the Lunar 
Hodule, with landing pads and without the large propellant 
tanks. A Cabin Nodule, similap in function to the 
Apollo-Sayuz Adapter, could be used for living quarters, 
storage, and docking port. The short return trip to Earth 
could bz done with only the Command and Service Hodules. 
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The two-year mission might be able t o  make only very 
limited use of existing designs for the n~rjor structural 
units. The mission objectives would be extensive, involving 
considerable hardware for asteroid operations. 

PROPULSION SYSTMS 
The propulsion systems needed for exploitation of 

near-Earth asteroids can economically be based upon use of 
ballistic transfers. Thus the systems would use short 
impulses, based upon chemical propellants or electric motor 
(rotary) launchers. Low-thrust systems are usual ly not 
suitable for fast transfers. 

RECOMMENDATIONS 

1. Specific opportunities for missions to 1982DB should be 
analyzed. 
2. Phasing and return energy requirements should be 
analyzed for several asteroid candidates to better 
understand the practicality of resource usage. 
3. Mission studies should be supported to determine the 
long-term suitabi 1 ity of specific asteroids for resource 
operations, coupled with studies of specific modes of 
conducting operations to meet various objectives. 

SOURCES 

This work included input from David Bender, Neal 
Hulkower, John Neihoff, and Robert Staehle. 
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INTRODUCTION 

OBJECTIVEt DESCRIBE AN ASTEROID EXPLORATION PHOCRAH HHICii 

COULD LEAD TO EXPLOITATION OF ASTEROID RESOURCES 

HAIN ITEMS! 

1. PROGRAM CONCEPT AND OBJECTIVES 

2. A 3ET OF PROJECTS (MISSIONS, ETC. 1 FOR THE PROGRAM 

3. SPECIFIC MISSIONS, ENPHASIZING THE FIRST HISSION 

THE ENERGY REQUIREMENTS FOR GETTING TO THE BEST ASTEROIDS IS 

ESSENTIALLY THE SAME AS COINC TO GEOSYNCHRONOUS ORBIT. THF 

RETURN VELOCITY CHANCES ARE TYPICALLY A FEW HUNDRED m / s .  AND 

LESS THAN 100 m / s  IN THE EEST CASES. MATERIAL CAN BF RETURNED 

USING COMPACT ROTARY LAUNCHERS DRIVEN BY ELECTRIC POWER. 

THIS OUTLINE WAS PREPARED WITHIN THE SCOPE 07 A ONE HAHHONTH 

STUDY FOR JPL. IT COHPLEHENTS HORK DONE FOR THE PI-ANETARY 

SOCIETY, HHICM EHPHABIZED THE INVOLVEHENT OF 'NON.-USA 

ORGAN I ZAT IONS. 



PROCRAH CONCEPT 

THE CONCEPT OF THE PROCRAH IS THAT OF A COHEREH?. SET OF 

PROJECfS DIRECTED TORARD THE GOAL OF ASTEROID USACE 

THE PROCRAH UlCHT START IN THE INITIAL PHASE IN 19P2 WITH 

PREPARATORY SCIENCE AND ENGINEERING WORK. THE t41RST HISSION 

MICHT BE IN THE LATE 1980's OR EARLY l9SOVS. THE PROCRAH IS 
DEFINED TO LAST UNTIL THE ACHiEVEHENT GF A RESOURCE USACE 

CAPABILITY. 

CONTINUITY OF EFFORT, CONSISTENCY OF COALS, AND CONSISTENCY OF 

EANACEHENT IS NEEDED TO HAIi4TAIN AN EFFECTIVE PROGRAM. 

THE OVERALL AVAILABILITY OF FUNDING IS, AND PROBABL*! WILL 

REHAIN, VERY TIGHT. THIS IS AMPLIFIED HY THE RATHER LOW 
PRIORITY WHICH ASTZROID HISSIONS AND APPLICATIONS CURRENTLY 

HAVE. THIS WILL AFFECT BOTH THE PRELIMINARY WORK WHICH IS 

NEEDED AS WELL AS THE TYPES OF MISSIOMS WHICH WILL BC DONE. A 

BENEFICIAL CHANGE IN PRIORITIES CAN ALWAYS BE HOPED FOR, AND 
HICHT BE BROUGHT ABOUT THR3UCH DELIBERATE EFFORT. 



RESOURCE USACE 

ASTEROIDAL RESOURCES CAN BE USED IN HANUFACTURINC AND 

CONSTRUCTlON BCTH AT THE ASTEROID AND IN EARTH ORBIT. IT 

APPEARS UNLIKELY THAT BASIC ASTERCIDAL MATERIALS WILL EE COST 

EFFECTIVE ON EARTH. 

TRANSPORTATION COSTS TO LOW EARTH ORBIT IN THE HID-1980's WILL 

BE APPROXIWATELY 3 ttS PER TON, COMPARED TO 16G KS FOR SILVER 

AND 440 $ FOR STEEL ON EARTH. THUS TIlE VALUE OF ASTEROZDAL 

)(ATERIALS APPEARS TO BE IN SPACE, NOT ON EARTX. 

THE HOST COHHON USABLE MATERIALS FROM ASTEROIDS ARE: 
Sf LICATES 

METALS, ESPECIALLY IRON 

VOLATILES, INCCUDINC OXYGEN AND HATER 

CARBON COHPOUNDS 



PROJECTS 

INDIVIDUAL PROJECTS ARE BASED UPON SPECIFIC HISSIONS, SCIENCE 

ACTIVITIES, OR TECHNOLOCY DEVELOPMENT. THESE ARE SHOWN HERE 
IN FOUR CATEGORIES, 

1. DETECTION AND ORBIT DETERHINATION 19 THE HOST PRIMARY 
ACTIVITY. THIS WEEDS TO BE ENHANCED TO GREATLY INCREASE THE 

NUnBER OF KNOWN EARTH-APPROACHING ASTEROIDS. 

2. ANALYSIS OF ASTEROIDS AND METEORITES USING EARTH-BASED 

OBSERVATIONS AND LABORATORY WORK. 

3. EXFLORATION OF SELECTED EARTH-APPROACHING ASTEROIDS IN ANY 

OF SEVERAL MISSION MODES. 

4. DEVELOPHENT OF A CAPABILITY TO PPOCESS AND USE ASTEROIDAL 

RESOURCES. 



HISSIONS 

TRIHARY TYPES8 

RENDEZVOU3: HIHIHAL COST ARD COHPLEXITY, SHORT DEVELOPMENT 

TIME, ADEQUATE CAIH WITH 2 OR 3 INSTRUMENTS. 

SAMPLE RETURN: COULD BE DONE OVER A WIDE RANCE OF COSTS 

DEPENDING UPON COHPLEXITY AND ACCEPTED RISK. R HICH RISK 

RETURH COULD BE COUPLED WITH A BASIC RENDEVZOUS HISSION. 

AUTOHATED IN SITU: A ROBOTIC TYPE HISSION, NECESSARILY 

COMPLEX, INFLEXIaLE CAPABILITY, AND HICH COST. HICHT BE MORE 

SUITABLE FOP A SERIES OF HISSIONS. 

UANNED: PROBABLY BEST IF LIMITED TO 6 TO 8 MONTH MISSIONS, 

HAKING USE OF APOLLO OR OTHER ALREADY DEVELOPED HARDWARE. 

THIS HAS THE CREATEST FLEXIEILITY AND SCIENCE GAIN. 

OBJECTIVES: SURVEY HINERALOCY AND STRUCTURL 3F ASTEROID TO 

DETERMINE RESOURCE UTILITY, AND SCIENCE RESULTS TO AID 

UNDERSTANDIHC OF ASTEROID EVOLUTION. 



TARGET CHARACTERISTICS 

IN ESTIHATED ORDER OF IMPORTANCE8 

1. LOW INCLINATIONI IHPROVES SPAN OF OPPORTUNITIES AND 

REDUCES THE GENERAL ENERCY REQUIREMENTS. IMPORTANT FOR 
RESOURCE SHIPMENTS TO EARTH. 

2. PERIHELION NEAR 1. AUI IHPORTANT FOR LOW ENERGY 

REQUIRMENTS AND FAST TRANSFERS. 

3. PHASING8 GOOD SYNCHRONIEATZON IS IHPORTANT TO ACHIEVE THE 

BEST TRANSFERS. REPEAT PERIOD INTEGER = N*P/(P-1). 

4. LOW APHELION! REDUCES ENERCY REQUIREHENTS AND PERIOD (AND 

THUS THE TIME F9R A 360 DECREE HISSION). 



HISSION CHOICES 

CURRENT CHOICES: 1982DB i = 1.4 deg q = . 9 S  AU 

ANTEROS i = 8 .7  dog q = 1.06AU 
1982HR i = 2.8 deg q = .B1 AU 

EROS i = 10.8 deg a = 1. 13 AU 

THE CHOICE FOR AN EARLY HISSION SHOULD ALSO BE SELECTED TO BE 
A GOOD CANDIDATE FOR HATERIAL RETURN OVER SEVERAL DECADES. 

THIS REQUIRES ATTENTION TO PHASING. ASTEROID TYPE HICKT NOT 
BE A STRUNG DRIVER EXCEPT TO AVOID A PURE HETALLlC TYPE IF A 

RIDE RANGE OF MATERIALS IS NEEDED. 



1982DB MISSIONS 

1982DB HAS THE LOWEST ENERGY REQUIRMENTS OF ALL KNOWN 

ASTEROIDS. THE PHASINC FOR W E  1991 PASSAGE APPEARS EXCELLENT 
BASED UPON PRESENT ORBIT ESTIHATES. 

INDICATED OPPORTUNITIES - NOT YET CONPIRHED 

1991 JAN 40 DAY HIN 'HUH TIHE 5.0 km/s 

1991 JAN 190 DAY HINIHUH ENERGY 4.43 km/s 

1990 JUL 6 HONTH ROUND TRIP 3 . 0  km/s 

PHASES! :60 DAY OUTBOUND / 25 DAY STAY / 20 DAY RETURN 

WINDOWSI 10 DAYS FOR LAUNCH AND RETURN 

THESE POTENTIAL OPPORTUNITIES ARE DEPENDENT UPON THE PHASING 

GEOMETRY DURING THE 1991 PkSSACE. IMPROVED ORSITAL ELEHENTS 

FROM ADDITIONAL OBSERVATIONS AND PERTURBATION EFFECTS HICHT BE 

DETR IHENTAL TO 1'HE ?HAS I tIC . 

THE DETERHINATION OF THESE POTENTIAL OPPORTUNITIES BY T)IE 

AUTHOR WAS HADE USING PRIME RIB PLOTS (TRUE ANOHALlES OF EARTH 

AND ASTEROID) AN13 A PHASINC ANALYSIS PROGRAH URITTEM BY TlIE 
AUTHOR. 



FUTURE WORK 

INITIATE THE EARLY PROJECTS IN THE PROCRAH 

STUDY OF BEST OPPORTUNIfIES OF ALL CANDIDATE ASTEROIDS, 

ESPECIALLY A PHASING ANALYSIS 

CONFPRHATION OF 1982DB OPPORTUNITIES IN 1990-91, AND EXPANSION 
OF ANALYSIS IF VALID 

PURSUE THE POSSIBILITY OF A SAMPLE RETURN OR HANNED HISSION IN 

1990? 

W--JPL-Coml . L A .  W( .- 
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