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ABSTRACT 

The efficiency, capability, and evolution of a lunar base will be largely 

dependent on the transportation system that supports it. Beyond Space Station 

in low Earth orbit (LEO), a Lunar-derived propellant supply could provide the 

most important resource for the transportation infrastructure. The key to an 

efficient Lunar base propulsion system is the degree of Lunar self-sufficiency 

(from Earth supply) and reasonable propulsion system performance. Lunar surface 

propellant production requirements must be accounted in the measurement of effi- 

ciency of the entire space transportation system. Of all chemical propellant/ 

propulsion systems considered, hydrogen/oxygen (F/O) OTVs appear most desirable, 

while both HI0 and aluminumloxygen propulsion systems may be considered for the 

lander. Xiuminized-hydrogenloxygen and Silaneloxygen propulsion systems are 

also promising candidates. Lunar propellant availability and processing tech- 

niques, chemical propulsionlvehicle design characteristics, and the associated 

performance of the total transportation infrastructure are reviewed, conceptual 

propulsion system designs and vehiclelbasing concepts, and technology require- 

ments are assessed in context of a Lunar Base mission scenario. 

* 

x.. 
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FOREWORD 

This document represents Volume 1, the Final Report of the Lunar Surface 

Base Propulsion System Study, Contract No. NAS9-17468. Volume 1 details the 

study analyses and results. Volume 2 is the Lunar Base Propellant Manual which 

comprises the initial compilation of data €or processing and use of Lunar- 

derived propellants. The contract effort was initiated on 15 Januarv 1986 and 

continued through 15 February 1987. 

The study was conducted by the Astronautics Corporation of  America - 
Technology Center in Madison, Wisconsin. Aerojet Techsystems of Sacramento, 

Calitornia was a subcontractor contributing various propulsion and propellant 

analyses. Additional contributions were made by the Engineering Mechanics, 

Nuclear Engineering, and Chemistrv Departments of the University of 

Wisconsin-Madison. 

Comments or questions concerning this study effort should be directed to 

the NASA Technical Monitor, Leo R. Johnson at the NASA/Johnson Space Center; or 

to the Astronautics Project Manager, Ronald R. Teeter; or to the Deputy Project 

Manager, Thomas M. Crabb: 

Leo R. Johnson Ronald R. Teeter 
Mail Code: EP4 Thomas M. Crabb 

Administration Technology Center 
Johnson Space Center 5800 Cottage Grove Road 
Houston, TX 77058 Madison, WI 53716 

National Aeronautics and Space Astronautics Corporation of America 

(713) 483-9018 (608) 221-9001 
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1.0 INTRODUCTION AND CONCLUSIONS 

The moon is relatively close on interstellar and even on solar system sca- 

les. However, on the scale of existing space transportation infrastructure, 

travel to the moon is very resource intensive and thus costly. With our present 

Earth-based transportation system, the transport of useful payload to the Moon 

requires that - all equipment, consumables, and man-power be delivered from Earth. 
Use of Lunar resources to provide propellants provides two major assets to SUD- 

port this transportation burden: (1) a Lunar "gas station" to refuel vehicles 

returning to Earth, and ( 2 )  another source of propellant that can be delivered 

to Earth orbit. The first reduces the size, mass, and cost of Earth-Moon 

transportation vehicles. Because of the lower gravity on the Moon, the second 

asset may reduce the delivery cost of propellant requirements in Earth orbit. 

Much less energy is required to transport mass from the moon to low Earth orbit 

(LEO) than from Earth to LEO. 

The Apollo missions enabled man to briefly visit the Moon, but such a 

transportation system must be enhanced if routine, long-term, Earth-Moon 

missions are to be affordable. The development of the Space Shuttle and the 

planned development of the Space Station are the first steps. Key goals of the 

Lunar-derived propellant production and associated Lunar propulsion systems in 

this study are to reduce the cost and increase the ease of transportation to the 

Lunar surface. In future decades, the 1980s may be considered the turning point 

in man's space exploration if Lunar-related analyses, studies and experiments 

are supported. The "extraterrestrial imperative", as worded by Krafft Ehricke, 
will have begun with the development of the low Earth orbit S p a c e  S t a t i o n  and a 

multi-national commitment to space. 

A key stepping stone in development of the Earth-Moon transportation system 

is the Moon itself. Lunar resources and relatively low Lunar gravity provide an 

excellent environment for transportation base, propellant supply, science, 

industrial manufacturing/processing, and research nodes external to the Earth. 

However, any Lunar activity such as propellant processing to support the 

transportation system requires resources (e.g., equipment, machinery, facili- 

ties, and consumables). Therefore, self-sufficiency is the ultimate goal of any 

extraterrestrial activity. Key drivers f o r  processing Lunar-derived propellants 

include minimal Earth-derived resources, Lunar availability of processing raw 

I 



materials, simplistic recycling of any consumed materials, low power/thermal 

requirements, and a high acquisition efficiency of the propellant ingredients. 

Another key driver of Lunar propellant processing is the value of the bipro- 

ducts. In many cases, a single product (such as oxygen) is desired; however, 

many process techniques exist that will yield not only oxygen but also metals, 

fuels, and metal/silicate oxides in addition to oxygen with only a minor addi- 

tional resource burden. Prior to actual processing, beneficiation techniques 

could be coupled with solar wind gas extraction techniques to derive the 

existing volatiles such as hydrogen, helium, and nitrogen from the Lunar rego- 

lith. 

This report addresses concepts of Earth-Moon transportation and the use of 

Lunar resources to produce propellants for those concepts. The overall objec- 

cive of the study was to address a wide range of transportation options, and to 

identify economical alternatives for transportation between low Earth orbit and 

the Lunar surface. The approach to this study included five tasks, shown in 
Figure 1-1 with task interrelationships. Task 1 identified and analyzed the 

propellants their sources and the resource requirements involved in processing 

those propellants. Task 1 results are discussed in Section 2.0 of this report. 

Task 2 (Section 3.0) involved designing and analyzing vehicle systems, including 

the propulsion and vehicle subsystems that use these propellants. Task 3 

(Section 4 . 0 )  involved assessing propellant processing techniques and vehicle 

families in an overall Lunar surface base mission model and scenario to develop 

life cycle costs and required mass flow from the Earth. Task 4 (Section 5 . 0 )  

evaluated the technologies of propellant processing techniques, propulsion 

systems and vehicle systems. The scope of the effort is shown in Figure 1-2. 
Chemical vehicle propulsion and propellant supply techniques were emphasized in 

this study. Non-chemical vehicle propulsion and propellant supply techniques 

may have an equivalent or a supportive role in the total Earth-Moon transpor- 

tation infrastructure and should be addressed in a future study. 

The transportation system needed to support a Lunar surface base is not far 

beyond the current state-of-the-art. Lunar resources can be acquired to supple- 

ment and improve the efficiency of the transportation infrastructure in many 

ways. From a transportation standpoint, Lunar oxygen acquisition stands highest 

on the list of initial objectives for any Lunar surface base activity. 

Production of Lunar oxygen for any chemical rocket propulsion system could save 
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abou t  50% of  t h e  r e q u i r e d  E a r t h  launch  mass.  Rocket f u e l s  a l s o  may be a c q u i r e d  

on t h e  Lunar s u r f a c e .  Hydrogen i s  a v a i l a b l e ,  b u t  a t  v e r y  low l e v e l s  of con- 

c e n t r a t i o n .  Other  f u e l s  a r e  more p l e n t i f u l ,  b u t  t hey  e x h i b i t  lower  performance 

c h a r a c t e r i s t i c s  t h a n  hydrogen.  The b e s t  Lunar f u e l s  are  hydrogen,  aluminum, 

aluminumized-hydrogen, and s i l a n e  i n  d e c r e a s i n g  o r d e r  of b e n e f i t  t o  Lunar 

t r a n s p o r t a t i o n .  The u s e  of Lunar hydrogen may save up t o  30% of t h e  E a r t h  

launch  mass ove r  t h e  same sys tem u s i n g  Ea r th - supp l i ed  hydrogen.  The combina t ion  

of  a hydrogenloxygen OTV and a hydrogenloxygen Lunar l a n d e r  i s  t h e  b e s t  pro- 

p u l s i o n  o p t i o n ,  i f  b o t h  hydrogen and oxygen can  be  a c q u i r e d  on t h e  Moon. I f  

Lunar hydrogen canno t  b e  r ecove red  i n  s u f f i c i e n t  q u a n t i t i e s  t hen  t h e  use  of  

o t h e r  Lunar f u e l s  (aluminum, s i l a n e )  w i th  Lunar oxygen i n  t h e  l a n d e r  appea r  

a t t r a c t i v e .  Due t o  t h e i r  performance l i m i t a t i o n s ,  t h o s e  f u e l s  do not  appea r  

a t t r a c t i v e  f o r  t h e  OTV. A hydrogenloxygen OTV l a n d e r  sys tem wi th  on ly  Lunar 

oxygen a v a i l a b l e  pe r fo rms  wel l  b u t  no t  a s  w e l l  as hydrogen/oxygen OTV coupled  ~ 

wi th  a lower I s p  aluminum/oxygen l a n d e r ,  i f  bo th  Aluminum and oxygen a r e  d e r i v e d -  

from t h e  Launch s u r f a c e .  

G e n e r a l l y ,  t h e  a v a i l a b i l i t y  of Lunar oxygen r educes  t h e  burden  of eng ine  

performance and e n g i n e / v e h i c l e  sys tem t e c h n o l o g i e s .  Per formance ,  c o s t ,  and 

E a r t h  launch  mass a r e  l e s s  a f f e c t e d  by v a r i a t i o n s  i n  p r o p u l s i o n  sys tem s p e c i f i c  

impulse  ( I s p )  and o t h e r  d e s i g n  c h a r a c t e r i s t i c s  when Lunar oxygen i s  a v a i l a b l e .  

The Lunar s u r f a c e  b a s e  m i s s i o n  s c e n a r i o  i s  p o s s i b l e  w i t h  moderate  ex ten-  

s i o n s  of  e x i s t i n g  technology.  To a c h i e v e  an  economica l ly  a t t r a c t i v e  t r a n s p o r -  

t a t i o n  sys t em space  b a s i n g  i s  r e q u i r e d .  A l so ,  e i t h e r  t h e  OTV must be equipped 

wi th  a n  e f f i c i e n t  a e r o b r a k e ,  or  Lunar oxygen must be  u t i l i z e d .  Lunar base  

m i s s i o n s  may be  conducted  w i t h o u t  Lunar oxygen p r o p e l l a n t  d e l i v e r y  i f  a s u i t a b l e  

ae robrake  t echno logy  i s  developed .  An ae robrake  of s p e c i f i c  mass much l e s s  t h a n  

40% of  t h e  r e - e n t r y  weight  i s  needed.  Once Lunar oxygen becomes a v a i l a b l e  t h e  

ae robrake  is  n o t  a s  b e n e f i c i a l  i n  r educ ing  E a r t h  launch  mass, b u t  remains econo- 

m i c a l l y  a t t r a c t i v e .  To r educe  E a r t h  launch  mass t o  a r e a s o n a b l e  l e v e l ,  t h e  

ae robrake  i s  a r e q u i r e d  technology w i t h o u t  Lunar oxygen a v a i l a b i l i t y  and Lunar 

oxygen i s  a r e q u i r e d  technology when a e r o b r a k e s  a r e  no t  p r e s e n t .  I f  a f t e r  T,unar 

p r o p e l l a n t  becomes a v a i l a b l e  a market  deve lops  e l sewhere ,  such a s  low E a r t h  

o r b i t ,  a v e r y  e f f i c i e n t  ae robrake  a g a i n  may be  v e r y  a t t r a c t i v e .  

R e s u l t s  of  t h e  p r o p e l l a n t  p r o c e s s i n g  a s ses smen t  i n d i c a t e  t h a t  hydrogen 

r e d u c t i o n  by f a r  i s  t h e  b e s t  t echn ique  t o  supply  Lunar oxygen, i f  t h a t  i s  t h e  



o n l y  Lunar mater ia l  r e q u i r e d .  Lunar oxygen c a n  reduce  E a r t h  launch  mass by  more 

than  50% of  a g i v e n  p r o p u l s i o n  sys t em ove r  an  e n t i r e  mis s ion  model. However, a 

Lunar base  w i l l  r e q u i r e  a g r e a t  d e a l  more t h a n  j u s t  oxygen t o  be  s e l f -  

s u f f i c i e n t .  Thus p r o p e l l a n t  p r o c e s s i n g  t echn iques  t h a t  a r e  s y n e r g i s t i c  w i t h  

r e s p e c t  t o  o t h e r  needs  shou ld  b e  c o n s i d e r e d .  P r o c e s s i n g  t echn iques  such a s  a c i d  

l e a c h  and vapor  i o n  s e p a r a t i o n  may be  v a l u a b l e  t o  t h e  e n t i r e  Lunar s u r f a c e  b a s e ,  

n o t  j u s t  t h e  t r a n s p o r t a t i o n  sys tem.  For t h e  p r o c e s s e s  c o n s i d e r e d ,  t y p i c a l  

e l e c t r i c a l  ene rgy  consumed i s  on t h e  o r d e r  of 50 t o  100 k i l o w a t t  hour s  f o r  10 MT 

of oxygen produced.  System we igh t s  may range  from 1 t o  10 o r  more m e t r i c  t o n s .  

Thermal ene rgy  r equ i r emen t s  f o r  10 MT of oxygen produced can  range  from 10,900 

k i l o w a t t  h o u r s  t o  hundreds  of  thousands  of k i l o w a t t  h o u r s ,  depending  on t h e  

amount of s o i l  b e i n g  p rocessed .  Resources  consumed f o r  v a r i o u s  p r o c e s s e s  may 

range  from minute  amounts f o r  a p r o c e s s  such a s  hydrogen r e d u c t i o n ,  t o  subs t an -  

t i a l  amounts f o r  a c i d  l e a c h  and magma e l e c t r o l y s i s  p r o c e s s e s .  

R e s u l t s  from t h e  v e h i c l e  p r o p u l s i o n  a n a l y s e s  r e s u l t e d  i n  mass f r a c t i o n s  

r ang ing  from . 87  to -97. High mass f r a c t i o n s  r e s u l t  from l a r g e  v e h i c l e  c o n c e p t s  

r i t h  r e q u i r e m e n t s  f o r  ex t reme amounts of p r o p e l l a n t .  The b a s e l i n e  hydrosen /  

oxygen p r o p u l s i o n  sys tem w a s  c h a r a c t e r i z e d  by a n  I s p  of 470 seconds  and a mix- 

t u r e  r a t i o  of  5 . 5 .  Other  p r o p u l s i o n  sys t ems  a d d r e s s e d  i n c l u d e d  aluminum/oxygen 

( h y b r i d  and s l u r r y ) ,  s i l a n e ,  and aluminumized-hydrogen/oxygen eng ine  concep t s .  

Systems t r a d e s  and s e n s i t i v i t i e s  were addres sed  on t h e  p e r c e n t  ae robrake  

mass, m i x t u r e  r a t i o s ,  s p e c i f i c  i m p u l s e s ,  payload  masses ,  number of e n g i n e s  p e r  

v e h i c l e ,  and t h e  p e r c e n t  of Lunar p r o p e l l a n t  produced.  E a r t h  l aunch  mass and 

t o t a l  t r a n s p o r t a t i o n  c o s t s  were t h e  f i g u r e s  of  mer i t  used  i n  e v a l u a t i n g  pro- 

p e l l a n t  p r o d u c t i o n  t e c h n i q u e s  and v e h i c l e  f a m i l i e s .  The lowes t  c a l c u l a t e d  t o t a l  

t r a n s p o r t a t i o n  c o s t ,  i n c l u d i n g  E a r t h  launch  mass c o s t ,  DDT&E and p r o d u c t i o n  

c o s t s  f o r  t h e  v e h i c l e s  was approx ima te ly  $6 b i l l i o n .  

S i g n i f i c a n t  r e s u l t s  were found i n  t h e  t r a d e - o f f  a n a l y s e s  of a e r o b r a k e s ,  and 

h igh  m i x t u r e  r a t i o  p r o p u l s i o n  sys tems.  High mix tu re  r a t i o s  ( g r e a t e r  t h a n  a b o u t  

8 )  a c t u a l l y  i n c r e a s e  t h e  amount of Ear th -de r ived  f u e l  and t h e r e f o r e  a r e  n o t  

b e n e f i c i a l .  However, s l i g h t  i n c r e a s e s  i n  mix tu re  r a t i o  ( f rom 6 t o  l ess  than  8 )  

may s t i l l  b e  b e n e f i c i a l  i n  a Lunar -der ived  oxygen s c e n a r i o .  Aerobrakes can  pro-  

v i d e  a s i g n i f i c a n t  amount of s a v i n g s  i n  E a r t h  launch  mass. Once deve loped ,  an  

ae robrake  r e d u c e s  t h e  E a r t h  l aunch  mass by approx ima te ly  25% when no Lunar oxy- 
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gen i s  a v a i l a b l e ;  and r e d u c e s  E a r t h  l aunch  mass by 15% when Lunar oxygen i s  

a v a i l a b l e .  

R e s u l t s  i n d i c a t e  no new t e c h n o l o g i e s  a r e  d e f i n i t e l y  r e q u i r e d  t o  produce 

Lunar oxygen on t h e  Moon. However, f o r  a v a r i e t y  of  r e a s o n s ,  new t echno logy  

o p t i o n s  s h o u l d  be  e x p l o r e d .  O the r  t h a n  space  b a s i n g ,  no new t e c h n o l o g i e s  a r e  

needed for hydrogen/oxygen p r o p u l s i o n  sys t ems .  C u r r e n t  technology work on 

a e r o b r a k e s  w i l l  s u p p o r t  a e r o b r a k e s  f o r  Lunar r e t u r n  OTVs. Nothing beyond t h e  

c u r r e n t  t e c h n o l o g y  work of  NASA OTV s t u d i e s  i s  r e q u i r e d  f o r  near- term Lunar b a s e  

o p e r a t i o n .  N e w  t e c h n o l o g i e s  i d e n t i f i e d  w i t h i n  t h e  scope of t h i s  s t u d y  t h a t  

shou ld  be  pu r sued  a re :  (1) new and s y n e r g i s t i c  p r o p e l l a n t  p r o c e s s i n g  t e c h n i q u e s  

c o n c e n t r a t i n g  on consumable r e c y c l i n g ;  ( 2 )  space  s e r v i c i n g / b a s i n g  and p r o p e l l a n t  

supp ly  o p e r a t i o n s  r e q u i r e d  € o r  a r e f u r b i s h a b l e  and r e u s a b l e  OTV and l a n d e r  

system; and ( 3 )  aluminum, s i l a n e  f u e l e d  p r o p u l s i o n  sys t em f e a s i b i l i t y  s t u d i e s  and 

e x p e r i m e n t s .  



2.0 LUNAR BASE PROPELLANT ALTERNATIVES 

One of the major objectives of this study was to identify and characterize 

chemical propellants that could be practically produced on the Lunar surface 

from raw Lunar materials. This section of the report (which correlates to Task 

1,  "Analyze Propellants/Sources") identifies the full range of propellant sour- 

ces from Lunar resources and Space Shuttle scavenging, and defines the pro- 

cessing techniques and requirements of producing such propellants. An initial 

list of propellants was developed and later refined based on considerations 

including : Lunar resource availability , production technique capabiLities , 
storage and handling, and predicted performance when used in a propulsion 

system. Of the propellants investigated, oxygen was the most valuable oxidizer 

and Lunar-derived propellant. Hydrogen and aluminumized-hydrogen were the most 

valuable fuels identified. Silane and Aluminum were also addressed as promising 

Lunar-derived fuels but did not prove to be as beneficial as the first two fuels 

ment ioned .  

This task was scoped to include all aspects of propellant production, but 

largely concentrated on the actual chemical production techniques which are the 

drivers of raw material mining and preprocessing requirements. Very efficient, 

self-sufficient processes have been developed for a single element such as oxv- 

gen (e.g., Hydrogen Reduction process). However, production of a single product 

yield may not be as valuable in the context of an overall Lunar base scenario as 

a process that yields many useful products. "S y ne r g i s t i c pr oc e s s i ng of 

multiple products may be used to produce both oxidizers and fuels. Synergistic 

processing is discussed in more detail in Section 2.5. 

The identification of propellants was extensive in terms of liquid pro- 

pellant candidates. Propellants for solid and hybrid systems were not given as 

much effort. Criteria for the evaluation of the propellants, and the produc- 

tion, storage and performance estimates were developed independently. This cri- 

teria was used to initially screen out candidates that are extremely 

incompatible with a Lunar-based propulsion system. The candidates that made it 

through the initial screen were then evaluated in terms of their processing 

techniques , storage requirements and predicted performance when used in a pro- 
pulsion system. The candidates that passed this screening were then recommended 

€or further analysis in propulsion systems. Processing requirements and total 
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resource consumption for propellant production were estimated on these pro- 

pellant candidates f o r  input into the system tradeoff studies (as reported in 

Section 4 . 0 ) .  Technology requirements for processing, storage and use of the 

propellants were identified f o r  input into the technology development plan deve- 

loped in Task 4 which is described in Section 5.0. 

The remainder of this Section describes work done specifically on Lunar 

propellant production. Section 2 .1  provides a brief overview of the Lunar 

resources. The propellant alternatives are discussed in Section 2 . 2 .  Section 

2.3 describes processing techniques found to be the most favored f o r  Lunar 

resource processing. Section 2.4  describes the evaluation criteria used for 

evaluation of the propellant/processing techniques, and Section 2.5  discusses 

the potential €or  synergistic processing and associated benefits. 

2.1 Lunar Resource Characterization 

Many material needs of a Lunar base may be satisfied using processed Lunar 

resources. Elements such as oxygen, aluminum, iron and silicon exist in the 

Lunar regolith. Concentrations of these major elements can be seen in Table 

2-1. In addition to the elements listed in Table 2-1, many elements, such as 

solar wind gases, are present in the Lunar regolith in much smaller con- 

centrations. The concentration of these minor elements can be seen in Table F.5 

of Appendix F. 

Generally, Lunar resources may provide many useful applications €or  support 

of a Lunar base scenario. Criswell and Waldron have noted many uses of poten- 

tial Lunar products in their chapter on Lunar Utilization in Volume I1 of Space 

Industrialization (Mandell, 1 9 8 5 ) .  These applications in addition to a few 
developed during this study are shown in Table 2-2. 

For this study, propellant processing approaches were analyzed for pro- 

cessing mare regolith. Mare regolith was chosen because of the quantity 

available and its easy accessability. Composition of each of the four major 

constituents of the mare and concentrations of each Lunar ore in the mare rego- 

lith are shown in Table 2-3. 

2.2 Propellant Candidates 

Many propellant candidates have been researched, tested, of used here on 

Earth. Our initial listing of  propellant alternatives was developed exclusive 

Lunar material availability or other criteria to enable a broad-based look at O f  



Element 

Ca 

Mg 

Fe 

A1 

Ti 

Si 

0 

S 

K 

Na 

Mare Reolith 

7.9 

5.8 

13.2 

6.8 

3.1. 

20.4 

41.3 

0.1 

0.1 

0.3 

Highlands 

10.7 

4.6 

4 . 9  

13.3 

L. -- u 

21 .o 

44.6 

0.072 

0.078 

0.48 

Basin Ejecta 

7.70 

6.1 

8.7 

9.8 

21.8 

43.3 

0.076 

0.24 

0.38 
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TABLE 2-3. LUNAR ORE COMPOSITION IN LUNAR MARE REGOLITH 

PYROXENE - 50% of Mare Regolith 
CaO*Si02 

MgO S io2 

FeO * Si02 

A1203.Si02 

Ti02-Si02 

OLIVINE - 15% of Mare Regolith 

2Mg0 Si02 

2Fe0 - S i02 

PLAGIOCLASE or ANORTEITE - 20% of Mare Regolith 
CaO0A1203*2Si02 

ILMENITE - 15% of Mare Regolith 
FeO .Ti02 
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p r o p e l l a n t  usage  on t h e  Moon. Sc reen ing  c r i t e r i a  were then  used t o  narrow down 

t h i s  l i s t  of p r o p e l l a n t  c h a r a c t e r i s t i c s  t o  a workable  number. The r a t i o n a l e  

behind t h e  i n i t i a l  c r i t e r i a  i s  a s  f o l l o w s :  ( 1 )  e a s y  a c c e s s  n e c e s s a r y  raw 

m a t e r i a l s  from Lunar r e s o u r c e s ;  ( 2 )  p r o c e s s a b i l i t y  of  t h e  p r o p e l l a n t s ;  and ( 3 )  

minimal equipment  f o r  t h e  p r o c e s s i n g  of p r o p e l l a n t s .  Having an  adequate  s o u r c e  

of raw materials i s  a must i n  any c a t e g o r y ;  t h e r e f o r e ,  a p l u s  was r e q u i r e d  i n  

t h a t  i n i t i a l  s c r e e n i n g  c r i t e r i a  f o r  t h e  p r o p e l l a n t  t o  be  r e t a i n e d  f o r  f u r t h e r  

s tudy .  The o p e r a t i o n a l  and i n i t i a l  s e t u p  r equ i r emen t s  f o r  t h e  p r o c e s s  tech-  

n iques  are  of secondary  impor tance  and were c o n s i d e r e d  i n  t h e  e v a l u a t i o n  only 

a f t e r  adequa te  raw m a t e r i a l  a v a i l a b i l i t y  was de te rmined .  F igu re  2-1 shows t h e  

i n i t i a l  l i s t  of  p r o p e l l a n t  c a n d i d a t e s  which were sc reened  o u t  t o  a secondary  

l i s t  and f i n a l l y  t o  a t h i r d  l i s t  f o r  which p r o c e s s i n g  t e c h n i q u e s  were i n v e s t i -  

ga t ed  and more d e t a i l e d  e v a l u a t i o n  of t h e s e  p r o p e l l a n t s  th rough developed g o a l s  

and c r i t e r i a  M i l l  be  d i s c u s s e d  i n  S e c t i o n s  2.3 and 2 . 4 ,  r e s p e c t i v e l y .  

The i n i t i a l  s c r e e n  shown i n  F igu re  2-1 i s  based on: (1)  Lunar r e s o u r c e  

a v a i l a b i l i t y  of  t h e  e l emen t s  w i t h i n  t h e  p r o p e l l a n t ;  ( 2 )  t h e  o p e r a t i o n a l  pro- 

c e s s i n g  r e q u i r e m e n t s  based  on e a r t h  based  p r o d u c t i o n  t e c h n i q u e s ;  and ( 3 )  t h e  

i n i t i a l  s e t u p  f o r  Lunar  b a s e  p r o c e s s i n g .  The l i s t  of  p r o p e l l a n t  c a n d i d a t e s  was 

narrowed a second t ime based  on v e h i c l e  and eng ine  d e s i g n  i n f o r m a t i o n  and t h e  

sys tem t r a d e o f f  a n a l y s i s  d e s c r i b e d  i n  S e c t i o n s  3.0 and 4.0.  These w i l l  be 

d i s c u s s e d  i n  S e c t i o n  2.4 under  p r o p e l l a n t  r ank ings .  

2.3 P r o p e l l a n t  P r o c e s s i n g  Techniques  

T h i s  s e c t i o n  i n c l u d e s  r e s u l t s  of a n a l y s e s  of p o t e n t i a l  Lunar base  pro- 

p e l l a n t  p r o c e s s i n g  s c e n a r i o s .  

Each p r o p e l l a n t  p r o c e s s i n g  t echn ique  i n v o l v e s :  

1. M i n i n g I B e n e f i c i a t i o n  of  r a w  m a t e r i a l  

2 .  P r e p r o c e s s i n g  

3.  P r o c e s s i n g  d e s i r e d  p r o p e l l a n t s / p r o d u c t s  

4 .  S e p a r a t i n g  and c o l l e c t i n g  d e s i r e d  p r o p e l l a n t s / p r o d u c t s  

The p r o c e s s i n g  schemes c o n s i d e r e d  i n c l u d e :  

o S o l a r  Wind Gas E x t r a c t i o n  from Lunar r e g o l i t h  

o Hydrogen Reduc t ion  of I l m e n i t e  

o Magma E l e c t r o l y s i s  of  I l m e n i t e  
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2 .3 .1  M i n i n g / B e n e f i c i a t i o n  and P r e p r o c e s s i n g  

Mining r equ i r emen t s  v a r y  from p r o c e s s  t o  p r o c e s s  depending  on t h e  r e g o l i t h  

r equ i r emen t  f o r  t h e  p r o c e s s i n g  scheme. S e v e r a l  mining s c e n a r i o s  f o r  a Lunar 

b a s e  were ana lyzed  i n  t h e  1977 Summer S tudy  a t  NASA A m e s  Research Cen te r  

(Wi l l i ams ,  1977) .  A mining sys tem f o r  small s c a l e  Lunar r e g o l i t h  c o l l e c t i o n  may 

i n c l u d e  a b l a d e d  s c r a p e r  which t r a n s f e r s  t h e  r e g o l i t h  t o  a conveyor  system. 

TrucKs would t h e n  t r a n s p o r t  t h e  r e g o l i t h  from s t o c k p i l e s  t o  a s i t e  where t h e  

r e g o l i t h  would be  b e n e f i c i a t e d .  Another  t echn ique  c o n s i s t i n g  of  an automated 

sys t em u s i n g  a modera te -s ized  bucket-wheel e x c a v a t o r  f e e d s  t h e  r e g o l i t h  t o  a 

s h i f t a b l e  conveyor  sys tem.  W i l l i a m s  est imates t h a t  some components of a bucket -  

wheel e x c a v a t o r  would r e q u i r e  rep lacement  eve ry  150-200 h r s  o p e r a t i n g  t ime.  

T y p i c a l  mining o p e r a t i o n  would i n v o l v e  a s h i f t a b l e  conveyor  runn ing  p a r a l l e l  t o  

t he  s t r i p  t o  be mined. S t r i p  sizes c o n s i d e r e d  a re  2m long  and a r e  mined t o  a 

dep th  of 2m (Wi l l i ams ,  1 9 7 7 ) .  Mining t e c h n i q u e s  t o  d a t e  a r e  not  we l l  d e f i n e d  

b u t  a r e  s imilar  t o  most p r o c e s s i n g  t echn iques .  

o C a r b o c h l o r i n a t i o n  of A n o r t h i t e  

o HF Acid Leach 

o Vapor-Ion S e p a r a t i o n  

o The Carbothermal  P r o c e s s  

These p r o c e s s e s  were s e l e c t e d  because  of  t h e i r  p o t e n t i a l  f o r  Lunar a p p l i c a t i o n  

and because  a r e a s o n a b l e  amount of d a t a  e x i s t s .  A d d i t i o n a l  p r o c e s s e s  may be  

s p e c i f i c a l l y  des igned  f o r  a g i v e n  s e t  of p roduc t s .  The i n i t i a l  a n a l y s e s  con- 

t a i n e d  h e r e  w i l l  a s s i s t  i n  development of f u t u r e  p r o c e s s  d e s i g n  r equ i r emen t s .  

Table  2-4 summarizes t h e  r e s o u r c e  r equ i r emen t s  f o r  each  of t h e s e  p r o c e s s i n g  

c a n d i d a t e s .  Many of t h e s e  p r o c e s s i n g  s c e n a r i o s  i n v o l v e  s imilar  mining and 

p r e p r o c e s s i n g  r e q u i r e m e n t s .  Var ious  mining and b e n e f i c i a t i o n  t echn iques  w i l l  be 

summarized i n  S e c t i o n  2.3.1.  D e t a i l e d  p r o p e l l a n t  p r o c e s s i n g  s c e n a r i o s  a r e  

d i s c u s s e d  i n  S e c t i o n  2.3.2.  

Once Lunar  r e g o l i t h  i s  mined, i t  must be  p r e p r o c e s s e d ,  o r  b e n e f i c i a t e d ,  t o  

meet t h e  r equ i r emen t s  of  t h e  p r o c e s s i n g  scheme. Some p r o c e s s e s  r e q u i r e  t h e  

r e g o l i t h  t o  b e  s i z e d  t o  c e r t a i n  s p e c i f i c a t i o n s .  Other  p r o c e s s e s  r e q u i r e  sepa ra -  

t i o n  of t h e  Lunar o r e s  i n  t h e  mare; a n o r t h i t e ,  i l m e n i t e ,  o l i v i n e ,  pyroxene;  o r  

s e p a r a t i o n  of i n d i v i d u a l  metal s i l i c a t e s .  Coarse  s i e v e s  may be used t o  s i z e  

Lunar r e g o l i t h .  Two o t h e r  methods a r e  used  f o r  more a c c u r a t e  s i z i n g  of r e g o l i t h  

g r a i n s  and s e p a r a t i o n  of Lunar o r e s  from t h e  mare. These methods. a r e  
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electrostatic and magnetic separation. These separation techniques distinguish 

between mass-charge ratios, and other material properties. 

2.3.2 Propellant Processing 

Process methods include chemical reduction/oxidation, electrolysis, 

vaporization/ionization, pyrolisis, hydrolysis or a combination of these. 

Chemical reduction/oxidation methods will involve some consumption of Earth 

imports. Many of the needed Earth imports have the potential to be obtained 

from Lunar sources. Electrolysis methods have high energy requirements but 

often do not require chemical imports from Earth. Though terrestrial 

vaporization/ionization techniques have not been fully developed, processes 

using these techniques may prove to have the greatest potential f o r  establish- 

ment of a Lunar base with minimal Earth support. Pyrolisis and hydrolysis are 

the simplest processing techniques and is utilized within most process sce- 

narios. 

2.3.2.1 Solar Wind Gas Extraction 

A variety of useful Lunar resources are available as solar wind gases 

embedded in the top layer of the Lunar regolith. Some potentially available 

gases include hydrogen, helium, nitrogen, neon and argon. Neon and argon could 

be used in electric propulsion concepts. Helium-3 is a valuable commodity f o r  

fusion power cycles applicable to propulsion, however these propulsion concepts 

are not within the scope assessed in this report. These gases may be thermally 

released from Lunar regolith. 

It is questionable how Lunar conditions will affect desorption rates and 

thermal release patterns or how the handling of Lunar samples will affect solar 
wind gas concentrations. The relative availability of solar wind gases in the 

mare regolith can be seen in the table below. 

SOLAR WIND GAS EXTRACTION POTENTIAL 

Hydrogen 
Helium 
He1 ium-3 
Nitrogen 
Neon 
Argon 

1 
0.5 

0.0092 
1.7 
0.05 
0.01 



Thermal release p a t t e r n s  for most s o l a r  wind r e l a t e d  s p e c i e s  show peaks  a t  

600C and 1200C ( B l a n f o r d ,  1982) .  

B o i l i n g  P o i n t  (K) 

E x t r a c t i o n  of t h e  s o l a r  wind g a s e s  may b e  done i n - s i t u .  F igu re  2-2 shows 

t h e  p r o c e s s  schemat i c .  E x t r a c t i o n  hardware must be  mobile  and easy  t o  m a i n t a i n  

so t h a t  i t  may t r a v e r s e  l a r g e  r e g o l i t h  areas. The p r o c e s s i n g  sys tem would be  

moved t o  a s p e c i f i c  mining  s i t e  and would then  h e a t  t h e  r e g o l i t h  t o  abou t  600C. 

P a r t i a l  p r e s s u r e s  of  a l l  gaseous  components of t h e  r e g o l i t h  would c r e a t e  a lami-  

n a r  g a s  flow i n t o  a c o l l e c t i o n  subsystem. A f t e r  t h e  g a s e s  a r e  c o l l e c t e d ,  t h e  

gaseous  mix tu re  i s  passed  through a se r i e s  of condense r s  t o  s e p a r a t e  t h e  v a r i o u s  

s p e c i e s .  The g a s e s  w i l l  be  c o l l e c t e d  i n  r e v e r s e  o r d e r  of t h e i r  b o i l i n g  p o i n t s .  

B o i l i n g  p o i n t s  f o r  s e v e r a l  s o l a r  wind g a s e s  a r e  l i s t e d  i n  t h e  t a b l e  below. 

B o i l i n g  P o i n t  ( K )  

H2 
H e  
N 
Ne 
A r  

20.2 
4 . 2  

77 .4  
13.5 
87.3 

36.5 
7.6 

139.3 
48.8 

157.1 
I I 

Note:  Values  a t  STP 

2.3.2.2 Hydrogen Reduc t ion  

Hydrogen Reduc t ion  i s  a v e r y  s imple  and e f f i c i e n t  method of  producing  oxy- 

gen from Lunar i l m e n i t e  and i s  s c h e m a t i c a l l y  shown i n  F i g u r e  2-3. Lunar mare 

r e g o l i t h  i s  e l e c t r o s t a t i c a l l y  s i z e d  and t h e  l a r g e r  g r a i n s  a r e  c rushed .  The f i n e  

powderized mare i s  m a g n e t i c a l l y  s e p a r a t e d  t o  remove pyroxene and o l i v i n e ,  and 

then  i s  e l e c t r o s t a t i c a l l y  s e p a r a t e d  t o  remove a n o r t h i t e  and i so l a t e  i l m e n i t e .  

The p u r i t y  of t h e  i l m e n i t e  produced c a n  be  improved by r e p e a t i n g  t h e  b e n e f i -  

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

The i l m e n i t e  i s  t h e n  t r a n s f e r r e d  t o  a r e d u c t i o n  chamber where i t  i s  h e a t e d  

t o  p r o c e s s  t e m p e r a t u r e  i n  t h e  r ange  of 700 - 1000 C, t h e  m e l t i n g  p o i n t  of i lme-  

n i t e  i s  1367 C. Hydrogen g a s  i s  then  passed  through t h e  h e a t e d  s o l i d  i l m e n i t e  

i n d u c t i n g  t h e  f o l l o w i n g  r e d u c t i o n  r e a c t i o n :  

I f  s u f f i c i e n t  amounts of hydrogen g a s  a re  added ,  n e a r l y  100% of  a l l  oxygen from 

FeO c a n  b e  e x t r a c t e d .  Excess  hydrogen g a s  c a n  be  found i n  t h e  w a t e r  vapor  and 

1 
1 
1 
1 
I 
1 
1 
I 
1 
1 
1 
1 
1 
1 
I 
I 
1 
1 
I 



10 K 4 K  60 K 2 0 K  80 K 
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Lunar Mare Regolith Requirement 
24.2 MT 

Products 
13259 Hydrogen 
690g Helium 

0.249 Helium-3 
231 Og Nitrogen 
679 Neon 
19g Argon 

10 MT Oxygen 

FIGURE 2-2. SOLAR WIND GAS EXTRACTION 



HYDROGEN REDUCTION OF ILMENITF, 

PYROXENE 
A N D  

OLIVINE 

.KEY - 
0 Solid Pliase u Liquid Phase 

0 GaseousPhase 

Reaclrnls (inpuls) 

Producls (oulpuls) 

v 
ANORTHITE 

Lunar Mare Regolith Requirement 
662.2MT 

?}-@ SEPARATOR @ 
Fe, T i 0 2  

SEPARATOR 

Reactant Reauirement 
0.31 MT Hydrogen with 95% recovery potential 

Energy Requirement 
1. Thermal 

2. Electrical 
7,639 kWhrs 

43,200 kWhrs 

Equipment Weight 
1.83 MT 

Reactant Recovery Potential 
(based on assumptions stated in Appendix B) 

95% 

Aquisit ion Eff icency 
[ (02  recovered / 0 2  available in Mare) x 1001 

Products 

3.7% 

10 MT Oxygen 

FIGURE 2-3. HYDROGEN REDUCTION 
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i n t e r s t i t i a l l y  t r apped  i n  t h e  s o l i d  r e s i d u e .  I n t e r s t i t i a l l y  t r apped  hydrogen 

can  be removed by h e a t i n g  t h e  r e s i d u e  t o  m e l t i n g  t empera tu re .  

Water vapor  w i t h  any  e x c e s s  hydrogen i s  e l e c t r o l y z e d  t o  r e c l a i m  t h e  hydro- 

gen and i s o l a t e  02. Approximately 95% of a l l  hydrogen can  be r ecove red  by 

e l e c t r o l y s i s  and h e a t i n g  t h e  r e s i d u e .  Oxygen gas  i s  condensed and s t o r e d  as 

l i q u i d  02. The s o l i d  r e s i d u e  may be  f u r t h e r  p rocessed  i f  Fe o r  T i02  a r e  

d e s i r e d .  

The advan tages  of  t h i s  p r o c e s s  a r e :  

o I n p u t  r e q u i r e m e n t s  a r e  low 

o Hydrogen c a n  be  r e c y c l e d  w i t h o u t  f u r t h e r  chemica l  r e a c t i o n s  

o The r e q u i r e d  b e n e f i c i a t i o n  p r o c e s s  i s  w e l l  unde r s tood  

o P r o c e s s  h a s  been proven  i n  l a b  

o R e l a t i v e l y  low p r o c e s s  t empera tu res  

o There i s  p o t e n t i a l  t o  o b t a i n  Lunar hydrogen which would e l i m i n a t e  

need f o r  E a r t h  based  consumed impor t s  

o High p r o c e s s  e f f i c i e n c y .  

The d i s a d v a n t a g e s  a re :  

o S i l i c a t e s  n o t  removed d u r i n g  b e n e f i c i a t i o n  may cause  e x t e n s i v e  

c o r r o s i o n  

o The k i n e t i c s  o f  t h e  r e a c t i o n  a r e  s l o w  

o Cont inuous  p r o c e s s i n g  has  n o t  y e t  been demonst ra ted  i n  l a b .  

2 . 3 . 2 . 3  Magma E l e c t r o l y s i s  

Magma E l e c t r o l y s i s  i s  a second method which may be  used t o  p r o c e s s  oxygen 

from L u n a r  ilmenite and i s  shown s c h e m a t i c a l l y  i n  F i g u r e  2-4. Lunar mare rego- 

l i t h  i s  m a g n e t i c a l l y  s e p a r a t e d  t o  remove pyroxene and o l i v i n e ,  t h e n  e l e c t r o s t a -  

t i c a l l y  s e p a r a t e d  t o  i s o l a t e  i l m e n i t e .  A s  w i th  hydrogen r e d u c t i o n ,  r e p e a t i n q  

b e n e f i c i a t i o n  w i l l  improve t h e  p u r i t y  of t h e  i l m e n i t e .  

The i l m e n i t e  i s  t h e n  h e a t e d  t o  j u s t  above i t s  m e l t i n g  t e m p e r a t u r e ,  1367 C. 

The l i q u i d  i l m e n i t e  i s  t hen  t r a n s f e r r e d  t o  a n  e l e c t r o l y s i s  c e l l  where e l e c t r o d e s  

a r e  p l aced  a c r o s s  t h e  me l t  and a p o t e n t i a l  d i f f e r e n c e  i s  a p p l i e d .  The r e a c t i o n s  

c a n  be  r e p r e s e n t e d  by: 

~ ~ o . T i O z ( s )  + h e a t  > FeO*Ti02(1)  
Fe0 .Ti02(1)  + e l e c t r i c a l  ene rgy  > Fe+2 + o-2 + FeO*Ti02 



EI,ECTROI,YSIS OF MOLTEN SIIJCATF, 
PROCESS SCHEMATIC 

PROCESS CHAMBER 

0 GilseousPhase 

Reactanls (inpuls) 

Products (oulpuls) 

Lunar Mare Regolith Requirement 
1325 MT 

Energy Requirement 
1. Thermal 

2. Electrical 
62,705 kWhrs 

92,897 kWhrs 

Equipment Weight 
0.93 MT 

FIGURE 2-4. 

Acquisition Efficiency 
[(02 recovered / 0 2  available in Mare)'x 100) 

1 .7% 

Products 
10 MT Oxygen 

MAGMA ELECTROLYSIS 



I r o n  g a t h e r s  a t  t h e  ca thode  where i t  s i n k s  t o  t h e  bot tom of  t h e  me l t .  Oxygen i s  

r e l e a s e d  from t h e  m e l t  a t  t h e  anode where i t  i s  condensed and s t o r e d  a s  l i q u i d  02. 

A s  t h e  i r o n  i s  removed from t h e  m e l t ,  t h e  c o n d u c t i v i t y  d rops  and e l e c t r o l y -  

s i s  s t o p s .  I t  i s  e s t i m a t e d  t h a t  50% of  a l l  oxygen from FeO can  be  e x t r a c t e d  

b e f o r e  e l e c t r o l y s i s  s t o p s .  The l i q u i d  i l m e n i t e  r e s i d u e  shou ld  then  be removed 

and t h e  p r o c e s s  r e p e a t e d .  To improve y i e l d s  u s i n g  magma e l e c t r o l y s i s ,  FeO i n  

:he a l r e a d y  p r o c e s s e d  l i q u i d  i l m e n i t e  may be  condensed o u t  and s l o : ~ l v  added t o  

t h e  e l e c t r o l y s i s  chamber t o  m a i n t a i n  more c o n s t a n t  c o n d u c t i v i t y  i n  t h e  m e l t .  

The advan tages  of t h i s  p r o c e s s  a r e :  

o No E a r t h  r e a c t a n t s  a r e  needed i f  f l u x e s  a r e  no t  used 

o B e n e f i c i a t i o n  r e q u i r e d  i s  w e l l  unde r s tood  

o Hardware r equ i r emen t  i s  v e r y  low. 

The d i s a d v a n t a g e s  are:  

o Poor p r o c e s s  e f f i c i e n c y  and y i e l d s  

o Any s i l i c a t e s  n o t  removed d u r i n g  b e n e f i c i a t i o n  w i l l  c ause  e x t e n s i v e  

c o r r o s i o n  and e l e c t r o d e  rep lacement  w i l l  b e  r e q u i r e d  u n l e s s  new 

o Mare r e g o l i t h  r equ i r emen t s  are v e r y  h igh .  

2.3.2.4 Carbochlorinat ion 

C a r b o c h l o r i n a t i o n  i s  a f a i r l y  compl i ca t ed  p r o c e s s  t h a t  may be  used t o  pro-  

duce oxygen and aluminum and i s  shown i n  F i g u r e  2-5. Lunar mare r e g o l i t h  i s  

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

i s o l a t e  a n o r t h i t e .  The a n o r t h i t e  i s  t h e n  t r a n s f e r r e d  t o  t h e  c a r b o c h l o r i n a t i o n  

u n i t  where i t  i s  hea ted  t o  p r o c e s s  t empera tu re  i n  t h e  range  of 675 - 770 C .  I f  

p r o c e s s  t empera tu re  exceeds  772  C ,  CaC12 melts and a l t e r s  the thermodynamics of 

t h e  c a r b o c h l o r i n a t i o n  r e a c t i o n s .  The r e a c t i o n s  w i t h i n  t h e  c a r b o c h l o r i n a t i o n  

u n i t  a r e  : 

The t o t a l  r e a c t i o n  c a n  be  r e p r e s e n t e d  by:  

A f t e r  t h e  c a r b o c h l o r i n a t i o n  r e a c t i o n s  a r e  completed , t h e  gaseous  p roduc t s  , meta l  

c h l o r i d e s ,  s a l t s  and C O Y  a r e  passed  through a s e r i e s  of condense r s .  The f i r s t  
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ILMENITE 

Rwctanls (inpuls) CARBOCllLORl 

SCHEMATIC 

I. Production of 0 2  
II. Production of 02 and AI 

Lunar Mare Regolith Requirement 
I. 238 MT 
II. 238 MT 

Equipment Weight 
I. 12.45 MT 
II. 13.4 MT 

Reactant Recovery Potential 
(based on assumptions stated in Appendix B) 

I. 50% 
Reactant Requirement I I .  75% 

I. 95.8 MT Chlorine with 40% recovery potential 
16.3 MT Carbon with 100% recovery potential 

II. 95.8 MT Chlorine with 73% recovery potential 
Acquisition Efficiency 
[(02  covered / 02 available in loo] 

16.3 MT Carbon with 100% recovery potential I. 10.2% 
I I .  10.2% 

Energy Requirement 
1. Thermal 

I. 82,245 kWhrs 
II. 83,716 kWhrs 

I. 43,200 kWhrs 
2. Electrical 

Products 
I. 10 MT Oxygen 
II. 10 MT Oxygen 
8.5 MT Aluminum 

II. 78,561 kWhrs 

FIGURE 2-5. CARBOCHLORINATION 
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condenser  removes enough h e a t  t o  b i i n g  t h e  t empera tu re  t o  90 C ,  and AlC13 i s  

removed as a l i q u i d .  The second condenser  i s  c ryogen ic  and b r i n g s  t h e  remain ing  

g a s  t o  a t empera tu re  of  -30 C.  T h i s  second condenser  removes a l l  CO g a s  and t h e  

remain ing  l i q u i d  s a l t ,  SiC14, i s  c y c l e d  back i n t o  t h e  c a r b o c h l o r i n a t i o n  u n i t .  

A s  t h e  c o n c e n t r a t i o n  of S ic14  b u i l d s  up i n  t h e  c a r b o c h l o r i n a t i o n  u n i t ,  i t  r e a c t s  

w/CO and r e v e r s e s  t h e  c a r b o c h l o r i n a t i o n  of S i02  r e a c t i o n .  T h i s  f r e e s  up 

c h l o r i n e  atoms from S ic14  and C atoms from CO. The CO gas  can  then  be conve r t ed  

t o  C and 0 by t h e  Bosch r e a c t o r .  I t  i s  e s t i m a t e d  t h a t  approx ima te ly  50% of a l l  

c h l o r i n e  from S ic14  cou ld  be r ecove red .  To r e c l a i m  a d d i t i o n a l  c h l o r i n e  from 

S ic14  and t h e  CaC12 p r e c i p i t a t e ,  t h e  r e s i d u e  i n  t h e  c a r b o c h l o r i n a t i o n  u n i t  must 

be  f u r t h e r  p rocessed .  

Advantages of t h i s  p r o c e s s  a r e :  

o Low t empera tu re  r equ i r emen t  

o P r o c e s s  i s  w e l l  unde r s tood  f o r  t e r r e s t r i a l  a p p l i c a t i o n s  

o The Alcoa p r o c e s s  can  b e  used and i s  t h e  most e f f i c i e n t  way t o  

e x t r a c t  A l ,  

o Hardware f o r  t h e  Bosch Reac to r  may be  used f o r  many Lunar base  

a p p l i c a t i o n s ,  

o There  i s  p o t e n t i a l  t o  o b t a i n  A 1  i n  powderized form f o r  u se  a s  

p r o p e l l a n t .  

D i sadvan tages  a r e  : 

o Recyc l ing  of C and C12 may r e q u i r e  a s  much o r  more hardware t h a n  

t h e  hardware needed f o r  e x t r a c t i o n  of d e s i r e d  r e s o u r c e s ,  

o For e x t r a c t i o n  of  1 kg A l ,  10 - 20 kg of C12 a r e  r e q u i r e d ,  

o Many C-C1-0 combina t ions  may be  thermodynamical ly  f avored  which ~ 

n e c e s s i t a t e s  mon i to r ing  t h e  02 and C12 f u g a c i t i e s  d u r i n g  t h e  

r e a c t i o n s  i n  t h e  c a r b o c h l o r i n a t i o n  u n i t  , 
o Hot c h l o r i n e  g a s  i s  ex t r eme ly  c o r r o s i v e  and c r e a t e s  a maintenance 

problem and h i g h l y  c o r r o s i o n  r e s i s t a n t  m a t e r i a l s  must be used  f o r  

t h e  c a r b o c h l o r i n a t i o n  u n i t ,  

o T h i s  p r o c e s s  h a s  l i t t l e  p o t e n t i a l  t o  run  independent  of E a r t h  

s u p p o r t  f o r  Lunar b a s e  a p p l i c a t i o n s .  

2.3.2.5 Acid Leach 

Acid Leach i s  a p r o c e s s  t h a t  c a n  be  g e n e r a l l y  used t o  p rocess  m e t a l l i c  

s i l i c a t e s  f o r  m e t a l s ,  s i l i c o n ,  and oxygen. F i g u r e  2-6 shows r e s o u r c e  r e q u i r e -  



HF ACID LEACH 

I. Production 02  
II. Production of 0 2  and AI 
Ill. Production of 02, AI and Mg 

Lunar Mare Regolith Requirement 
I. 23.6 MT 
11. 87.3 MT 
Ill. 60.2 MT 

Reactant Requirement 
I .  27.5 MT HF with 0% recovery potential 
II. 27.5 MT HF with 45% recovery potential 

26.2 MT NaOH with 100% recovery potential 
Ill. 30.6 MT HF with 53% recovery potential 

18.2 MT NaOH with 100% recovery potential 
5.42 MT CaO with 90% recovery potential 
1.35 MT Si with 90% recovery potential 

Energy Requirement 
1. Thermal 

I. 26,663 kWhrs 
II. 129,860 kWhrs 
Ill. 106,770 kWhrs 

I. 43,200 kWhrs 
II. 119,813 kWhrs 
111. 96,419 kWhm 

2. Electrical 

Equipment Weight 
I. 2.85 MT 
II. 11.73 MT 
Ill. 15.93 MT 

Reactant Recovery Potential 
(based on assumptions stated in Appendix B) 

I. 0% 
II. 70% 
111. 73% 

Acquisition Efficiency 
[(02 recovered / 0 2  available in Mare) x 1001 

I. 100% 
II. 28% 
111. 40% 

Products 
1. 10 MT Oxygen 
II. 10 MT Oxygen 

Ill. 10 MT Oxygen 
5.9 MT Aluminum 

4.7 MT Aluminum 
2.35 MT Magnesium 

FIGURE 2-6. HF ACID LEACH 
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ment s e n s i t i v i t i e s  t o  t h e  number o f  d e s i r e d  p r o d u c t s .  F igu re  2-6a i s  a schema- 

t i c  of t h e  main l e a c h  r e a c t i o n .  F i g u r e  2-6b shows s t e p s  f o r  r e c l a i m i n g  f l u o r i n e  

from TiF4,  CaF2, and FeSiF6. F i g u r e  2 . 6 ~  shows p r o c e s s  s t e p s  f o r  r e c o v e r y  of  

aluminum and magnesium from t h e  r e s p e c t i v e  me ta l  f l u o r i d e s .  

Lunar mare r e g o l i t h  i s  l eached  w i t h  HF a c i d  a t  110 C .  Leach r e a c t i o n s  f o r  

p r o c e s s i n g  b u l k  mare a r e :  

Reac t ions  1 and 2 above c a n  r e p r e s e n t  l e a c h  r e a c t i o n s  f o r  p r o c e s s i n g  b e n e f i -  

c i a t e d  mare.  The b e n e f i c i a t i o n  r e q u i r e d  t o  s e p a r a t e  t h e  aluminum and magnesium 

s i l i c a t e s  from t h e  mare h a s  n o t  y e t  been  de te rmined .  

The s a t u r a t i o n  p o i n t  f o r  d i s s o l v i n g  of t h e  Lunar o r e  i s  reached  when t h e  

s o l u t i o n  molar  F : S i  r a t i o  r e a c h e s  5 .  During d i s s o l u t i o n ,  p r e c i p i t a t i o n  of  CaF2 

w i l l  lower  t h e  molar  F : S i  r a t i o  w h i l e  e v a p o r a t i o n  of  SiF4 w i l l  r a i s e  t h e  r a t i o  

d i s s o l u t i o n  r a t e ,  a c i d  shou ld  be  added when t h e  pH r i s e s  above 2. Leach r eac -  

t i o n  mon i to r ing  shou ld  e n s u r e :  

1. S o l u t i o n  Molar F :Si  R a t i o  > 5 

2. pH < 2 

P r o c e s s i n g  from A 1  and Mg S i l i c a t e s  A 1  and Mg. Aluminum and magnesium 

s i l i c a t e s  from t h e  b e n e f i c i a t e d  mare are  leached with H F .  Leach reactions for 

t h e  p r o d u c t i o n  of A 1  and Mg on ly  i s  r e p r e s e n t e d  by Equa t ions  1 and 2 above. 

Before  each  metal c a n  be  e x t r a c t e d ,  t h e  metal f l u o r i d e s  must be  s e p a r a t e d  from 

t h e  f l u o r o s i l i c a t e s .  Aluminum i s  o b t a i n e d  from r e d u c t i o n  of AlF3. Magnesium i s  

o b t a i n e d  from p r o c e s s i n g  MgF2. 

Aluminum may be  o b t a i n e d  from AlF3 by sodium r e d u c t i o n .  Sodium i s  o b t a i n e d  

from N a O H ,  which must be  i n i t i a l l y  impor ted  from E a r t h ,  b u t  c a n  p o t e n t i a l l y  be  

Lunar d e r i v e d ,  u s i n g  C a s t n e r  E l e c t r o l y s i s .  I n  t h e  C a s t n e r  E l e c t r o l y s i s  C e l l ,  

Na+exponent i s  d i s c h a r g e d  a t  t h e  c a t h o d e  and OH- l  i s  d i scha rged  a t  t h e  anode.  

During t h e  e l e c t r o l y s i s ,  e x c e s s  water must c o n t i n u o u s l y  be  removed t o  p r e v e n t  



U F  IJ .ACH PR OCESS: Ti. Ca. A ND Fe RF A D  u CT IO y 
FROM 

LEACH STEP 
I 

@j!$ HYDROLYSIS 

. ................................ .... 

- KEY 

0 . Solid Phase u LiquidPhase 

0 GaseousPhase 

Reactants (inputs) 

producls (outputs) 

f 

.... .. 

I I 

REACTION 
CELL 

.............. .b.. ...................................... .t.. ..... t ... 
RECYCLED 

TO 
1 F V H  STFP 

FIGURE 2-6a. HF ACID LEACH 

7 9  
L O  

~ o # K l u n o r J  -1ECHNOLOQY CENTER 



. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . ... . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .__ . __.  . . . . . . . . . . . .R.EDU.UlON 

FIGURE 2-6b. HF ACID LEACH 



ORffiINAL PAGE IS 
OF: POOR QUALtTY 

FIGURE 2 - 6 ~ .  HF ACID LEACH 



* .  
unwanted e l e c t r o l y s i s  of water. Sodium i s  t r a n s f e r r e d  t o  a r e d u c t i o n  v e s s e l  

where i t  reacts w i t h  AlF3 forming A 1  and NaF. T h i s  r e d u c t i o n  i s  c a r r i e d  o u t  i n  

s t e e l  r e a c t i o n  v e s s e l  a t  900 C. The r e a c t i o n  can  b e  r e p r e s e n t e d  bv: 

AlF3(1)  + 3 N a ( l )  > A l ( 1 )  + 3NaF(1) 

Aluminum i s  c o l l e c t e d  i n  l i q u i d  form. 

Magnesium canno t  be  d i r e c t l y  e x t r a c t e d  from i t s  me ta l  f l u o r i d e .  MgF2 i s  

i irsr:  conve r t ed  t o  MgO by s team h y d r o l y s i s .  MgF7 - r e a c t s  w i t h  wa te r  a t  1290 C 

forming MgO and HF. The r e a c t i o n  c a n  be  r e p r e s e n t e d  by:  

H F ~ ( s )  + H20(1) > MgO(s) + 2HF(1) 

A l l  r e q u i r e d  water was produced d u r i n g  t h e  i n i t i a l  l e a c h  r e a c t i o n s .  The FF 

formed i s  c y c l e d  back t o  t h e  l e a c h  tank  f o r  f u r t h e r  p r o c e s s i n g  of  l u n a r  o r e s .  

MgO i s  reduced  by S i  and C a O  i n  a n  a l l o y  s t e e l  r e a c t i o n  v e s s e l  a t  1100 - 
1200 C. The r e a c t i o n  c a n  be  r e p r e s e n t e d  by: 

Mg d i s t i l l s  i n t o  t h e  c o o l e r  ends  of t h e  r e a c t i o n  v e s s e l  and i s  passed  through a 

condense r  t o  o b t a i n  s o l i d  Mg. Ca2SiO4, t h e  p r e c i p i t a t e  of t h e  r e a c t i o n ,  c a n  be  

r e c y c l e d  t o  r e c l a i m  S i  and CaO.  

P r o c e s s i n g  U n b e n e f i c i a t e d  Mare R e g o l i t h .  A f t e r  t h e  l e a c h  r e a c t i o n s ,  a l l  

metal f l u o r i d e s  must be  s e p a r a t e d  from t h e  f l u o r o s i l i c a t e s .  AlF3 and MgF2 are  

p rocessed  i n  che same manner d e s c r i b e d  above.  

TiF4 and CaF2 r e a c t  w i t h  w a t e r  a t  e l e v a t e d  t empera tu res .  These r e a c t i o n s  

c a n  be  r e p r e s e n t e d  by: 

HF is c y c l e d  back  t o  t h e  l e a c h  t ank  f o r  f u r t h e r  p r o c e s s i n g  of Lunar o r e s .  

I r o n  i s  n o t  s e p a r a t e d  from i t s  f l u o r o s i l i c a t e  b e f o r e  p r o c e s s i n g .  FeSiF6 i s  

e l e c t r o l y z e d  wi th  wa te r .  The r e a c t i o n  c a n  be  r e p r e s e n t e d  by: 

FeS iFg( s )  + H20(1) + e l e c t r i c a l  ene rgy  = F e ( s )  + 1 /202(g )  + 2HF(l)  + SiFh(1 )  



2.3.2.6 Vapor-Ion S e p a r a t i o n  

Vapor phase  r e d u c t i o n  i s  a r e l a t i v e l y  new concep t  i n  e x t r a c t i v e  m e t a l l u r g y  

des igned  f o r  s p a c e  a p p l i c a t i o n s  and r e p r e s e n t s ,  i n  t h i s  s t u d y ,  two major  b u t  

s imilar  methods of p r o c e s s i n g :  ( 1 )  h e a t i n g  t h e  s o i l  t o  a vapor  s t a t e  and 

s e p a r a t i n g ,  and ( 2 )  i n j e c t i n g  t h e  s o i l  i n t o  a plasma wi th  subsequent  s e p a r a t i o n .  

In t h i s  p r o c e s s ,  powdered mare r e g o l i t h  (<  100’micron p a r t i c l e s )  i s  v a p o r i z e d  

and passed  th rough  a s e p a r a t i o n / c o l l e c  t i o n  chamber by a p r e s s u r e  g r a d i e n t .  

I n d i v i d u a l  m e t a l s  and oxygen c a n  be  s e p a r a t e d  w i t h  minimal t o  no raw mater ia l  

impor t s  from E a r t h .  Reducing a g e n t s  c a n  be  used  t o  p reven t  r ecombina t ion  of 

vapor  c o n s t i t u e n t s .  

Required amounts of water c a n  b e  o b t a i n e d  from t h e  i n i t i a l  l e a c h  r e a c t i o n s .  

I r o n  i s  o b t a i n e d  i n  s o l i d  form. Oxygen i s  c o l l e c t e d  as a gas and can  b e  con- 

densed t o  o b t a i n  l i q u i d  02. HF and SiF4 e x i s t  t o g e t h e r  i n  a l i q u i d  s o l u t i o n .  

HF may be r ecove red  by a p p l y i n g  s u f f i c i e n t  h e a t  t o  re lease HF l e a c h  t ank  for 

f u r t h e r  p r o c e s s i n g  of  Lunar o r e s .  Water, o b t a i n e d  from t h e  i n i t i a l  l e a c h  r eac -  

t i o n s ,  c a n  be added t o  t h e  l i q u i d  S iF4  t o  r e c l a i m  f l u o r i n e .  T h i s  r e a c t i o n  c a n  

be p r e s e n t e d  by:  

S i F 4 ( 1 )  + 2H20(1) > SiO2(1)  + 4HF(1) 

The HF r ecove red  h e r e  i s  c y c l e d  back t o  t h e  l e a c h  t ank .  

The advan tages  of HF l e a c h  a r e :  

o 02, A l ,  Mg, Fe and ,  p o t e n t i a l l y ,  T i  and Ca can  a l l  be e x t r a c t e d  

o P r o c e s s  i s  proven f o r  t e r r e s t r i a l  a p p l i c a t i o n  

o Minimal new t echno logy  r e q u i r e d  for Lunar a p p l i c a t i o n .  

The d i s a d v a n t a g e s  a r e  : 

o Requ i re s  e x t e n s i v e  hardware f o r  r e c y c l i n g  of imported HF 

o E l e c t r i c a l  and the rma l  ene rgy  i n p u t s  are v e r y  h igh  

o D e s i r e d  b e n e f i c i a t i o n  p r o c e s s  has  n o t  been t e s t e d  

o High main tenance  r equ i r emen t  t o  m a i n t a i n  d e s i r e d  r e a c t i o n s  

i n  t h e  l e a c h  t a n k ,  

o HF i s  h i g h l y  r e a c t i v e  and may r e a c t  t o  form hydrogen which i s  

e x p l o s i v e  under  c e r t a i n  c o n d i t i o n s .  T h i s  haza rd  must b e  

r ecogn ized  i n  t r a n s p o r t i n g  and h a n d l i n g  HF a c i d .  

Three vapor- ion  s e p a r a t i o n  t e c h n i q u e s  have been sugges t ed  and are  shown i n  

F i g u r e  2-7a th rough  c. These are  d i s t i l l a t i o n ,  e l e c t r o s t a t i c  and magnet ic  
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s e p a r a t i o n .  

D i s t i l l a t i o n .  As t h e  vapor  i s  passed  through t h e  s e p a r a t i o n  chamber,  spe-  

c i f i c  materials c a n  be  condensed and c o l l e c t e d  by s e l e c t i v e l y  c o o l i n g .  Me l t ing  

p o i n t s  f o r  some v a l u a b l e  r e s o u r c e s  i n  t h e  mare r e g o l i t h  a re :  

02 -219 C -362 F 

A 1  660 C 1220 F 
T i  1670 C 3038 F 

Fe 1536 C 2797 F 

649 C 1200 F Mg 

phase  c o n s t i t u e n t  a c c o r d i n g  t o  i t s  mass l cha rge  r a t i o .  

are  p o s i t i o n e d  a t  d i s t i n c t  d i s t a n c e s  from t h e  magnet ic  

d u a l  m e t a l s  and oxygen. 

General Discuss ion .  Vapor phase  r e d u c t i o n  i s  

mica1 p r o c e s s i n g  t e c h n i q u e s  i n  a Lunar b a s e  s c e n a r i o  

sumable r equ i r emen t s .  I t  u s e s  t h e  Moon's vacuum and h igh  c o n c e n t r a t i o n  of s o l a r  

ene rgy .  Once a l l  r e q u i r e d  hardware i s  t r a n s p o r t e d  t o  t h e  Moon, f u r t h e r  impor t  

r equ i r emen t s  are n e g l i g i b l e .  Because Vapor-Ion S e p a r a t i o n  i s  an  e x p e r i m e n t a l  

t e c h n i q u e ,  much a d d i t i o n a l  i n f o r m a t i o n  i s  needed b e f o r e  i t  c a n  be s e l e c t e d  € o r  

Lunar b a s e  a p p l i c a t i o n .  

Vapor-Ion S e p a r a t i o n  f a c e s  two s e r i o u s  problems:  p r o c e s s  hardware 

r e q u i r e d  and t h e  p u r i t y  of t h e  p r o d u c t s  o b t a i n e d .  
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A s e p a r a t e  c o o l i n g  system. i s  needed t o  e x t r a c t  each  of  t h e s e  r e s o u r c e s .  To 

s t o r e  oxygen,  a c r y o g e n i c  c o o l i n g  sys tem i s  r e q u i r e d .  

Electrostatic Separation. In t h i s  s e p a r a t i o n  t e c h n i q u e ,  charged  p l a t e s  are 

used t o  c o l l e c t  i n d i v i d u a l  metals and oxygen. I n  t h e  s e p a r a t i o n  chamber,  metal 

i o n s  c o l l e c t  on t h e  n e g a t i v e  p l a t e  and oxygen i s  c o l l e c t e d  on t h e  p o s i t i v e  

p l a t e .  I n d i v i d u a l  metals may b e  c o l l e c t e d  by a l t e r i n g  t h e  c u r r e n t  t o  t h e  

cha rged  p l a t e s .  The c u r r e n t  needed to  c o l l e c t  a s p e c i f i c  metal i o n  is based  on 

t h e  metal i o n ' s  mass l cha rge  r a t i o .  

Magnet ic  S e p a r a t i o n .  A s  t h e  vapor  e n t e r s  t h e  s e p a r a t i o n  chamber,  i t  i s  

pas sed  through a magnet ic  f i e l d .  T h i s  f i e l d  d e f l e c t s  t h e  p a t h  of  each  vapor  

Cooled r ecove ry  p l a t e s  

f i e l d  t o  c o l l e c t  i n d i v i -  

more promis ing  t h a n  che- 

because  of  i t s  low con- 



The purity of 

vapor constituents 

the products obtained can be affected by the recombination of 

before the collection process. Partial pressures of each 

constituent must be monitored or controlled to ensure a high-purity product. 

The problem of recombination is amplified when considering separation by 

distillation. Because the vapor is being cooled in stages, recombination occurs 

more readily and process efficiency will be less than process efficiencies of 

electrostatic or magnetic techniques. 

One way to reduce the problem of recombination using electrostatic separa- 

tion is to use plasma to vaporize the mare regolith. By passing the powderized 

regolith through a plasma at 8000 K, Al, Mg and Fe are ionized. These indivi- 

dual metals are separated and collected while oxygen and all unionized particles 

pass through the system. Plasma can be generated in a variety of ways: 

Type of Power Req. Working Power Source 
Generation (kW) Fluid E f f ic ienc y , X 

D.C. Arc 150 - 200 Ar, N, H2 90 - 95 

3-Phase A.C. Arc 500 - 1000 Ar, N, H2 95 

High Freq. Arc 100 - 1000 No particular 30 - 80 
restrictions 

(From Akashi's "Application of Thermal Plasma to Extraction Metallurgy 
and Related Fields") 

Once the plasma is generated, it must be maintained using a magnetic field. 

An Anamar-type magnet, with a mass of about 400kg, requiring 10 MW, and pro- 
ducing a field strength of 2 Tesla, could be used. 

The advantages of Vapor-Ion Soparation Techniques are: 

o The need for imports of raw materials from Earth is minimal 

o There is no need for recycling 

o The system uses the vacuum of the Lunar environment 

o Has the potential to obtain more individual metals and oxygen 

A t h  higher purity than chemical processing 

o A l l  products are extracted in one step which gives this processing 

techniques high potential for automation. 

The disadvantages are: 
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Tempera tures  t o  v a p o r i z e  mare r e g o l i t h  are  much g r e a t e r  t han  chemica l  

p r o c e s s i n g  t e c h n i q u e s  

Hardware c o r r o s i o n  can  be  e x t e n s i v e  i f  new m a t e r i a l s  a r e  n o t  found 

The p r o c e s s  i s  ex t r eme ly  ene rgy  i n t e n s i v e  

Recombinat ion of  vapor i zed  i o n s  must b e  i n v e s t i g a t e d  

More r e s e a r c h  i s  needed b e f o r e  e x t r a t e r r e s t r i a l  a p p l i c a t i o n .  

2.3.2.7 Carbothermal  P r o c e s s  

Carbothermal  P r o c e s s  has  been developed by t h e  Mobile Systems 

Department  of A e r o j e t - G e n e r a l ' s  Chemical P roduc t s  D i v i s i o n  f o r  t h e  manufac ture  

of oxygen from Lunar m a t e r i a l s  and i s  s c h e m a t i c a l l y  shown i n  F igu re  2-8. I n  

a d d i t i o n  t o  oxygen, t h e  Carbothermal  P r o c e s s  i s o l a t e s  s i l i c o n  when p r o c e s s i n g  

magnesium s i l i c a t e .  I t  i s  e s t i m a t e d  t h a t  10 MT oxygen and 10 MT S i l a n e  c a n  be  

e x t r a c t e d  from 300 MT mare r e g o l i t h .  

The Carbothermal  P r o c e s s  i n v o l v e s  f o u r  s t e p s .  The f i r s t  s t e p  i s  t h e  bene- 

f i c i a t i o n  of t h e  mare r e g o l i t h  t o  i s o l a t e  magnesium s i l i c a t e  (MgO.Si02). To  

manufac ture  10 MT 02, approx ima te ly  50 MT MgO.Si02 a r e  r e q u i r e d .  

The second s t e p  i n v o l v e s  t h e  r e d u c t i o n  of MgO-Si02 w i t h  methane a t  a pro- 

cess t e m p e r a t u r e  of 1625C. 

The magnesium o x i d e  p r e c i p i t a t e  i s  removed and can  be s t o r e d  f o r  f u t u r e  

magnesium o r  oxygen p roduc t ion .  P roduc t  g a s e s ,  CO and H2, are c o l l e c t e d  and 

f u r t h e r  p rocessed  t o  o b t a i n  oxygen. I f  50 MT MgO.Si02 is processed, 13-15 MT of  

s i l i c o n  may b e  o b t a i n e d  a s  l i q u i d  S i .  

The t h i r d  s t e p  i n v o l v e s  p r o c e s s i n g  of  p roduc t  g a s e s  from t h e  methane reduc-  

t i o n .  Carbon monoxide and hydrogen g a s e s  a r e  combined a t  a p r o c e s s  t empera tu re  

of 250C. 

Methane g a s  and water vapor  a r e  condensed t o  s e p a r a t e  wa te r  from methane. 

Approximately 70% of t h e  i n i t i a l  methane inpu ted  i s  recovered  h e r e .  I n  t h i s  

s t e p ,  hydrogen i s  t h e  l i m i t i n g  r e a g e n t .  The e x c e s s  CO c a n  be  p rocessed  i n  a 

number of ways. F i r s t ,  CO c a n  b e  p rocessed  w i t h  H2 produced by e l e c t r o l y s i s  of  
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Lunar Mare Regolith Requirement 
292.4 MT 

Reactant Requirement 

Energy Requirement 

15.0 MT CH4 

1 .  Thermal 

2. Electrical 
168,453 kWhrs 

43,200 kWhrs 

Products 
10 MT Oxygen 
10 MT Silane 
4.35 MT Silicon 

Reactant Recovery Potential 
(based on assumptions stated in Appendix 6) 

66% 

Acquisition Efficiency 
((02 recovered / 0 2  available in Mare) x 100) 

8% 

FIGURE 2-8. CARBOTHERMAL PROCESS 
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water t o  r e c y c l e  CH4 and o b t a i n  a d d i t i o n a l  02. Second, CO can  be p rocessed  by 

i t s e l f  t o  o b t a i n  ca rbon  and oxygen. The advan tage  of t h e  second a l t e r n a t i v e  i s  

t h a t  t h e  hydrogen produced by e l e c t r o l y s i s  i s  f r e e  t o  be combined wi th  e l e m e n t a l  

s i l i c o n  t o  form s i l a n e ,  SiH4. The d e c i s i o n  of which way t o  p r o c e s s  e x c e s s  CO i s  

made by weighing  t h e  v a l u e  of producing  s i l a n e  t o  r e c y c l i n g  methane. 

The f i n a l  s t e p  i n v o l v e s  t h e  e x t r a c t i o n  of oxygen from w a t e r  produced i n  t h e  

t h i r d  s t e p .  Water i s  e l e c t r o l y z e d  t o  produce H2 and 02 g a s e s  a t  a p r o c e s s  tem- 

p e r a t u r e  of  75C.  

2H20(1) = 2H2(g) + 0 2 ( g )  

From p r o c e s s i n g  50 MT MgO*Si02, 10 MT 02  and 1.25 MT H2 can  be  produced.  

S i l a n e ,  SiH4, i s  o b t a i n e d  by combina t ion  of a l l  hydrogen produced i n  

e l e c t r o l y s i s  w i t h  s i l i c o n  produced i n  t h e  methane r e d u c t i o n  s t e p .  From 50 MT 

MgO-Si02, 10 MT SiH4 may be  produced and abou t  5 MT S i  w i l l  be  l e f t  ove r .  T h i s  

e x t r a  s i l i c o n  may b e  s t o r e d  f o r  l a t e r  u s e .  

One u s e  of t h e  e x t r a  s i l i c o n  i s  t o  r educe  MgO t o  o b t a i n  magnesium. From 

t h e  50 MT MgO-Si02, o v e r  10 MT Mg a r e  p o t e n t i a l l y  o b t a i n a b l e .  I n  a d d i t i o n  t o  

s i l i c o n ,  c a l c i u m  o x i d e ,  C a O ,  i s  a l s o  needed t o  o b t a i n  Mg from MgO. Calcium 

ox ide  c a n  b e  o b t a i n e d  from Lunar mare (ove r  10 w t %  o f  mare r e g o l i t h ) .  

The Carbothermal  P r o c e s s  c a n  b e  p o t e n t i a l l y  used t o  p r o c e s s  o t h e r  metal 

s i l i c a t e s  b e s i d e s  MgO.Si02. The metal s i l i c a t e s  are reduced t o  metal o x i d e s  i n  

t h e  methane r e d u c t i o n  s t e p .  D i f f e r e n t  p r o c e s s i n g  s t e p s  must b e  t aken  t o  

s e p a r a t e  t h e  metal from i t s  metal ox ide .  To o b t a i n  aluminum, t h e  aluminum ox ide  

must f i r s t  b e  t r ans fo rmed  i n t o  AlF3 o r  A l C l 3  b e f o r e  f u r t h e r  r e d u c t i o n .  The 

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

b i n a t i o n  of t h e  ca rbo the rma l  p r o c e s s  w i t h  some p a r t  of a n o t h e r  p r o c e s s  i f  i n d i -  

v i d u a l  metals are  d e s i r e d .  

The advan tages  O E  t h e  Carbothermal  P r o c e s s  a re :  

o P r o c e s s  has  been  demons t r a t ed  f o r  t e r r e s t r i a l  a p p l i c a t i o n  (by 

Aero j e t  1 
o Oxygen, hydrogen and s i l i c o n  a r e  produced s y n e r g i s t i c a l l y  

o L i t t l e  t echno logy  development  needed f o r  Lunar a p p l i c a t i o n .  

The d i s a d v a n t a g e s  are  : 
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o Large  amounts o f  Mare ( u n l e s s  m u l t i p l e  s i l i c a t e s  can  be p rocessed  

a l s o )  are p rocessed  

o High t empera tu re  s i l i c a t e  envi ronment  c r e a t e s  c o r r o s i o n  problems 

o Less t h a n  10% of  a l l  02  a v a i l a b l e  i n  mare i s  o b t a i n a b l e  

o Methane g a s  o r  o t h e r  hydrogen s o u r c e  must be  c o n t i n u o u s l y  supp ly  

o Must b e  coupled  t o  a subsys tem of  a n o t h e r  p r o c e s s i n g  scheme i f  

i n d i v i d u a l  metals a r e  d e s i r e d .  

2.3.3 S e p a r a t i o n  and C o l l e c t i o n  

S e p a r a t i o n  and c o l l e c t i o n  of t h e  p r o d u c t s  may i n v o l v e  d i s t i l l a t i o n  or 

c e n t r i f u g i n g .  For  a mul t i -phase  mix tu re  o r  a l i q u i d  mix tu re  of  components w i t h  

v a r y i n g  d e n s i t i e s ,  v a r i o u s  s p e c i f i c  c o n s t i t u e n t s  c a n  b e  removed by c e n t r i f u g e .  

For  gaseous  m i x t u r e s ,  s p e c i f i c  c o n s t i t u e n t s  may be  i s o l a t e d  i n  a d i s t i l l a t i o n  

column o r  by condense r s .  Much r e s e a r c h  i s  c u r r e n t l y  be ing  done on thermal  mana- 

gement sys t ems  which w i l l  a f f e c t  t e c h n o l o g i e s  i n v o l v i n g  l i q u e f a c t i o n  of gaseous  

s p e c i e s .  Estimates o f  e f f i c i e n c i e s  of magnet ic  c o o l i n g  v e r s u s  f l u i d  medium con- 

d e n s e r s  show a weight  s a v i n g s  of  up t o  3 times u s i n g  magnet ic  c o o l i n g .  

2.4 P r o p e l l a n t  E v a l u a t i o n  

The a s ses smen t  of Lunar-der ived p r o p e l l a n t  s u p p l i e s  of t h i s  t a s k  was t o  

i d e n t i f y ,  d e f i n e  and e v a l u a t e  t h e  supp ly  of p r o p e l l a n t s  d e r i v e d  from Lunar 

r e s o u r c e s  and making them a v a i l a b l e  on t h e  Lunar s u r f a c e  a s  we l l  a s  i n  Lunar 

o r b i t .  To b e  advan tageous ,  a Lunar-based p r o p e l l a n t  supp ly  should  be low c o s t  

and h i g h l y  s e l f - s u f f i c i e n t ,  r e q u i r i n g  minimal Ea r th - supp l i ed  r e s o u r c e s .  Four 

major  c r i t e r i a  t o  b e  s a t i s f i e d  i n c l u d e d :  (1) adequa te  supp ly  and a v a i l a b i l i t y  of  

t h e  Lunar s u r f a c e  raw m a t e r i a l s ;  ( 2 )  low-cost p r o c e s s i n g  and p r o d u c t i o n  of t h e  

propellant; (3) ease i n  s t o r a g e  and h a n d l i n g ;  and ( 4 )  e f f e c t i v e  use  and u l t i m a t e  

performance of  t h e  p r o p e l l a n t  produced i n  t h e  p r o p u l s i o n  sys tems be ing  con- 

s i d e r e d .  I n  a d d i t i o n ,  some g e n e r a l  r equ i r emen t s  f o r  s e l e c t i o n  of t h e  Lunar- 

d e r i v e d  p r o p e l l a n t  a r e :  (1) t h e  s y n e r g i s t i c  p o t e n t i a l  of t h e  p r o p e l l a n t  

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

Lunar s u r f a c e  b a s e  s c e n a r i o ;  and ( 2 )  t h e  minimal technology r i s k .  Manv of t h e  

r ank ing  p rov ided  i n  t h i s  e v a l u a t i o n  a r e  s u b j e c t i v e .  Where p o s s i b l e ,  q u a n t i t a -  

t i v e  d a t a  h a s  been developed  t o  s u p p o r t  t h e  r ank ing .  

2.4.1 Supply and A v a i l a b i l i t y  

The optimum p r o p e l l a n t  s o u r c e  i s  independen t  of e x t e r n a l  impor t s  and h a s  

p r o p e l l a n t  a v a i l a b l e  i n  l a r g e  q u a n t i t i e s  s u f f i c i e n t  t o  supp ly  t h e  Earth-Lunar  



transportation systems, and potentially, Mars and planetary transportation 

systems. The actual amount of propellant required depends on the performance of 

the propulsion systems that use propellants, the mission requirements/demands, 

and the support mass delivered from Earth needed to process the propellants on 

the Moon. Using the Baseline mission model (Section 4.1) and the Baseline 

hydrogenloxygen-based transportation system (Section 3 . 2 ) ,  the total amount of 

propellant required (for OTVs and landers) from 1995 to 2015 is about 7000 MT. 

For conventional bipropellant propulsion systems, the availability of the oxygen 

r'rom Lunar resources is not a problem because of the large oxide content on the 

Moon. However, conventional fuel candidates for rocket applications (C, N, H) 
are scarce. Generally, for any propellant ingredient, the raw materials 

required ror propellant production include the processing of Lunar regolith of 

some type, and in many cases, a consumable such as a reducing agent. These 

materials are dependent on the processing technique and therefore , the eva- 

luation of supply and availability of the raw materials for propellant produc- 

tion was based on the recommended processing/production techniques. The 

following criteria were used to evaluate the supply of raw materials (not 
including the actual propellant processing). Asterisks denote criteria used for 

initial screening of propellants. 

o Raw Material Availability* 

o Consumable Raw Material Transportation 

o Raw Material Acquisition 

o Resources to Supply Raw Materials 

The overall ranking for supply and availability candidates is shown in Table 

2-11. The Solar Wind Gas Extraction, Hydrogen Reduction Techniques, and oxygen 

production, respectively, rank the best on raw material supply and availability. 

The rating system i s  discussed below for each of the subcriteria. 

2.4.1.1 Raw Material Availability 

These criteria allow assessment of the compatibility of propellant/pro- 

cessing techniques to Lunar resource availability. For many propellant can- 

didates, only some of the raw materials are available on the Moon. Propellant 

candidates have been evaluated based on the availability of the raw materials on 

the Lunar surface without regard to the difficulty of acquiring, transporting, 

and/or processing of those raw materials. The ranking guidelines are as 

follows : 
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o 5 - 100% of all raw materials are available on the Lunar surface 
o 4 - approximately 80% (by wgt) available on the Lunar surface 

o 3 - approximately 50% (by wgt) available on the Lunar surface 
o 2 - only 20% (by wgt) available on the Lunar surface 

o 1 - raw materials only available on Earth 

These criteria are considered very important and were used to evaluate pro- 

pellant candidates in the early part of the study. 

Table 2-5 shows the raw material availability for the various propellants 

and associated propellant techniques. Hydrogen Reduction, Ilmenite Electrolysis 

and Solar Wind Gas Extraction rank the highest while Acid Leach, Carbothermal, 

and Carbochlorination rank the worst. 

2.4.1.2 Consumable Raw Material Transportation 

The transportation of the raw materials will factor into the evaluation the 

actual location of the consumable raw materials source and the amount of con- 

sumable required. The baseline assumption is that the processing location is on 

the Lunar surface mare of highlands unless otherwise mentioned. Evaluation 

guidelines are provided below and are used for all of the consumable raw 

materials required in a specific propellant production process. 

o 5 - No consumables or imports 
o 4 - Consumables with source on Lunar surface 
o 3 - Small mass transportation required from Earth orbitlsurface 
o 2 - Moderate mass transportation required from Earth orbit 

surface 
0 1 - large mass transportation required from Earth orbit/surface 

The data of concern in this evaluation are the process additive requirements 

shown in Table 2-5. Of these additives, only hydrogen can be obtained in suf- 

ficient quantity for the Hydrogen Reduction technique to be considered available 

on the Lunar surface. Approximately 31 g are required for 10 MT of oxygen of 

which 295 g may be recovered (calculation from 9 5 %  efficiency given by Knudsen, 

1 9 8 6 ) .  About 662 MT of mare regolith must be preprocessed to obtain enough 

ilmenite for 10 MT oxygen. Based on a hydrogen concentration of 54.8  ppm (by 

mass) in the mare soil, 36 .2  g of hydrogen, more than twice of that needed, 

could be claimed from the mare which must be mined if 100% capture is assumed. 
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Thus,  enough hydrogen may be o b t a i n e d  from t h e  Lunar s o i l  t o  r e p l e n i s h  t h e  15 g 

l o s t  d u r i n g  p r o c e s s i n g .  

O the r  p r o c e s s  a d d i t i v e s  must be s u p p l i e d  from s o u r c e s  e x t e r n a l  t o  t h e  Lunar 

envi ronment ,  assumed h e r e  t o  b e  E a r t h .  The r ank ing  of t h e  consumable t r a n s p o r -  

t a t i o n  i s  shown i n  t h e  second row of Tab le  2-5. I l m e n i t e  E l e c t r o l y s i s  and S o l a r  

Wind Gas E x t r a c t i o n  r a n k s  t h e  b e s t .  

2.4.1.3 Lunar Raw Material A c q u i s i t i o n  

Another  i m p o r t a n t  c r i t e r i a  of Lunar-based p r o p e l l a n t s  i s  t h e  e a s e  a t  which 

t h e  Lunar raw materials o r  t h e  p r o p e l l a n t s  themselves  can  be  s e p a r a t e d ,  

c o l l e c t e d  and handled .  No p r o p e l l a n t  or p r o p e l l a n t  raw m a t e r i a l  i s  a v a i l a b l e  on 

t h e  Lunar  s u r f a c e  w i t h o u t  some d e g r e e  of c o l l e c t i o n  and p r e p a r a t i o n .  The most 

i a v o r a b l e  t o  b e  expec ted  would be one t h a t  r e q u i r e s  s e l e c t i v e  c o l l e c t i o n  w i t h o u t  

p r o c e s s i n g .  The s o l a r  wind g a s e s  t h a t  have been  e n t r a i n e d  i n  t h e  r e g o l i t h  

m a t r i x  r e p r e s e n t  t h e  ea s i e s t  a t t a i n a b l e  and t h e  most u s a b l e  p r o p e l l a n t  can- 

d i d a t e s  s i n c e  they  r e q u i r e  on ly  s o i l  c o l l e c t i o n ,  h e a t i n g ,  and gas  c o l l e c t i o n  

s e p a r a t i o n  sys t ems ;  however , t h e  a v a i l a b l e  q u a n t i t i e s  of t h e s e  g a s e s  i s  small 

and much r e g o l i t h  must b e  p rocessed .  The l e a s t  f a v o r a b l e  would i n c l u d e  r a v  

m a t e r i a l s  t h a t  are v e r y  d i f f i c u l t  t o  l o c a t e ,  c o l l e c t ,  s e p a r a t e  and p r o c e s s  spe-  

c i f i c  samples  t o  o b t a i n  t h e  raw m a t e r i a l s  n e c e s s a r y  f o r  t h e  p r o p e l l a n t  produc- 

t i o n  p r o c e s s .  An example of t h i s  i s  t h e  magnesium s i l i c a t e  used i n  t h e  

c a r b o t h e r m a l  p r o c e s s .  

P r o p e l l a n t  c a n d i d a t e s  were e v a l u a t e d  u s i n g  recommended p r o c e s s i n g  t ech -  

n i q u e s  based  on t h e  amount of r e g o l i t h  t o  be  m i n e d / c o l l e c t e d  and t h e  amount of 

p r e p r o c e s s i n g  r e q u i r e d  t o  o b t a i n  t h e  raw m a t e r i a l s  t o  produce a n  e q u i v a l e n t  

amount of p r o p e l l a n t .  S p e c i f i c  r ank ing  g u i d e l i n e s  

0 5 - Only Lunar r e g o l i t h  r e q u i r e d  a s  raw m a t e r i a l  w i t h o u t  pre-  

f e r e n c e  t o  r e g o l i t h l l u n a r  rock  c h a r a c t e r i s t i c s ;  no pre-  

p r o c e s s i n g  

o 4 - Simple s e p a r a t i o n  of s m a l l  t o  moderate  amounts ( <  - 100 MT) of 

r e g o l i t h  

o 3 - Simple s e p a r a t i o n  of  l a r g e  amounts ( >  5000 MT) of r e g o l i t h  

0 2 - Complex s e p a r a t i o n  of  small t o  moderate  amounts of r e g o l i t h  

o 1 - Complex s e p a r a t i o n  of l a r g e  amounts ( >  5000 MT) of Lunar 

r e g o l i t h  



Simple separation is characterized as a one or two step of preprocessing 
(e.g. Ilmenite separation). Complex separation may be characterized by isola- 

tion of  a single metal silicate (e.g. A1203-Si02, MgO.Si02). The rankings of 

each propellant/process are given in the third row of Table 2-5. The Vapor Ion 

separation and Solar Wind Gas Extraction techniques ranked the highest. 

2.4.1.4 Resources to Supply Raw Materials 

The amount of  equipment and power/thermal requirements required to obtain 

the raw materials is another consideration f o r  Lunar-based propellant produc- 

tion. The equipment mass was estimated based on the amount of mare regolith 

which must be collected. The power/thermal requirement will be considered of 

lesser importance than the equipment mass. Specific evaluation guidelines are 

as follows: 

0 5 -  

0 4 -  

0 3 -  

0 2 -  

0 1 -  

Low equipment mass requirements ( <  5 MT), low power/thermaI 
requirements ( <  LOO MW-hrs) 

Low equipment mass ( <  5 MT) and moderate power/thermal needs 
( >  100 MW-hrs) 

Moderate equipment mass (10-20 MT), moderate power/thermal need 

(100-500 MW-hrs) 

Modest equipment mass (10 to 20 MT), high power/thermal needs 

( >  500 MW-hrs) 

High equipment mass ( >  20 MT) 

The evaluation of each propellant/process candidate is shown in the fourth row 
of  Table 2-5. The Vapor Ion separation process ranks highest because of the 

ability to process any type of soil constituent and thus requires the least mare 

regolith and little/no separation and preprocessing. 

2.4.2 Production and Processing 

The attractiveness of propellant candidates is heavily dependent on the 

cost of Lunar processing relative to delivery from Earth. The Lunar surface 

provides a good base of operation; however, one kg delivered to the Moon 

requires to 3.5 to 7 kg of mass from Earth depending on the propellant/trans- 

portation system and the processing techniques Earth orbit assuming the 

transportation cost. Thus, the production of  propellants must ultimately be 

self-sufficient on those resources that can be Lunar-derived. Some resources 

will be Lunar-derived such as chemical constituents of the soil, while other 
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r e s o u r c e s  must f i r s t  be  " implanted",  t h e s e  w i l l  be  c o n s i d e r e d  Lunar-der ived .  

power and manpower are  examples  of  t h e  l a t t e r .  The e v a l u a t i o n  c h a r a c t e r i s t i c s  

f o r  p r o p e l l a n t  p r o d u c t i o n  and p r o c e s s i n g  are l i s t e d  below. Each of  t h e  c r i t e r i a  

w i l l  have a r ank ing  from 1 t o  5 ,  one b e i n g  l e a s t  f a v o r a b l e .  The a s t e r i s k s  

d e n o t e  c r i t e r i a  used  f o r  p r e l i m i n a r y  s c r e e n i n g  of c a n d i d a t e  p r o p e l l a n t  pro- 

cesses.  

O p e r a t i o n a l  r e s o u r c e  r equ i r emen t s*  

I n i t i a l  s e t -up  r equ i r emen t s*  

Technology r i s k  

Exper i ence  w i t h  t e c h n i q u e  (or s imi l a r  t e c h n i q u e )  

P r o c e s s  au tomat ion  and c o n t r o l  

Output  q u a l i t y l p u r i t y  f o r  t y p i c a l  y i e l d s  

Value of b i - p r o d u c t s  

S a f e t y  

2.4.2.1 O p e r a t i o n a l  Resource  Requi rements  

The demand and consumption r a t e  of s u p p l i e s  i s  t h e  d r i v i n g  f a c t o r  of  any 

Lunar-based a c t i v i t y  and i s  a key d e t e r m i n a n t  i n  t h e  e f f i c i e n c y  of  t h e  produc-  

t i o n  t e c h n i q u e .  The o p e r a t i o n a l  r e s o u r c e s  c o n s i d e r e d  i n c l u d e  any consumable 

t h a t  must  be  p e r i o d i c a l l y  r e p l e n i s h e d .  These r e s o u r c e s  i n c l u d e  f l u i d s  and che- 

m i c a l  a d d i t i v e s ,  u t i l i t i e s  such  as power and the rma l  e n e r g y ,  equipment ,  f a c i l i -  

t i e s ,  t o o l s ,  s p a r e s  and manpower. D i r e c t  p r o c e s s i n g  r e q u i r e m e n t s  of  

f l u i d s l a d d i t i v e s ,  u t i l i t i e s ,  and equipment  were c o n s i d e r e d  t h e  most c r u c i a l  and 

were g i v e n  t h e  most emphas is .  E v a l u a t i o n s  of t h e s e  e l emen t s  on a p e r  mass pro- 

d u c t  a re  shown i n  T a b l e s  2-6a th rough  c .  

A key f a c t o r  and d e t e r m i n a t i o n  whether  a p r o c e s s  w i l l  even t h e o r e t i c a l l y  be 

economica l  on t h e  Moon i s  t h e  r a t i o  of consumables  r ep len i shmen t  t o  p r o d u c t  

y i e l d .  I f  t h i s  r a t i o  i s  g r e a t e r  t h a n  o n e ,  t h e  p r o c e s s  i s  n o t  a t  a l l  economica l  

as i t  would be e a s i e r  t o  s imply  d e l i v e r  t h e  p r o d u c t s  t o  t h e  Moon. I f  t h i s  r a t i o  

i s  l e s s  t h a n  one ,  u t i l i t y  and equipment  masses may be  s u f f i c i e n t l y  l a r g e  as t o  

make d e l i v e r y  of t h e  p r o d u c t s  cheape r .  For  t h e s e  c a s e s  t h e  break-even p o i n t  i s  

dependen t  on t h e  i n i t i a l  equipment  ( i n c l u d i n g  t h a t  f o r  power and p r o p e l l a n t )  and 

t h e  r e s u p p l y  r e q u i r e m e n t s ,  and w i l l  be  de t e rmined  by t h e  amount of p r o p e l l a n t  t o  

be p r o c e s s e d .  Such a c u r v e  i s  p r e s e n t e d  f o r  t h e  recommended p r o p e l l a n t  s ce -  

n a r i o s  i n  S e c t i o n  2.6. 
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The r a t i n g s  of p r o p e l l a n t s / p r o p e l l a n t  c a n d i d a t e s  under  t h i s  c r i t e r i a  a r e  

based on t h e  consumable and power l thermal  r a t i o s  p r e s e n t e d  i n  Tab les  2-6a and c .  

G u i d e l i n e s  f o r  t h e  r a t i n g s  a r e  as f o l l o w s :  

o 5 - l i t t l e  or no consumables 

o 4 - consumable t o  p roduc t  mass r a t i o  l e s s  t h a n  0 .3  

o 3 - consumable t o  p roduc t  mass r a t i o  0.3-0.6 

0 2 - consumable t o  p roduc t  mass r a t i o  0.6-1 

o 1 - consumable t o  t o t a l  p roduc t  mass r a t i o  g r e a t e r  t han  u n i t y  

H a l f  p o i n t s  were g i v e n  based  on t h e  power/ thermal  r equ i r emen t s .  

Tab le  2-7 shows t h e  r a t i n g s  f o r  o p e r a t i o n a l  r e s o u r c e  r equ i r emen t s  i n  t h e  

' f i r s t  row. Hydrogen Reduct ion  r a t e s  h igh  as on ly  5 %  of  a l l  hydrogen used can  

n o t  be r ec l a imed  through t h e  e l e c t r o l y s i s  and t h e  r e s i d u a l  Fe-Ti02 f i n e s .  Vapor 

I o n  s e p a r a t i o n  u s e s  no consumable e x c e p t  f o r  t h e  plasma working f l u i d  b u t  

r e q u i r e s  a s i g n i f i c a n t  power and t h u s ,  ra tes  a 4.5 as does  t h e  S o l a r  Wind Gas 

E x t r a c t i o n .  For  t h e  HF Leach p r o c e s s  t o  be  v a l u a b l e  a t  a l l  on t h e  Lunar SUK- 

f a c e ,  a t  l ea s t  A 1  and p o s s i b l y  Mg must be  p rocessed  t o  r e c o v e r  enough f l u o r i d e  

( f rom t h e  m e t a l l i c  f l u o r i d e s  A12F6 and MgFeFg). I f  t h e  f l u o r i d e s  are  no t  reco-  

v e r e d ,  a s i g n i f i c a n t  amount of HF consumable i s  r e q u i r e d  t o  make t h e  p r o c e s s  

v i a b l e .  The c a r b o c h l o r i n a t i o n  p r o c e s s ,  as p r e s e n t e d  h e r e ,  i s  n o t  a l o g i c a l  

s o l u t i o n  t o  p r o c e s s i n g  02  a n d l o r  A 1  because  t h e  consumable t o  p roduc t  r a t i o  i s  

g r e a t e r  t h a n  u n i t y .  

2.4.2.2 I n i t i a l  Set-Up Requirements  

The i n i t i a l  s e t -up  r equ i r emen t s  f o r  a p a r t i c u l a r  p r o p e l l a n t  p r o d u c t i o n  

t e c h n i q u e  i s  r e l a t e d  t o  t h e  equipment m a s s  and i n i t i a l  resources r e q u i r e d  t o  

start t h e  p r o c e s s i n g ;  however,  t h e  c o s t  of t h i s  "front-end" d e l i v e r v  may be  

amor t i zed  o v e r  many y e a r s .  The r a t i n g  of t h i s  s u b c r i t e r i o n  w i l l  be  de te rmined  

by t h e  equipment  mass, t h e  i n i t i a l  amount of  consumables ,  and t h e  power / thermal  

r e q u i r e m e n t s  as summarized i n  Tab le  2-6b. For  t h i s  e v a l u a t i o n ,  t h e  the rma l  

power was c o n s i d e r e d  s u p p l i e d  by e l e c t r i c a l  h e a t e r s  a t  75% e f f i c i e n c y .  T h i s  i s  

a c o n s e r v a t i v e  assumpt ion  as a s i g n i f i c a n t  amount of was te  h e a t  and s o l a r -  

g e n e r a t e d  h e a t  cou ld  be  provided .  The power sys t em masses were c a l c u l a t e d  based  

on fission n u c l e a r  power sys tem t echno logy  hav ing  an  o v e r a l l  s p e c i f i c  mass of 30 

W/kg was used .  R a d i a t o r  h e a t  r e j e c t i o n  i s  a l s o  r e q u i r e d  wi th  h e a t  r e j e c t i o n  

r equ i r emen t s  e q u a l  t o  pover  r equ i r emeq t s .  The s p e c i f i c  mass of t h e  thermal  
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r e j e c t i o n  sys t em was assumed a s  0.05 g/W. A 50% d u t y  c y c l e  was c o n s i d e r e d  f o r  

a l l  power / thermal  sys tem estimates.  The r a t i n g s  f o r  each  p r o p e l l a n t / p r o c e s s  i s  

g i v e n  i n  t h e  second l i n e  of  Table  2-7. 

2.4.2.3 Technology Risk 

U s e f u l  t e c h n o l o g i e s  may e i t h e r  be  e n a b l i n g  o r  enhancing .  P r o c e s s e s  wi th  

e n a b l i n g  t echno logy  needs  w i l l  r e q u i r e  e x t e n s i v e  development programs b e f o r e  

they  become a f e a s i b l e  o p t i o n  and t h u s  has  a s i g n i f i c a n t  technology r i s k  a s so -  

c i a t e d  d i t h  i t .  Enhancing t e c h n o l o g i e s  would c r e a t e  a measurable  d i f f e r e n c e  i n  

t h e  per formance  of  p r o c e s s e s  and t h e r e f o r e ,  have l e s s  technology r i s k  a s s o c i a t e d  

wi th  them. The p r o c e s s i n g  t e c h n o l o g i e s  a re  addres sed  i n  S e c t i o n  4.1. A p r o c e s s  

r a t i n g  of "1" h a s  many e n a b l i n g  technology development r e q u i r e m e n t s ;  a "3" h a s  

no e n a b l i n g  technology r equ i r emen t s  b u t  would r e q u i r e  e x t e n s i v e  development  of 

enhanc ing  t e c h n o l o g i e s  b e f o r e  i t  cou ld  become a r e a s o n a b l y - e f f i c i e n t  p r o c e s s ;  a 

"5" r e q u i r e s  no technology development  o r  t h e  technology development  would no t  

a p p r e c i a b l y  b e n e f i t  t h e  p r o c e s s  e f f i c i e n c y  o r  o t h e r  a t t r i b u t e s .  R a t i n g s  of  2 

and 4 were a l s o  be g i v e n  r e l a t i v e  t o  1 ,  3 ,  and 5 .  

\ 

T a b l e  2-7 shows t h e  r a t i n g s  f o r  t h i s  s u b c r i t e r i o n .  The Hydrogen Reduct ion  

P r o c e s s  h a s  been  demonst ra ted  on E a r t h .  Work t o  d a t e  shou ld  be  gea red  toward 

enhanc ing  t h e  hydrogen- i lmeni te  s o l i d / g a s  mixing and t h e  hydrogen gas  r e c o v e r y  

from t h e  Fe-Ti02 f i n e s .  

The Acid Leach p r o c e s s  i s  r a t e d  4.0 as i t  r e q u i r e s  no e n a b l i n g  t e c h n o l o g i e s  

and h a s  been shown t o  work w i t h  p l a t i n u m  e l e c t r o d e s ;  however,  new methods of 

r e c o v e r i n g  t h e  HF need t o  be  exp lo red .  

Carbochermal  and S o l a r  Wind Gas E x t r a c t i o n  and I l m e n i t e  E l e c t r o l v s i s  are 

rated 3.0. The ca rbo the rma l  p r o c e s s  i s  f a i r l y  w e l l  deve loped  f o r  E a r t h  b u t  

r e q u i r e s  some technology development  t o  expand i t s  application t o  m u l t i - s p e c i e s  

r e g o l i t h  and t o  r e c l a i m  t h e  CH4 consumable.  The S o l a r  Wind Gas E x t r a c t i o n  pro- 

C ~ S S ,  wh i l e  e f a i r l y  new development  a p p e a r s  t o  have no e n a b l i n g  t e c h n o l o g i e s  

and t h u s  r e l a t i v e l y  low t echno logy  r i s k .  Hydrogen e x t r a c t i o n  may be v e r y  s i m i -  

l a r  t o  che H r ecove ry  from Fe-Ti02 f i n e s  i n  Hydrogen Reduct ion .  The major  

t echno logy  d r i v e r  i n  t h e  I l m e n i t e  E l e c t r o l y s i s  P rocess  i s  r educ ing  t h e  degrada-  

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

m a t e r i a l .  

The Vapor I o n  S e p a r a t i o n  and C a r b o c h l o r i n a t i o n  p r o c e s s e s  a r e  r a t e d  1 .O 

Decause t h e y  show h i g h  r i s k .  The Vapor Ion  S e p a r a t i o n  p r o c e s s  i s  s t i l l  i n  t h e  



t h e o r e t i c a l  s t a g e .  The c a r b o c h l o r i n a t i o n  process  r e q u i r e s  s u b s t a n t i a l  develop- 

ment i n  r e c y c l i n g  the consumable carbon and c h l o r i n e  before  i t  i s  f e a s i b l e  f o r  

Lunar base a p p l i c a t i o n s .  

2.4.2.4 Process  Experience 

Th i s  c r i t e r i o n  w i l l  t ake  i n t o  account t he  a p p l i c a b l e  experience with the 

processes  on E a r t h  or o t h e r  space - re l a t ed  r e sea rch  and development. Although 

a l l  a p p l i c a b l e  p rocesses  w i l l  be s u i t a b l y  demonstrated on Ea r th  b e f o r e  use on 

the Moon, cons ide rab le  expense and development r i s k  may be saved i f  t h e r e  e x i s t s  

p r i o r  expe r i ence .  A r a t i n g  of "5" has  been given t o  those p rocesses  t h a t  a r e  

c u r r e n t l y  be ing  used f o r  commercial product ion on Earth;  a "3" r e p r e s e n t s  

experience i n  a l a b o r a t o r y  or small-scale  product ion environment; a "1" r e p r t -  

s e n t s  no experience.  Rat ings a r e  shown i n  Table 2-7. 

The Acid Leach p rocesses  a r e  used i n  aluminum and magnesium r e f i n i n g  and  

have evolved over many y e a r s  of commercial o p e r a t i o n  and thus ranks 5.0. The 

c a r b o c h l o r i n a t i o n  process  has  been used i n  s p e c i a l  Earth-based p rocess ing  a p p l i -  

c a t i o n s ;  but requires  mo?e research befo re  e x t r a t e r r e s t r i a l  a p p l i c a t i o n  i s  made 

f e a s i b l e .  The carbothermal p rocess  has  been demonstrated i n  the l a b o r a t o r y  f o r  

p rocess ing  of magnesium s i l i c a t e .  T h i s  p rocess '  a b i l i t y  t o  p rocess  o t h e r  metal  

s i l i c a t e s  has  not  been demonstrated i n  the  l a b  and should be examined f u r t h e r  t o  

determine i t s  p o t e n t i a l  for Lunar base a p p l i c a t i o n .  

The Hydrogen Reduction and I lmen i t e  E l e c t r o l y s i s  have not been s p e c i f i c a l l y  

used for commercial a p p l i c a t i o n  on E a r t h ,  b u t  a r e  i n  t e s t  s t a g e s  with small 

s c a l e  p l a n t s  demonstrated.  No experience e x i s t s  with the  S o l a r  Wind Gas 

E x t r a c t i o n  as a system. However, experience with the components ( i n c l u d i n g  

s o l i d / g a s  mixing, e l e c t r o l y s i s ,  s o l i d / g a s  s e p a r a t i o n )  does e x i s t  and i s  r a t e d  

2.0. No experience t o  d a t e  e x i s t s  with Vapor Ion Sepa ra t ion  al though plasma 

r epa rac ion  and plasma processing i s  becoming a growing r e sea rch  a r e a .  

2.4.2.5 Process  Automation and Control  

The degree t o  which a process  can be automated and c o n t r o l l e d  w i l l  be an 

important f a c t o r  i n  t h e  se l f - sus t enance  c a p a b i l i t y  of  any p r o p e l l a n t  product ion 

system e s t a b l i s h e d  on the  Lunar s u r f a c e .  The l e v e l  of automation i s  l a r g e l y  

dependent on the complexity of the p rocess ,  b u t  a l s o  on the t o l e r a n c e  of the 

process  t o  environmental  changes (e .g .  temperature)  and the s t a b i l i t v  of the 

p rocess .  This  c r i t e r i a  i s  o b j e c t i v e l y  determined based on the subsystem and 
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component functions of the particular processes. A rating of "5" represents a 

continuous process that is stable, highly reliable tolerant of a varying 

environment, and relatively easy to automate; a ranking of "3" designates a 

system that would be potentially difficult to automate, hard to control because 

of high complexity or high tolerance levels, and would most probably experience 

a great deal of down-time; a "1" represents a process nearly impossible to 

control and/or automate. 

The ratings for the subcriterion are also given in Table 2-7 .  No process 

was considered impossible to automate. The Hydrogen Reduction, Ilmenite 

Electrolysis, and Solar Wind Gas Extraction processes are relatively simple 

processes with few interactive components and subprocesses and are rated a 5.0. 

Maintaining temperature and pressure are the main consideration in addition to 

voltage for the Ilmenite Electrolysis. The Vapor Ion Separator process is a 

relatively confined process having few interacting components. However, 

plasma/vapor maintenance as well as plasma injection can be difficult to control 

and, in fact, must be automated to sustain plasma tolerances. Thus, Vapor Ion 

Separation is rated a 4.0.  

The Acid Leach, Carbothermal, and Carbochlorination processes are rated 3.0 
because of the many subprocessing branches and extensive recycling requirements 

to sustain processing over a long period of time. 

2.4 .2 .6  Output QualityIPurity 

The quality and purity of the product is important in the determination of 

additional requirements for product refinement or whether additional factors 

such as accommodation of impurity in the propulsion system shou1.d be considered. 
Factors influenced by an impure output may be reduced efficiency, reliability, 

maintainability, and life of the associated propulsion system. A rating of "5" 
means that the output is near 100% pure; a "4" means that impurities may be 

measurable, but not detrimental, a "3" represents output purities with potential 

harmful effects, a "2" means that harmful impurities exist, but can be filtered 

out with additional systems; a "1" means that degradant impurities will exist 

and are nearly impossible to avoid. 

Table 2-7 provides a summary of the ratings for this subcriterion. 

Producing oxygen from water electrolysis is considered to yield very pure oxy- 

gen. Hydrogen Reduction is rated 5.0. Acid Leach and Carbothermal process also 
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produces oxygen 

other products 

Electrolysis is 

from water electrolysis, but have potential for impurity in the 

(aluminum and silane) and are thus rated 4 . 0 .  Ilmenite 

also rated 4.0 because the oxygen is bubbled from the molten 1 
ilmenite and the impurities could arise from other gases trapped in the ilmenite 

matrix. Vapor Ion Separation and Solar Wind Gas Extraction may have impurities 

due to the lack of accuracy in ion and gaseous separation and are rated 3.0. 

Carbochlorination is also rated a 3 . 0  because of the aluminum separation from 

the chlorine. 

2.4 .2 .7  Value of Bi-Products 
A l l  processes have some type of bi-product and some processes may accom- 

modate more than one product through a specific process branch. We call this 

synergistic processing. A discussion of synergistic processing follows in 

Section 2.5. Potentially useful Lunar base materials were listed in Table 2-2. 

A ranking of "5" means that bi-products will be adequately available for a 

designated use; a "4" means that many generally useful bi-products exist; a "3" 

represents bi-products that are not extremely useful o r  are available in 

moderate quantities only; a "2" designates bi-products that are difficult to use 
without a great deal of additional processing; and a "1" means that no or un- 

useable bi-products are available. 

The Vapor Ion Separation is by far the most synergistic process considered. 

Theoretically, any type of Lunar regolith can be crushed and vaporized f o r  ele- 

mental separation of its constituents. Many useful materials could be for- 

mulated for use in the Lunar base scenario. 

Acid Leach and Carbochlorination are rated 4.0 because thev accommodate 

multiple process branches that yield various metals/gases such as aluminum, 

magnesium, silicon and oxygen. The carbothermal process has produced magnesium, 

silicon and oxygen in the laboratory. If processing of additional metal silica- 

tes is found possible, this process scenario can potentially yield aluminum, 

magnesium, iron, calcium, silicon and oxygen. Ilmenite Electrolysis yields a 

bi-product of molten Fe-Ti02/FeO.Ti02 which may be formed for various applica- 

tions and is also rated 4.0 .  

Solar Wind Gas Extraction, rated 3.0, will yield volatile gases such as 

hydrogen, oxygen helium, neon, argon, and possibly water vapor which may be used 

as working fluids, as input t o  life support, or as input to various processing 
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o r  s c i e n t i f i c  a p p l i c a t i o n s .  However, t h e  amount of t h e s e  v o l a t i l e s  i s  ex t r eme ly  

l i m i t e d .  

The Hydrogen Reduc t ion  p r o c e s s ,  r a t e d  2 .0 ,  y i e l d s  powdered Fe.Ti02 which 

would r e q u i r e  e x t e n s i v e  p r o c e s s i n g  t o  be u s e f u l .  

2.4.2.8 S a f e t y  

The s a f e t y  c r i t e r i o n  i s  a measure of p o t e n t i a l  hazard  t o  man and t h e  Lunar 

base  sys tems d u r i n g  t h e  p r o c e s s i n g  phase .  These h a z a r d s  i n c l u d e  e x p l o s i o n s ,  

d e g r a d a t i o n  of equipment  o p e r a t i o n ,  r i s k  of  c o n t a m i n a t i o n ,  and r i s k  of l i f e .  

More p o t e n t i a l  of haza rd  w i l l  induce  burdens  on sys tem d e s i g n  s a f e t y  f a c t o r s ,  

o p e r a t i o n a l  c o n s t r a i n t s  and reduce  t h e  r e l a t i v e  i n t e g r a t i o n  p o t e n t i a l  of t h e  

p r o c e s s  t o  t h e  Lunar b a s e  i n f r a s t r u c t u r e .  A r a t i n g  of "5" i s  g iven  f o r  pro- 

c e s s e s  w i t h  few s a f e t y  c o n c e r n s ;  a "3" means moderate  h a z a r d s  e x i s t ,  b u t  can  b e  

m i t i g a t e d ;  a "1" means t h a t  a p r o c e s s  i s  b e l i e v e d  t o  be  a h a z a r d ,  i s  ex t r eme lv  

dangerous  and may n o t  be m i t i g a t e d  w i t h o u t  v e r y  c o s t l y  measures .  

I l m e n i t e  E l e c t r o l y s i s  i s  c o n s i d e r e d  a 5.0 w i t h  r ega rd  . to s a f e t y  because  

p r o c e s s  r a t e s  are f a i r l y  s low and t h e  mel t - through haza rd  i s  n o t  cons ide red  a 

s i g n i f i c a n t  o r  l i k e l y  e v e n t .  Hydrogen Reduct ion  i s  f a i r l y  s a f e ,  and was r a t e d  

4.0. The p o t e n t i a l  f o r  gaseous  e x p l o s i o n s  e x i s t s  f o r  t h e  Vapor Ion  S e p a r a t i o n ,  

S o l a r  Wind Gas E x t r a c t i o n  and Carbothermal  p r o c e s s e s .  Acid Leach and 

C a r b o c h l o r i n a t i o n  a re  r a t e d  3 . 0  because  of t h e  c a u s t i c  m a t e r i a l s  and e x p l o s i v e  

g a s e s  p r e s e n t  i n  t h e  sys tems.  

2.4.3 S t o r a g e  and Bandl ing  

P r o p e l l a n t  c a n d i d a t e s  e x h i b i t i n g  e a s e  of  s t o r a g e  and h a n d l i n g  w i l l  s i m p l i f y  

equipment and f a c i l i t y  needs  f o r  b o t h  t h e  p r o p e l l a n t  depo t  and t h e  t r a n s p o r -  

t a t i o n  tankage .  O p e r a t i o n a l l y ,  however,  a Lunar o r  space  s t o r a b l e  p r o p e l l a n t  

may n o t  p r e s e n t  t h e  s a f e s t  p r o p e l l a n t s  t o  hand le .  Of c o u r s e ,  t echnology p l a y s  a 

v e r y  i m p o r t a n t  r o l e  i n  t h e  long-term s t o r a g e  c a p a b i l i t y  and t h e  r e s o u r c e s  

r e q u i r e d  t o  s t o r e .  To a d d r e s s  t h e s e  c h a r a c t e r i s t i c s ,  we have used  t h r e e  major 

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

c a n d i d a t e s  : 

o Complexity and r equ i r emen t s  of con ta inmen t  

o Long-term s t o r a g e  c a p a b i l i t y  

o S a f e t y .  



Tab le  2-8 summarizes t h e  r a t i n g  among t h e s e  s u b c r i t e r i a .  Much of  t h e  e v a l u a t i o n  

i s  p r o p e l l a n t  dependent  r a t h e r  t h a n  p r o c e s s  dependent .  

2.4.3.1 
The complex i ty  and s i z e  of  t h e  s t o r a g e  v e s s e l  depends p r i m a r i l y  on t h e  tem- 

p e r a t u r e  and p r e s s u r e  a t  which t h e  p r o p e l l a n t  must b e  s t o r e d .  Cryogenic  t anks  

a r e  much more complex t h a n  s t o r a b l e s ;  s o l i d s  a r e  e a s i e r  t o  s t o r e  t h a n  s t o r a b l e s .  

Belod,  ge r ank  t h e  r e l a t i v e  d i f f i c u l t y  of s t o r a g e  and t h e  amount of equipment 

and f a c i l i t i e s  r e q u i r e d  t o  s t o r e  and subsequen t ly  a c q u i r e  from s t o r a g e  a s p e c i -  

f i c  p r o p e l l a n t .  G u i d e l i n e s  for t h i s  e v a l u a t i o n  a r e  a s  f o l l o w s :  

Complexi ty  and Requirements  of Containment  

o 5 - Simple s t o c k  p i l i n g  as a b u l k  material i n  l a r g e  s t o r a g e  c o n t a i n e r s  

o 4 - Lunar s u r f a c e - s t o r a b l e  or s p a c e - s t o r a b l e  i n  sample c o n t a i n e r s  

o 3 - S t o r a g e  r e q u i r e s  modest env i ronmen ta l  c o n t r o l  of  t h e  s t o r a g e  

c o n t a i n e r  

o 2 - S i g n i f i c a n t  env i ronmen ta l  c o n t r o l  and s u p p o r t  r e q u i r e d  t o  store 

( e .g . c ryogens  1 
0 1 - Extremely  compl i ca t ed  s t o r a g e  t e c h n i q u e s  r e q u i r e d .  

The r a t i n g s  p r e s e n t e d  i n  Tab le  2-8 are r e l a t i v e l y  s t r a i g h t f o r w a r d  f o r  i n d i v i d u a l  

p r o p e l l a n t s .  The v a r i a n c e  i n  r a t i n g s  i s  due  t o  t h e  process-end t empera tu re  

which may r e q u i r e  a d d i t i o n a l  c o o l i n g .  

2.4.3.2 Long-Term S t o r a g e  C a p a b i l i t y  

The l i f e t i m e  o f  a p r o p e l l a n t  i n  i t s  s t o r a g e  c o n t a i n e r  i s  dependent  on t h e  

t echno logy  used  t o  s t o r e  i t .  A r ank ing  of "5" r e p r e s e n t s  no l e a k a g e / b o i l o f f ;  a 

"3" d e p i c t s  some b o i l o f f ,  b u t  no s h o r t e n i n g  of  s t o r a g e  time below 1 y e a r ;  a " 1 "  

r e p r e s e n t s  s i g n i f i c a n t  b o i l o f f .  

S i l a n e  was r a t e d  a s t a b l e ,  s t o r a b l e  p r o p e l l a n t ,  Aluminum and magnesium may 

be s c o r e d  as powders w i t h  low-humidity v e s s e l s  ( e a s y  on t h e  Moon) and t h u s  r a t e d  

a 5.0.  Cryogen ics  (He, H2, 02) were r a t e d  t h e  wors t  a t  3.0 because  of  b o i l o f f  

c o n s i d e r a t i o n s .  However, t e c h n o l o g i e s  such  as magnet ic  r e l i q u e f a c t i o n  c a n  e l i -  

mina te  b o i l o f f  by r e c i r c u l a t i n g  and r e c o o l i n g  ven ted  g a s e s .  

2.4.3.3 S a f e t y  

The s a f e t y  c r i t e r i o n  i s  a measure of  p o t e n t i a l  haza rd  t o  man and t h e  Lunar 

base  sys t ems  due t o  s t o r a g e  and h a n d l i n g  of t h e  p r o p e l l a n t  c a n d i d a t e .  These 

h a z a r d s  i n c l u d e  e x p l o s i o n s ,  d e g r a d a t i o n  of equipment  o p e r a t i o n ,  r i s k  of con- 
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t a m i n a t i o n ,  and r i s k  of l i f e .  S i g n i f i c a n t  h a z a r d s  w i l l  induce  burdens  on sys tem 

d e s i g n  s a f e t y  f a c t o r s ,  o p e r a t i o n a l  c o n s t r a i n t s  and r educe  t h e  r e l a t i v e  i n t e g r a -  

t i o n  p o t e n t i a l  o f  t h e  Lunar b a s e  sys tems and t h e  manned environment .  A r a n k i n g  

of  "5" means a minimum haza rd  p r e s e n t ;  a "3" means moderate  h a z a r d ,  b u t  c a n  be  

m i t i g a t e d ;  a "1" means t h a t  p r o p e l l a n t  s t o r a g e  i s  ex t r eme ly  haza rdous  and may 

n o t  be m i t i g a t e d  w i t h o u t  v e r y  c o s t l y  measures .  

Aluminum and magnesium were r a t e d  5.0 because  they  pose l i t t l e  o r  no haza rd  

when handled  or s t o r e d  i n  oxygen-free envi ronment .  S i l a n e  , oxygen and he l ium 

were c o n s i d e r e d  s l i g h t l y  haza rdous  and r a t e d  4.0. Hydrogen was c o n s i d e r e d  t h e  

most haza rdous  and r a t e d  a 3.0. 

2.4.4 P r o p e l l a n t  Use and Performance 

The a c t u a l  u se  and per formance  of t h e  p r o p e l l a n t  i n  t h e  space  t r a n s p o r -  

t a t i o n  o p e r a t i o n a l  s c e n a r i o  i s  a key c r i t e r i o n .  Much of t h i s  depends on t h e  

p r o p u l s i o n  sys t em used  for t h e  p r o p e l l a n t ;  however,  a t h e o r e t i c a l  maximum has 

been c a l c u l a t e d  for t h e  p r o p e l l a n t  c a n d i d a t e s  and w i l l  b e  used t o  r ank  them (see 

P r o p e l l a n t  Manual).  A l so  a n  impor t an t  c r i t e r i o n  f o r  a Lunar-based p r o p e l l a n t  

sys tem i s  t h e  m i x t u r e  r a t i o  ( o x i d i z e r  t o  f u e l  r a t i o ) .  Also, t h e  e x h a u s t  t o x i -  

c i t y  and h a z a r d ,  e a s e  of l o a d i n g  and c o n t r o l l i n g  t h e  p r o p e l l a n t  w i t h i n  t h e  pro- 

p u l s i o n  sys t em,  and any o p e r a t i o n a l  c o n s t r a i n t s  t h a t  may be  imposed by t h e  u s e  

o r  a p a r t i c u l a r  p r o p e l l a n t  c a n d i d a t e  were e v a l u a t e d .  These e v a l u a t i o n s  a r e  

r e l a t i v e  t o  t h e  p r o p u l s i o n  sys t em recommended €or t h e  a p p r o p r i a t e  p r o p e l l a n t .  

The l i s t  of c r i t e r i a  i n c l u d e s  I s p  e x h a u s t  haza rd  t o x i c i t y ,  and ease of c o n t r o l .  

2.4.4.1 S p e c i f i c  Impulse  

The measure of t h e  per formance  p o t e n t i a l  of a p r o p e l l a n t  may b e  g i v e n  by 

she s p e c i f i c  impulse  ( I s p ) .  The I s p  i s  a measure of t h e  r e l a t i v e  quan t i - ty  of  

t h e  t o t a l  p r o p e l l a n t  t h a t  w i l l  be  needed t o  pe r fo rm € o r  a g i v e n  m i s s i o n .  Fo r  

chemica l  sys t ems ,  t h e  g u i d e l i n e  f o r  rank  are as follows: 

o 5 - over  500 sec 

o 4 - 450 - 490 sec 

o 3 - 300 - 450 sec 

o 2 - 150 - 300 sec 

o 1 - l e s s  t h a n  150 s e c .  

These r a t i n g s ,  which a r e  ex t r eme ly  p rope l l an t -dependen t  a 

dependen t ,  are shown i n  Tab le  2-9. 
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Oxygen and hydrogen sys t ems  were r a t e d  4 . 0  because  of  r e l a t i v e l y  h igh  

I s p .  S i l a n e  was r a t e d  3 .0  because  of i t s  360 second I s p .  Aluminum was r a t e d  

3 . 0  a s  i t  c o u l d  p r o v i d e  f a i r l y  h i g h  I s p  when mixed wi th  hydrogen (400 s e c ) .  

Magnesium r a t e d  lower t h a n  aluminum because  of reduced I s p .  For  i n f o r m a t i o n  

pu rposes ,  he l ium was r a t e d  a 5.0 because  of t h e  ex t r eme ly  h i g h  I s p  ( l o 6 ) .  

2.4.4.2 Exhaus t  Hazards  

The danger  t o  crew and Lunar f a c i l i t i e s  i s  of pr imary  impor t ance .  The 

haza rd  of t h e  e x h a u s t  g a s e s  from t h e  p r o p u l s i o n  sys tems i s  a n  impor t an t  con- 

s i d e  ra t ion .  Plume impingement,  p a r t i c u l a t e  d e b r i s ,  r e g o l i t h  d i s t u r b a n c e ,  

e x h a u s t  e f f e c t s ,  and g e n e r a l  env i ronmen ta l  impact  a r e  conce rns  which were eva- 

l u a t e d  under  t h i s  c r i t e r i o n .  A r ank ing  of "5" r e p r e s e n t s  low r i s k  e x h a u s t  pro- 

d u c t s  such  as w a t e r  from t h e  H/O system; a "3" des igna te . s  o n l y  a s l i g h t  haza rd  

wi th  e f f l u e n t s  of  low t o x i c i t y  o r  r e a c t i v i t y ;  a "1" r e p r e s e n t s  e x h a u s t  p r o d u c t s  

t h a t  a re  n o t  n e c e s s a r i l y  d e s i r a b l e  t o  t h e  Lunar s u r f a c e  base  envi ronment .  Use 

or f l u o r i n e  as t h e  o x i d i z e r  would b e  a n  example of a "1". 

Hydrogen and oxygen rated 5. S i l a n e ,  Aluminum and magnesium r a t e d  4 

because  of t h e  e x h a u s t  p a r t i c u l a t e s .  

2.4.4.3 Ease of Control 
The c h a r a c t e r i s t i c  of a p r o p e l l a n t  t o  b e  c i r c u l a t e d  i n  a p r o p u l s i o n  d e v i c e  

ras e v a l u a t e d  h e r e .  I f  a p r o p e l l a n t  c a n  b e  c o n t r o l l e d  e a s i l y  d u r i n g  t h e  opera-  

t i o n  of a p r o p u l s i o n  sys tem,  a r a n k i n g  of f i v e  has  been g i v e n ;  p r o p e l l a n t s  t h a t  

r e q u i r e  e x t e n s i v e  component hardware t o  c o n t r o l  t h e i r  combust ion r ank  a "3"; 

p r o p e l l a n t s  t h a t  are n e a r l y  i m p o s s i b l e  t o  c o n t r o l  rank  a "1". Hydrogen and oxy- 

gen r a t e d  5 as t h e i r  c o n t r o l  i s  s t a t e - o f - t h e - a r t .  S i l a n e  ranked 4 because  of 

p o s s i b l e  problems of pumping ( r e s i d u a l  s i l i c o n  sed imen t )  t h e  s i l i con -hydrogen  

mix. Likewise  because  of t r i p r o p e l l a n t  i n j e c t i o n  o r  pumping of a h y b r i d  s l u r r y ,  

aluminum and magnesium r a t e d  a 3.0. 

2.4.5 System-Level C h a r a c t e r i s t i c s  

Some p r o p e l l a n t s  may appea r  more s y n e r g i s t i c ,  and r e q u i r e  l e s s  development  

risk. These a r e  t h e  major  c r i t e r i a  used  t o  e v a l u a t e  t h e  o v e r a l l  b e n e f i t s  of a 

p a r t i c u l a r  p r o p e l l a n t .  

2.4.5.1 I n t e g r a t i o n  t o  Lunar  S u r f a c e  Base 

A p r o p e l l a n t  o r  by p roduc t  may f u n c t i o n  i n  many ways w i t h i n  t h e  LSB sce- 

n a r i o .  These p r o p e l l a n t s  w i l l  r ank  h i g h  "5". P o t e n t i a l  secondary  u s e  i n c l u d e :  
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power, p r o d u c t i o n ,  s t o r a g e ,  and s u p p o r t  of LSB a n d / o r  o r b i t i n g  f a c i l i t i e s .  

P r o p e l l a n t s  t h a t  have p o t e n t i a l  a p p l i c a t i o n  i n  m u l t i p l e  sys t ems ,  o r  t h a t  have 

o n l y  marg ina l  v a l u e  i n  t h e i r  secondary  a p p l i c a t i o n  are r a t e d  " 3 " .  Those pro- 

p e l l a n t s  w i t h o u t  p o t e n t i a l  a p p l i c a t i o n  w i t h i n  t h e  LSB i n f r a s t r u c t u r e  a r e  ranked 

"1". The r a t i n g s  are  shown i n  Table  2-10. 

The Vapor-Ion S e p a r a t i o n  t echn ique  was r a t e d  a 5 because  of i t s  p o t e n t i a l  

p e r c e n t a g e s  to  p r o c e s s i n g  of most e l e m e n t a l  c o n s t i t u e n t s  of  t h e  Lunar r e g o l i t h .  

Acid Leach and S o l a r  Wind E x t r a c t i o n  were r a t e d  4.0 because  of t h e  v a l u e  of 

t h e i r  s y n e r g i s t i c  p r o c e s s i n g ,  a c i d  l e a c h  producing  aluminum, magnesium and any 

o t h e r  metal from metal s i l i c a t e s ,  s o l a r  wind e x t r a c t i o n  producing  hydrogen ,  

he l ium,  c a r b o n ,  n i t r o g e n ,  a rgon  and neon. The Carbothermal  and Carboch lo r ina -  

t i o n  p r o c e s s e s  y e r e  r a t e d  3 because  of t h e i r  p o t e n t i a l  f o r  producing  aluminum i n  

a d d i t i o n  t o  oxygen. Magnesium i s  a l s o  produced ,  however t h e s e  p r o c e s s e s  are  

s e v e r e l y  l i m i t e d  i n  t h e i r  r ecove ry  of  consumables when a d d i t i o n a l  me ta l  s i l i c a -  

tes  are added.  I l m e n i t e  E l e c t r o l y s i s  and Hydrogen Reduct ion  were b o t h  r a t e d  low 

because  of t h e i r  l a c k  of  s y n e r g i s t i c  p o t e n t i a l .  I l m e n i t e  E l e c t r o l y s i s  r a t e d  

s l i g h t l y  above hydrogen r e d u c t i o n  because  of t h e  p o t e n t i a l  of u s i n g  t h e  l i q u i d  

i r o n  and t i t a n i u m  ox ide  byproduc t s .  

2 . 4 . 5 . 2  Technology Risk 

Major t echno logy  r i s k s  e x i s t  i n  a c q u i s i t i o n  of r e s o u r c e s ,  p r o c e s s i n g  of  

p r o p e l l a n t s ,  s t o r a g e  and h a n d l i n g ,  and t h e  u s e  of t h e  p r o p e l l a n t .  I n  a d d i t i o n ,  

t e c h n o l o g i e s  t h a t  a r e  e n a b l i n g  c a r r y  a much g r e a t e r  r i s k  t h a n  t h o s e  t h a t  are  

enhancing .  Requirements  f o r  deve lop ing  e n a b l i n g  technology i n  t h e  f o u r  cate- 

g o r i e s  l i s t e d  above w i l l  r e q u i r e  e x t e n s i v e  r e s e a r c h  subtended  by h i g h  r i s k s .  

These p r o p e l l a n t s  rank  "1". Those p r o p e l l a n t s  t h a t  have many t echno logy  

r e q u i r e m e n t s  b u t  t h e  t e c h n o l o g i e s  are  enhancing  r a t h e r  t h a n  e n a b l i n g  rank "2". 

P r o p e l l a n t s  w i t h  modest technology r equ i r emen t s  ( e n a b l i n g  and enhancing)  are  

ranked "3" . P r o p e l l a n t s  w i t h  o n l y  enhancing  technology development  r equ i r emen t s  

r ank  "4" w h i l e  t h o s e  wi th  minimal t echno logy  development r equ i r emen t s  rank  " 5 " .  

The r a t i n g s  a r e  shown i n  Tab le  2-10. 

Tab le  2-11 shows t h e  o v e r a l l  r ank ing  of p r o p e l l a n t / p r o c e s s i n g  c a n d i d a t e s  

on t h e s e  major  c r i t e r i a .  Each of t h e s e  w i l l  be  d e s c r i b e d  i n  t h e  fo l lowing  sec-  

t i o n s ,  i n c l u d i n g  e v a l u a t i o n s  of each  propel lan t !process ing  t e c h n i q u e s  by s u b c r i -  

t e r i a .  Hydrogen r e d u c t i o n  i s  r a t e d  a 5 because  i t  has  been exper imented  and 

demons t r a t ed  i n  t h e  contex t  of a Lunar p r o c e s s i n g  t echn ique .  Acid Leach,  
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Carbothermal ,  and C a r b o c h l o r i n a t i o n  t e c h n i q u e s  are r a t e d  4 a s  t h e  t echno logy  f o r  

E a r t h  base  r e q u i r e m e n t s  i s  s t a t e - o f - t h e - a r t ;  however , t h e  Lunar based  a p p l i c a -  

t i o n s  have n o t  been  i n v e s t i g a t e d .  I l m e n i t e  E l e c t r o l y s i s  i s  r a t e d  a 3 and i t  i s  

n o t  r e a d i l y  used  i n  t h e  commercial  s e c t o r  b u t  h a s  been p r e l i m i n a r i l y  t e s t e d  on a 

v e r y  small j c a l e .  Vapor Ion  S e p a r a t i o n  and S o l a r  Wind Gas E x t r a c t i o n  r a t e  a 2. 

The sys t em components and subsys tems have been  demonst ra ted  and t e s t e d ,  however 

t h e  t e c h n o l o g l e s  have n o t  been addres sed  a t  a sys tems Level f o r  Lunar b a s e  

a p p l i c a t i o n s .  

2.5 Potential  f o r  S y n e r g i s t i c  P r o c e s s i n g  

A s y n e r g i s t i c  approach  t o  a n a l y z i n g  p r o p e l l a n t  p r o c e s s i n g  schemes would 

i n v o l v e  p roduc ing  a broad  r ange  of p r o d u c t s  u s i n g  minimal amounts of r e s o u r c e s  

needed 'from E a r t h .  The f i r s t  s t e p  would i n v o l v e  d e f i n i n g  t h e  needs  of a Lunar  

base  and a s s i g n i n g  a d e g r e e  of impor tance  t o  each  p o t e n t i a l  Lunar r e s o u r c e  

( a p p l i c a t i o n s  of p o t e n t i a l  Lunar r e s o u r c e s  are  shown i n  Tab le  2-2 of S e c t i o n  

2 .1) .  I n  t h e  i n f a n t  s t a g e  of t h e  Lunar b a s e ,  p r o p e l l a n t s  w i l l  have t h e  g r e a t e s t  

impor tance .  If p r o p e l l a n t s  were needed o n l y  €or t r a n s p o r t a t i o n  t o  t h e  Moon, 

a d d i t i o n a l  equipment needed t o  support  t h e  Lunar b a s e  may be brought  up as 

payload .  T h i s  would reduce  t h e  t ime needed f o r  Lunar b a s e  development .  The 

i n i t i a l  mater ia l  p r o c e s s i n g  scheme may o n l y  have t o  a d d r e s s  t h e  need f o r  

e x t r a c t i n g  p r o p e l l a n t  r e s o u r c e s ,  b u t  must b e  a d a p t a b l e  t o  meet f u t u r e  needs  of a 

Lunar b a s e  s c e n a r i o .  

The p o t e n t i a l  f o r  s y n e r g i s t i c  p r o c e s s i n g  of each  p r o p e l l a n t  p r o c e s s i n g  

scheme vas de te rmined  u s i n g  t h r e e  c r i t e r i a :  

I. The number of p o t e n t i a l  Lunar r e s o u r c e s  t h a t  may be  e x t r a c t e d ,  

2. The v a l u e  of  each  o b t a i n a b l e  p o t e n t i a l  Lunar r e s o u r c e ,  and 

3 .  The a d d i t i o n a l  r e s o u r c e ,  equipment  and ene rgy  r equ i r emen t s  

needed t o  o b t a i n  a d d i t i o n a l  Lunar r e s o u r c e s .  

Hydrogen r e d u c t i o n  of i l m e n i t e  and magma e l e c t r o l y s i s  ranked lowes t  i n  

p o t e n t i a l  f o r  s y n e r g i s t i c  p r o c e s s i n g .  Both of  t h e s e  p r o c e s s  schemes r e q u i r e  

b e n e f i c i a t i o n  of t h e  mare r e g o l i t h  t o  o b t a i n  i l m e n i t e ,  FeO.Ti02. I l m e n i t e  con- 

t a i n s  o n l y  t h r e e  p o t e n t i a l  Lunar r e s o u r c e s :  i r o n ,  t i t a n i u m  and oxygen. Due t o  

t h e  d i f f i c u l t y  i n  s e p a r a t i n g  t i t a n i u m  from i t s  ox ide ,  hydrogen r e d u c t i o n  and 

magma e l e c t r o l y s i s  a r e  l i m i t e d  t o  p r o d u c t i o n  of i r o n  and oxygen. The a v a i l a b i -  

l i t y  of oxygen u s i n g  e i t h e r  o f  t h e s e  p r o c e s s  schemes i s  l i m i t e d  t o  t h e  oxygen 
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from FeO o n l y .  C a p a b i l i t i e s  of  hydrogen r e d u c t i o n  a l l o w  f o r  p o t e n t i a l  e x t r a c -  

t i o n  of  a l l  oxygen from FeO b u t  a d d i t i o n a l  s e p a r a t i o n  hardware i s  r e q u i r e d  f o r  

e x t r a c t i o n  of  i r o n .  C a p a b i l i t i e s  of  magma e l e c t r o l y s i s  a l l o w  f o r  p o t e n t i a l  

e x t r a c t i o n  o f  o n l y  50% of  a l l  oxygen and i r o n  from FeO i n  i l m e n i t e .  

The Carbothermal  p r o c e s s  h a s  f a i r  s y n e r g i s t i c  p o t e n t i a l .  T e r r e s t r i a l  

a p p l i c a t i o n  of t h e  Carbothermal  p r o c e s s  has  s u c c e s s f u l l y  e x t r a c t e d  oxygen and 

s i l i c o n  from MgO.Si02 ( A e r o j e t ) .  With a d d i t i o n a l  hardware ,  MgO, produced d u r i n g  

t h e  methane r e d u c t i o n  s t e p ,  may be  p rocessed  t o  o b t a i n  a d d i t i o n a l  oxygen and 

magnesium. F u r t h e r  e x p e r i m e n t a t i o n  u s i n g  t h e  Carbo t he rma 1 p r  oc e s s w i  1 1 

demons t r a t e  t h e  p r o c e s s  p o t e n t i a l  t o  manufac ture  oxygen s i l i c o n  and v a r i o u s  

metals u s i n g  o t h e r  me ta l  s i l i c a t e s  from t h e  mare r e g o l i t h .  

C a r b o c h l o r i n a t i o n  and Acid Leach bo th  have good s y n e r g i s t i c  p o t e n t i a l .  The 

C a r b o c h l o r i n a t i o n  r e q u i r e s  b e n e f i c i a t i o n  of t h e  mare r e g o l i t h  t o  a n o r t h i t e ,  

CaO.Al203'2Si02. A l l  oxygen i n  a n o r t h i t e  can  be r ecove red .  C a r b o c h l o r i n a t i o n  

p r o c e s s  r equ i r emen t s  f o r  oxygen and aluminum a r e  on ly  s l i g h t l y  g r e a t e r  t h a n  

r equ i r emen t s  f o r  oxygen a l o n e .  No a d d i t i o n a l  mare o r  r e a c t a n t s  a r e  r e q u i r e d  t o  

e x t r a c t  aluminurn i n  a d d i t i o n  t o  oxygen and t h e  r e a c t a n t  r ecove ry  p o t e n t i a l  

i n c r e a s e s  by 50%. Thermal power r equ i r emen t s  i n c r e a s e  on ly  s l i g h t l y ,  b u t  

e l e c t r i c a l  r equ i r emen t s  a lmos t  doub le .  Cess t h a n  a 10% i n c r e a s e  i n  equipment  

weight  is r e q u i r e d  f o r  oxygen and aluminum produc t ion .  I n  a d d i t i o n  t o  oxygen 

and aluminum, t h e  C a r b o c h l o r i n a t i o n  p r o c e s s  h a s  p o t e n t i a l  t o  e x t r a c t  c a l c i u m  and 

s i l i c o n  from t h e  b e n e f i c i a t e d  Lunar mare r e g o l i t h .  

I n  t h e  Acid Leach p r o c e s s ,  a l l  oxygen i s  e x t r a c t e d  by e l e c t r o l y s i s  of  water  

produced i n  t h e  l e a c h  r e a c t i o n s .  I f  u n b e n e f i c i a t e d  mare r e g o l i t h  i s  l e a c h e d ,  

a l l  l e a c h  r e a c t i o n  p r o d u c t s  b e s i d e s  w a t e r  a re  ignored  and no a c i d  is r ecyc led ,  

p r o c e s s  r e q u i r e m e n t s  a r e  c o n s i d e r a b l y  l e s s  t h a n  f o r  t h e  c a r b o c h l o r i n a t i o n  pro-  

c e s s  scheme f o r  oxygen p r o d u c t i o n  o n l y .  For  aluminum and oxygen p r o d u c t i o n ,  

u s i n g  t h e  Acid Leach p r o c e s s ,  mare r e g o l i t h  i s  b e n e f i c i a t e d  t o  A1203*SiC)2 t o  

reduce  r e a c t a n t  consumption.  T h i s  c a u s e s  a n  i n c r e a s e  i n  t h e  mare r e g o l i t h  

requi rement  by more t h a n  a f a c t o r  of 3 ,  as w e l l  a s  l a r g e  i n c r e a s e s  i n  many o t h e r  

p r o c e s s  r equ i r emen t s .  The r e a c t a n t  r equ i r emen t  d o u b l e s ,  b u t  r e a c t a n t  r ecove ry  

p o t e n t i a l  i s  70%. Thermal pouer  r equ i r emen t s  i n c r e a s e  more than  4 t i m e s ,  and 

e l e c t r i c a l  power r equ i r emen t s  n e a r l y  t r i p l e .  A l a r g e  i n c r e a s e  i s  seen  by t h e  

hardware r equ i r emen t .  Equipment weight  i n c r e a s e s  by a f a c t o r  g r e a t e r  t h a n  4 .  

A n a l y s i s  of Acid Leach f o r  p r o d u c t i o n  of aluminum, oxygen and magnesium exernpli- 



f i e s  t h i s  p r o c e s s  schemes p o t e n t i a l  f o r  synerg ism.  Mare r e g o l i t h  and power 

r equ i r emen t s  b o t h  d r o p  when p r o c e s s i n g  A l ,  02 and Mg compared t o  j u s t  A 1  and 02. 

Although t h e  r e a c t a n t  r equ i r emen t  i n c r e a s e s ,  t h e  r e a c t a n t  recovery  p o t e n t i a l  

i n c r e a s e s .  The r i s e  i n  r e q u i r e d  hardware weight  i s  much smaller than  t h e  r i s e  

trom p r o d u c t i o n  of 02 o n l y  to  02 and A l .  These t r e n d s  s u g g e s t  t h a t  t h e  Acid 

Leach p r o c e s s  works most e f f i c i e n t l y  when used  t o  o b t a i n  s e v e r a l  p r o d u c t s .  I f  

u n b e n e f i c i a t e d  mare i s  p rocessed  u s i n g  t h e  Acid l e a c h  p r o c e s s ,  and a l l  add i -  

t i o n a l  p r o c e s s  r e q u i r e m e n t s  are  met ,  oxygen, aluminum, s i l i c o n ,  magnesium, i r o n ,  

ca l c ium and t i t a n i u m  may p o t e n t i a l l y  b e  produced.  

1 
I 
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The Vapor I o n  S e p a r a t i o n  p r o c e s s  h a s  t h e  g r e a t e s t  p o t e n t i a l  f o r  synerg ism.  

The proposed c o l l e c t i o n  methods f o r  t h i s  c o n c e p t u a l  p r o c e s s  c a n  be  f i n e  tuned  t o  

e x t r a c t  s p e c i f i c  e l emen t s  from t h e  vapor  s t r eam.  I t  i s  p o s s i b l e  t h a t  aluminum, 

i r o n ,  t i t a n i u m ,  magnesium and oxygen c a n  be  e x t r a c t e d  from u n b e n e f i c i a t e d  mare 

r e g o l i t h  i n  one automated p r o c e s s  s t e p .  T h i s  p r o c e s s  scheme r e q u i r e s  no reac-  

t a n t s  and minimal a d d i t i o n a l  hardware t o  o b t a i n  many u s e f u l  l u n a r  r e s o u r c e s .  

T h i s  p r o c e s s  l e v e l  of au tomat ion ,  l e v e l  of s e l f - s u f f i c i e n c y  and p o t e n t i a l  f o r  

syne rg i sm make i t  i d e a l  f o r  Lunar b a s e  a p p l i c a t i o n .  T h i s  p r o c e s s  i s  unproven i n  

t h e  l a b  and much r e s e a r c h  and development  i s  needed b e f o r e  a n  a c c u r a t e  quan- 

t i t a t i v e  a n a l y s i s  c a n  b e  made. 



3.0  PROPULSIOB/VEHICLE SYSTEMS 

There are many p r o p u l s i o n  and v e h i c l e  sys tems and t echno logy  a l t e r n a t i v e s  

t h a t  c a n  be a p p l i e d  t o  t h e  Earth-Moon t r a n s p o r t a t i o n  i n f r a s t r u c t u r e .  The objec-  

t i v e  of  Task 2 ,  DesignIAnalyze P r o p u l s i o n / V e h i c l e  Systems,  was t o  i d e n t i f y  and 

s e l e c t  p r o p u l s i o n  and v e h i c l e  sys tems c a p a b l e  of s u p p o r t i n g  t h e  Lunar mis s ion  

model. Veh ic l e  f a m i l i e s  have been developed  from p r o p e l l a n t / v e h i c l e  a l t e r -  

n a t i v e s  based on m i s s i o n  model r equ i r emen t s .  A v e h i c l e  f ami ly  i s  a group of  

sys tems ( e . g . ,  a n  OTV and a l a n d e r )  t h a t  a r e  s p e c i f i c a l l y  des igned  f o r  a g i v e n  

mis s ion  r equ i r emen t .  F i g u r e  3-1 shows t h e  scope of p r o p u l s i o n  a l t e r n a t i v e s  

a p p l i c a b l e  t o  t h e  Earth/Moon t r a n s p o r t a t i o n  s c e n a r i o .  The g ray  boxes i n d i c a t e  

emphasis  of  scope  w i t h i n  t h i s  s tudy .  P r o p u l s i o n  a l t e r n a t i v e s  were chosen  based 

on p r o p e l l a n t  a v a i l a b i l i t y  i d e n t i f i e d  i n  Task 1 and t h e  hydrogen/oxygen,  pump- 

fed  r o c k e t  e n g i n e  was c o n s i d e r e d  t h e  b a s e l i n e  p r o p u l s i o n  system. The b a s e l i n e  

v e h i c l e  sys t em f o l l o w s  O r b i t a l  T r a n s f e r  Veh ic l e  (OTV) c o n f i g u r a t i o n s  c u r r e n t l y  

be ing  s t u d i e d  a t  NASA/MSFC. Veh ic l e  o p t i o n s  inc luded  a e r o b r a k e s ,  p r o p e l l a n t  

t ankage ,  s u p p o r t  sys t em mass and l a n d i n g  g e a r  mass. 

C h a r a c t e r i s t i c s  of t h e  b a s e l i n e  p r o p u l s i o n / v e h i c l e  d e s i g n s  were v a r i e d  t o  

a d d r e s s  s e n s i t i v i t i e s  and t r a d e o f f s .  F i g u r e  3-2 p r e s e n t s  t h e  pa rame te r s  f o r  

which s e n s i t i v i t i e s  were examined. The pa rame te r s  and t h e i r  co r re spond ing  

v a l u e s  a t  t h e  ends  of  each  l i n e  r e p r e s e n t  t h e  d a t a  range  exp lo red  f o r  each  tra- 

deofr ' .  I n  examining t h e s e  t r a d e o f f s ,  i t  must b e  remembered t h a t  t h e  i n d i v i d u a l  

pa rame te r s  are r a r e l y  independent .  I n  many cases , changing  one pa rame te r  

changes  a n o t h e r .  For  example,  a change i n  t h e  mix tu re  r a t i o  r e s u l t s  i n  a change 

of t h e  s p e c i f i c  impu l se ,  t h r u s t ,  and o t h e r  eng ine  pa rame te r s .  

T o  d e v e l o p  eng ine  and s t a g e  pa rame te r s ,  mix tu re  r a t i o s  and combust ion 

envi ronments  were ana lyzed  i n  t h e  "ELES" computer  code ,  ELES i s  a d e s i g n  t o o l  

t o  ass i s t  i n  p r e l i m i n a r y  sys tems a n a l y s e s  of l i q u i d  r o c k e t  e n g i n e s / v e h i c l e s .  

The s e c t i o n  of t h e  code used  h e r e  e s t i m a t e d  s i z e ,  weight  and eng ine  performance 

based on t h e  s t a n d a r d  J o i n t  Army Navy NASA A i r  Force  (JANNAF) thermochemical  

a n a l y s i s  methods.  A d e s c r i p t i o n  of t h e  ELES code i s  provided  i n  Appendix C. 

Outputs  from t h e  ELES code were o b t a i n e d  f o r  18 p r o p u l s i o n  sys tem d e s i g n  c a s e s .  

These c a s e s  are  p r e s e n t e d  i n  S e c t i o n s  3.1 and 3.2 

Weight and performance e s t i m a t e s  from ELES were used  by t h e  computer code 

ASTROSIZE t o  s i z e  t h e  a e r o b r a k e ,  p r o p e l l a n t  tankage  and l and ing  g e a r  v e h i c l e  
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sys t ems  t o  meet m i s s i o n  r equ i r emen t s .  The ASTROSIZE a n a l y s i s  i n c l u d e s  con- 

s i d e r a t i o n  of s p e c i f i c  p r o p e l l a n t  supp ly  nodes ,  b a s i n g  nodes ,  and v e h i c l e  d e s i g n  

a l t e r n a t i v e s  such  as t a n k  d e s i g n  pa rame te r s ,  a e r o b r a k e  c h a r a c t e r i s t i c s ,  l a n d i n g  

g e a r  p a r a m e t e r s ,  number o f  e n g i n e s ,  and payload  c a p a c i t y .  A t o t a l  v e h i c l e  mass 

and p r o p e l l a n t  c a p a c i t y  i s  o u t p u t  f o r  a s p e c i f i c  r e f e r e n c e  d e s i g n  mis s ion .  

ASTROSIZE o u t p u t s  t hen  were f ed  t o  ASTROFEST which m a n i f e s t s  m i s s i o n  payload  

r equ i r emen t s  and p r o p e l l a n t  supp ly  burdens  t o  o b t a i n  t o t a l  t r a n s p o r t a t i o n  

r equ i r emen t s :  t h e  number o f  f l i g h t s  between each  node and t h e  p r o p e l l a n t  supp ly  

r e q u i r e m e n t s  a t  each  supp ly  node. From t h e  o u t p u t s  of ASTROFEST, t o t a l  E a r t h  

Launch Mass (ELM) i s  c a l c u l a t e d ,  The ELM i s  t h e  t o t a l  mass t h a t  must b e  

launched  from t h e  s u r f a c e  of  t h e  E a r t h  ove r  t h e  d u r a t i o n  of  t h e  m i s s i o n  model. 

B r i e f  d e s c r i p t i o n s  of  ASTROSIZE and ASTROFEST are  provided  i n  Appendix E. The 

ELM i n  a d d i t i o n  t o  t h e  number of OTVs and a s s o c i a t e d  s u p p o r t  mass r e q u i r e d  pro- 

v i d e s  a r e l a t i v e  measure of  e f f i c i e n c y  f o r  a g i v e n  v e h i c l e  f ami ly .  Another  

measure a s s o c i a t e d  w i t h  t h e  ELM i s  mass payback r a t i o .  Mass payback r a t i o  i s  

t h e  t o t a l  E a r t h  l aunch  mass d i v i d e d  by  t h e  d e l i v e r e d  payload  mass. 

The m i s s i o n  s c e n a r i o ,  p r o p e l l a n t  supply  s c e n a r i o s ,  and b a s i n g  o p t i o n s  are  

d i s c u s s e d  i n  S e c t i o n  4.0 w i t h  t h e  s e n s i t i v i t y  and t r a d e  s t u d i e s .  The p r o p u l s i o n  

I s y s t ems ,  v e h i c l e  sys t ems ,  and v e h i c l e  f ami ly  o p t i o n s  are  d i s c u s s e d  h e r e  i n  

S e c t i o n  3 . 0 .  The s e c t i o n s  below d e s c r i b e  t h e  b a s i c  a s sumpt ions  and t h e  

r e s u l t i n g  c h a r a c t e r i s t i c s  and pa rame te r s  o f  t h e  p r o p u l s i o n  and v e h i c l e  sys tems.  

S e c t i o n  3 . 1  p r o v i d e s  t h e  b a s i c  m i s s i o n  r e q u i r e m e n t s  as d i c t a t e d  by t h e  NASA/JSC 

m i s s i o n  model. S e c t i o n  3.2 p r o v i d e s  d a t a  on t h e  b a s e l i n e  p r o p u l s i o n / v e h i c l e  

c o n c e p t s .  A l t e r n a t i v e s  t o  t h e  p r o p u l s i o n  and v e h i c l e  sys tems are  d e l i n e a t e d  i n  

S e c t i o n s  3 . 3  and 3 . 4 ,  r e s p e c t i v e l y .  S e c t i o n  3 . 5  i n t e g r a t e s  t h e  p r o p u l s i o n  and 

v e h i c l e  sys t ems  i n t o  s e t s  of v e h i c l e s  o r  f a m i l i e s  which are used  i n  t h e  t r a d e -  

o f f  s t u d i e s  of S e c t i o n  4. S e c t i o n  3 . 6  p r o v i d e s  an  overv iew of t h e  recommended 

p r o p u l s i o n / v e h i c l e  sys tems.  

3.1 Mission Requi rements  D e f i n i t i o n  

NASAIJSC s u p p l i e d  t h e  m i s s i o n  model,  which i s  shown i n  F i g u r e  3-3 and Tab le  

3-1.  The nominal  m i s s i o n  model c o v e r s  20 y e a r s  from 1995 t o  2015. The darkened  

b a r s  i n  F i g u r e  3-3 r e p r e s e n t s  t h e  i n i t i a l  mass t o  t h e  Lunar s u r f a c e  o r  t o  Lunar 

o r b i t .  The open b a r s  d e n o t e  payload  d e l i v e r y  t o  t h e  Lunar S u r f a c e l o r b i t  n o t  

d i r e c t l y  a s s o c i a t e d  w i t h  p r o p e l l a n t  p roduc t ion .  The m i s s i o n  model shows gaps 

wi th  no f l i g h t s  i n  1997-1998, 2000-2002, and 2012 and uneven f l i g h t  r a t e s  o v e r  

t h e  20 y e a r  m i s s i o n  p e r i o d .  However, t h i s  does  n o t  g r e a t l y  impact  t r a n s p o r -  
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TABLE 3-1. JSC LSB MISSION MODEL, JANUARY 1986 

YEAR DESTINATION 
LO LS RETURN 

NO. OF PAYLOADS MANNED MASS, MT (klbs) 

22.7 (50) 

22.7 (50) 

8.2 (18) 

X 

X 

X 

1995 

1996 

1999 

2003 

2004 

2005 

X 

X 

X 

X 

X 2.3 ( 5 )  
19.2 (42.4) 

19.2 (42.4) 
2.3 ( 5 )  

22.7 (50) 
2.3 ( 5 )  

19.2 (42.4) 

X 
X 

X 1 
3 2006 - 

X 

1 
3 
1 

2007 X 
X 
X 

X 
- 

x 
9 
2 
3 

2.3 ( 5 )  
19.2 (42.4) 
15.9 (35) 

X x 
X 

2009 

X 
X 2010 

201 1 

X 
X 
X 

X 
1 
2 

X 
X X 

X 
X A 

5 
4 
1 

X 
X 

X 
X- 

X 

2013 X 
X 
X 

X 
X 

3 
3 2014 

X 
X 
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2015 
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t a t i o n  v e h i c l e  compar isons  s i n c e  t h e  a n a l y s i s  i s  p r i m a r i l y  based  on t o t a l  

f l i g h t s  o v e r  t h e  20-year m i s s i o n  p e r i o d .  

The key f a c t o r s  t h a t  i n f l u e n c e  t h e  v e h i c l e  d e s i g n  are t h e  d e l t a - v  r e q u i r e -  

ments between b a s i n g  and p r o p e l l a n t  supp ly  nodes.  Nodes were chosen  i n  t h e  most 

obvious  l o c a t i o n s ,  LEO and Low Lunar O r b i t  (LLO). The r e s u l t i n g  v e l o c i t y  i n c r e -  

ments are  shown i n  F i g u r e  3-4. With t h e  nominal Moon-to-Earth t r a j e c t o r y  

s e l e c t e d ,  i n c l u s i o n  of  an  ae robrake  would save  ove r  3 km/sec. (9840 f t / s e c . ) .  

O the r  a s sumpt ions  i n c l u d e  t y p i c a l  payload  and manned c a p s u l e  mass.  The 

manned c a p s u l e  was assumed t o  have a mass of 6.9 m e t r i c  t o n s  (MT) (15  k l b s )  

(NASA/JSC, 1986) .  Pay loads  f a l l  i n t o  s i x  major  s i z e s ;  1 7  pay loads  a t  2.3 MT (5 

k l b s ) ,  4 a t  3.6 MT ( 8  k l b s ) ,  12 a t  10.4 MT (23  k l b s ) ,  9 a t  15.9 MT (35  k l b s ) ,  7 

a t  19.2 MT ( 4 2  k l b s ) ,  and 4 pay loads  a t  22.7 MT (50  k l b s ) .  The 22.7 MT payloads  

a r e  Lunar o r b i t e r s .  The 19.2 MT payloads  i n c l u d e  power s t a t i o n s ,  i n i t i a l  

h a b i t a t / l a b  modules ,  and mob i l i t y /min ing  u n i t s .  The 15.9 MT pay loads  are sub- 

s e q u e n t  h a b i t a t s ,  l a b s  and s c i e n t i f i c  equipment .  The 10.4 MT pay loads  are  l a r g e  

pay loads  on a manned s o r t i e  m i s s i o n  wh i l e  t h e  3.6 MT m i s s i o n s  r e p r e s e n t  s m a l l e r  

pay loads  on a manned s o r t i e  and t h e  2.3 MT payloads  are even s m a l l e r  pay loads  

accompanying manned s o r t i e  m i s s i o n s .  

3.2 B a s e l i n e  P r o p u l s i o n / V e h i c l e  Concept 

The b a s e l i n e  p r o p u l s i o n / v e h i c l e  concep t  was modeled a f t e r  c u r r e n t  NASA OTV 

s t u d i e s .  The p r o p u l s i o n  sys t em used l i q u i d  hydrogen/oxygen p r o p e l l a n t s  t h a t  

N e r e  pump f e d  t o  a chamber p r e s s u r e  of 1380 N/cm2 (2000 p s i )  and t empera tu re  of  

3346 C (6055 F)  a t  a O/F  mix tu re  r a t i o  of  5 .5 .  The r e s u l t i n g  s p e c i f i c  impulse  

was e s t i m a t e d  a t  470 seconds .  The b a s i c  p r o p u l s i o n  sys tem d e s i g n  w a s  modeled 

a f t e r  t he  Aero je t  d u a l  p r o p e l l a n t  expander  e n g i n e  c y c l e .  The t o t a l  eng ine  m a s s  

was e s t i m a t e d  a t  95 kg (210 l b s ) .  Tab le  3-2 p r o v i d e s  a summary weight  s t a t e m e n t  

f o r  t h e  b a s e l i n e  p r o p u l s i o n  sys tem d e r i v e d  from ELES. 

B a s i c  v e h i c l e  components were modeled a f t e r  t h e  Cen tau r  D-1T. The Cen tau r  

D-1T masses are summarized i n  Tab le  3-3. The p r o p e l l a n t  t anks  were assumed t o  

be  made from 301 CRES s t a i n l e s s  s t e e l  a t  0.36 mm ( .014 i n . )  minimum guage s i z e .  

The t a n k s  were c y l i n d r i c a l  w i t h  e l l i p t i c a l  ends  of  e l l i p s e  r a t i o  1.38. 

The b a s e l i n e  i n f r a s t r u c t u r e  i n c l u d e d  t h r e e  b a s i n g / s e r v i c i n g  nodes ,  r e u s a b l e  

OTV, and a r e u s a b l e  l a n d e r .  The nodes are  a t  L E O ,  Low Lunar O r b i t  (LLO), and 

t h e  Lunar S u r f a c e  Base (LSB), a l l  be ing  nodes f o r  s e r v i c i n g ,  p r o p e l l a n t  supp ly  
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and payload  changeout .  The OTV h a s  two e n g i n e s  and i s  des igned  f o r  a f u l l y  

loaded  manned s o r t i e  of  15.9 MT (35  k l b s )  payload  t o  LLO from LEO and r e t u r n i n g  

r i t h  on ly  t h e  manned c a p s u l e  of  6 .9  MT (15  k l b s ) .  The payloads  l a r g e r  t h a n  15 .9  

MT (35  k l b s )  are d e l i v e r e d  i n  m u l t i p l e  t r i p s  and man i fe s t ed  t o  f i l l  t h e  

v e h i c l e s .  The b a s e l i n e  OTV i n c l u d e s  a n  ae robrake  wi th  mass equa l  t o  15% of t h e  

r e e n t r y  mass f o r  t h e  r e f e r e n c e  d e s i g n  mis s ion .  The b a s e l i n e  l a n d e r  i s  a 

r e u s a b l e ,  cwo-engine v e h i c l e  w i th  c a p a b i l i t y  of d e l i v e r i n g  15.9 MT (335 k l b s )  

(manned c a p s u l e  p l u s  pay load)  t o  t h e  Lunar s u r f a c e  from Lunar o r b i t  and 

r e t u r n i n g  t o  Lunar o r b i t  w i t h  6.9 MT ( t h e  mass of t h e  manned c a p s u l e  a l o n e ) .  

The ASTROSIZE o u t p u t  masses f o r  t h e  b a s e l i n e  OTV and l a n d e r  c o n c e p t s  a r e  pro-  

v ided  i n  Appendix D ,  and a r e  summarized below: 

OTV Mass, kg Lander Mass , kg 

Dry ( less  AB & t a n k s )  1030 Dry ( l e s s  l a n d i n g  g e a r  & t a n k s )  1030 
Ae r o b r a  ke  3411 Landing Gear 1841 
Oxygen Tank 367 Oxygen Tank 83 
Fuel  Tank 1 ,618  Fue l  Tank 366 
P r o p e l l a n t  C a p a c i t y  83 ,892  P r o p e l l a n t  Capac i ty  24.553 
Payload  15 ,873  Payload 15 , 873 

Mass F r a c t i o n :  0 .93  Mass F r a c t i o n  0.88 

The h i g h  mass f r a c t i o n  of t h e  OTV i s  l a r g e l y  due t o  t h e  l a r g e  v e l o c i t y  

inc remen t s  of t h e  LEO-to-LLO t r i p  and t h e  a s s o c i a t e d  l a r g e  amount of  p r o p e l l a n t .  

F igu re  3-5 shows t h e  v a r i a t i o n  of  mass f r a c t i o n  as a f u n c t i o n  of d e l t a - v  and d r y  

s t a g e  mass f o r  f i x e d  I s p  and payload  mass. C u r r e n t  v e h i c l e  t echno logy  e x h i b i t s  

mass f r a c t i o n s  of  upper  s t a g e s  t o  around 0.86. I f  t ankage  on c u r r e n t  v e h i c l e s  

( e .g .  C e n t a u r )  i s  i n c r e a s e d  t o  p rov ide  l a r g e r  p r o p e l l a n t  c a p a c i t i e s ,  t h e  mass 
f r a c t i o n  w i l l  b e  d r i v e n  higher; and t h i s  is the case h e r e .  The initial es t ima-  

t e s  f o r  t h e  d r y  mass f o r  t h e  OTVs and l a n d e r s  were b o t h  d e r i v e d  from t h e  ELES 

code and c o n s i d e r e d  i d e n t i c a l .  

The d e s i g n  of  t h e  B a s e l i n e  OTV a l s o  a l l o w s  t r a n s p o r t  of 33,682 kg of  pro- 

p e l l a n t  ( f rom LEO t o  LLO) f o r  t h e  l a n d e r .  N o  p r o p e l l a n t  i s  c a r r i e d  back from 

t h e  Moon i n  t h e  b a s e l i n e  c a s e .  

3.3 A l t e r n a t i v e  Chemical P r o p u l s i o n  Concepts  

A l t e r n a t i v e s  t o  t h e  b a s e l i n e  p r o p u l s i o n  sys tem were s e l e c t e d  based  on 

recommended p r o p e l l a n t  c a n d i d a t e s  from S e c t i o n  2.0,  and on t h e  p r o p u l s i o n  sen- 
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s i t i v i t i e s  and t r a d e s  i d e n t i f i e d  i n  F i g u r e  3-1. S e c t i o n  5 w i l l  a d d r e s s  tech-  

nology r e q u i r e m e n t s  f o r  each  of  t h e  p r o p u l s i o n  sys tems.  F igu re  3-6 p r e s e n t s  a 

summary of  c a n d i d a t e  p r o p u l s i o n  sys tem performance c h a r a c t e r i s t i c s .  

3 .3 .1  HydrogenIOxygen P r o p u l s i o n  

Hydrogen/oxygen p r o p u l s i o n  sys tem o p t i o n s  of i n t e r e s t  can  be o b t a i n e d  by 

v a r y i n g  m i x t u r e  r a t i o ,  s p e c i f i c  impu l se ,  and t h r u s t .  Mixture  r a t i o s  (mass r a t i o  

of o x i d i z e r  t o  f u e l  -- O/F r a t i o )  of 5.5 ( b a s e l i n e ) ,  8.7 ,  and 10.6 were con- 

s i d e r e d .  High O/F r a t i o s  a r e  of  i n t e r e s t  because  oxygen i s  r e a d i l y  a v a i l a b l e  on 

t h e  Moon w h i l e  Lunar f u e l s  a r e  p rob lema t i c .  Hydrogen/oxygen w i l l  t h e o r e t i c a l l y  

m a i n t a i n  combust ion  p o t e n t i a l  th rough mix tu re  r a t i o s  g r e a t e r  t h a n  100 (Eag le  

E n g i n e e r i n g ,  1983).  Mixture  r a t i o s  of 3 5  and 50 have been  s t u d i e d  (Waldron) 

wi th  Iyp's of 233 and 203 seconds  and combust ion t e m p e r a t u r e s  of 2500 and 3000 

C y  r e s p e c t i v e l y  and w i l l  be d i s c u s s e d  b r i e f l y  i n  S e c t i o n  4.3.4.  E f f o r t s  i n  t h i s  

s t u d y  c o n c e n t r a t e d  on mix tu re  r a t i o s  w i t h i n  a f a c t o r  of 2 of s t o i c h i o m e t r i c .  

To a c c o u n t  f o r  u n c e r t a i n t y  i n  b a s e l i n e  e n g i n e  development ,  eng ine  Zsp of 

460 and 490 were c o n s i d e r e d  ( b a s e l i n e  I s p  = 470) .  T h r u s t  v a r i a t i o n s  were con- 

s i d e r e d  a r e f l e c t i o n  of  t h e  p r o p u l s i o n  sys tem d e s i g n  c h o i c e s  of t h e  number and 

s i z e  o f  e n g i n e s .  

The g o a l  of  a Lunar-based p r o p u l s i o n  sys tem i s  t o  o p e r a t e  wi th  p r o p e l l a n t s  

a v a i l a b l e  on t h e  Moon. For  H / O  e n g i n e s ,  t h e  h i g h e r  mix tu re  r a t i o s  w i l l  i n c r e a s e  

t h e  p e r c e n t a g e  of oxygen used f o r  any g i v e n  mis s ion .  The hope was t h a t  by  

i n c r e a s i n g  u t i l i z a t i o n  of  Lunar oxygen, t h e  p r o p e l l a n t  mass r e q u i r e d  from E a r t h ,  

and ,  t h e r e f o r e ,  t h e  E a r t h  Launch Mass (ELM) would be  reduced.  However, as shown 

i n  F i g u r e  3-7, t h e  mix tu re  r a t i o  producing  maximum s p e c i f i c  impulse  ( I s p )  i s  

approx ima te ly  6 ,  and v a r i a t i o n  of t h i s  mix tu re  reduces  the s p e c i f i c  i m p u l s e .  

T h i s  r e d u c t i o n  i n  per formance  i n c r e a s e s  t h e  t o t a l  p r o p e l l a n t  ( f u e l  p l u s  o x i d i -  

z e r )  r e q u i r e d  f o r  any  g i v e n  m i s s i o n ,  v h i c h  i n c r e a s e s  v e h i c l e  s i z e  and r e s o u r c e s  

r e q u i r e d  f o r  p r o p e l l a n t  p roduc t ion .  

T h e r e f o r e ,  t h e r e  i s  a t r a d e o f f .  High mix tu re  r a t i o  e n g i n e s  c a n  i n c r e a s e  

u t i l i z a t i o n  of Lunar oxygen, b u t ,  due t o  performance ( I s p )  d e g r a d a t i o n ,  t h e y  

w i l l  i n c r e a s e  t h e  t o t a l  p r o p e l l a n t  r e q u i r e d  and t h e  amount of f u e l  r e q u i r e d  

from E a r t h .  The q u e s t i o n  i s ,  what i s  t h e  n e t  e f f e c t  on ELM? E f f e c t s  of t h e  

mix tu re  r a t i o  on t h e  t o t a l  ELM ove r  t h e  e n t i r e  m i s s i o n  model i s  g i v e n  i n  S e c t i o n  

4.3.4. The r e s u l t s  i n d i c a t e  t h a t  h i g h  m i x t u r e  r a t i o s  0 8 . 7 )  a r e  n o t  b e n e f i c i a l .  

ELM i s  i n c r e a s e d .  
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L02/LH2, E=lOO, Pc=lOOO 

FIGURE 3-7. ISP AS A FUNCTION OF MIXTURE RATIO 
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Based on OTV s t u d i e s ,  t w o  d i f f e r e n t  t h r u s t  l e v e l s ,  33,363 N (7500 l b )  and 

66,726 (15 ,000  l b ) ,  were addres sed .  A t r a d e o f f  between number of  e n g i n e s  and 

t h e  o v e r a l l  p r o p u l s i o n  r e l i a b i l i t y  was made i n  those  OTV s t u d i e s  w i t h  two eng i -  

nes be ing  t h e  p r e f e r r e d  number. The p r o p u l s i o n  c o n c e p t s  deve loped  h e r e  nomi- 

n a l l y  i n c l u d e  two e n g i n e s  e x c e p t  where minimum a c c e l e r a t i o n s  and t h r u s t  t o  mass 

r a t i o s  canno t  be  m e t .  T h i s  t h r e s h o l d  i s  1.8 f o r  l a n d e r  t h r u s t  t o  mass r a t i o  and 

0.1 f o r  OTV t h r u s t  t o  mass r a t i o .  The OTV t h r u s t  t o  mass r a t i o  w i l l  de t e rmine  

t h e  l e n g t h  of  b u r n  r e q u i r e d  t o  meet a g i v e n  mis s ion  r equ i r emen t .  T h r u s t  t o  mass 

r a t i o s  were moni tored  f o r  l a n d e r  - c o n f i g u r a t i o n s  t o  d e t e c t  when more t h a n  two 

e n g i n e s  were r e q u i r e d .  

The d e s i g n  c h a r a c t e r i s t i c s  of t h e  p r o p u l s i o n  sys tems a r e  provided  i n  

Appendix C ;  o v e r a l l  v e h i c l e  mass e s t i m a t e s  a r e  provided  i n  Appendix D. 

3.3.2 Silane Propulsion 
The s i l a n e l o x y g e n ,  LSiH41L02, 

b a s e  p r o p u l s i o n  sys t ems  i s  a v i a b l e  

b o t h  t h e  oxygen and t h e  s i l a n e  c a n  

and s t o r a b l e  i n  t h e  space  and Lunar 

of oxygen. The s i l a n e  p r o p u l s i o n  

b i p r o p e l l a n t  combina t ion  f o r  u s e  i n  Lunar 

a l t e r n a t i v e  t o  l i q u i d  hydrogen and oxygen as 

be  produced on t h e  Moon. Silane is stable 

envi ronments  w i t h  p r o p e r t i e s  much l i k e  t h o s e  

sys tem developed  h e r e  i s  v e r y  similar t o  a 

s t o r a b l e  methane p r o p u l s i o n  sys t em w i t h  s l i g h t l y  h i g h e r  I s p .  The c y c l e  u s e s  a 

g a s  g e n e r a t o r  t o  p r e s s u r i z e  and i n j e c t  t h e  p r o p e l l a n t s .  The d e l i v e r e d  Zsp w a s  

e s t i m a t e d  a t  366 seconds ,  t h e  nozz le  e x i t  area r a t i o  w a s  300,  t h e  chamber 

p r e s s u r e  was 690 N/cm2 (1000 p s i ) ,  and t h r u s t  p e r  eng ine  was 33,363 N (7500 l b s )  

a t  a n  e n g i n e  O/F m i x t u r e  r a t i o  of 0.78. F igu re  3-8 shows t h e  t h e o r e t i c a l  maxi- 

mum I s p  v e r s u s  m i x t u r e  r a t i o  of 0 .85 a t  a nozz le  e x i t  area r a t i o  of 100. The 

b a s i c  e n g i n e  d e s i g n  p a r a l l e l s  t h e  b a s e l i n e  hydrogenloxygen p r o p u l s i o n  sys tems.  

The s i l a n e  eng ine  w i l l  be  f u e l  coo led  as a r e  hydrogen/oxygen sys tems.  T h i s  pre-  

s e n t s  a t echno logy  problem of p r o v i d i n g  a l i q u i d  s i l a n e  c i r c u l a t i o n  system. 

Fuel  pump speeds  are  e s t i m a t e d  a t  59,000 rpms w i t h  a f u e l  b o o s t  pump t o  19 ,700  

rpms .  The o x i d i z e r  pump speed a l s o  s t a r t s  a t  59,000 rpms w i t h  a b o o s t  pump t o  

31,000 rpms. The o v e r a l l  mass of each  e n g i n e  less f u e l  tankage  i s  approx ima te ly  

100 kg. 

T h i s  c o n c e p t u a l  d e s i g n  r e p r e s e n t s  p r e l i m i n a r y  e n g i n e  pa rame te r s .  Chamber 

p r e s s u r e  of  345 (N/cm2) (500 p s i )  w i t h  a n  expans ion  r a t i o  of 20 was i n v e s t i g a t e d  

r e s u l t i n g  i n  a s i g n i f i c a n t l y  lower I s p ,  351.6 seconds ,  a t  an  op t ima l  mix tu re  

r a t i o  ( t h e o r e t i c a l )  of 0.82. I n c r e a s i n g  t h e  chamber p r e s s u r e  and expans ion  
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r a t i o  i n c r e a s e d  b o t h  t h e  maximum I s p  and t h e  o p t i m a l  mix tu re  r a t i o .  A d d i t i o n a l  

t r a d e s  among chamber p r e s s u r e ,  expans ion  r a t i o ,  s p e c i f i c  impu l se ,  and m i x t u r e  

r a t i o  s h o u l d  b e  ana lyzed .  

3.3.3 Aluminam/Oxygen Bybrid P r o p u l s i o n  

An aluminum/oxygen h y b r i d  p r o p u l s i o n  sys tem i s  a n o t h e r  v i a b l e  concep t  t h a t  

cou ld  be  used  i n  a n  Earth-Moon t r a n s p o r t a t i o n  s c e n a r i o .  Both of  t h e s e  pro- 

p e l l a n t s  may be  produced u s i n g  t h e  same p r o c e s s i n g  t e c h n i q u e  on t h e  Lunar s u r -  

f a c e  ( s e e  S e c t i o n  2 .0) .  Two d i f f e r e n t  eng ine  d e s i g n s  c o n s i d e r e d  h e r e  were a n  

aluminum/oxygen s l u r r y ,  and a s o l i d  aluminum and l i q u i d  oxygen h y b r i d  eng ine .  

F igu re  3-9 p r o v i d e s  a c o n c e p t u a l  s chemat i c  of how s o l i d  aluminum rods  may be  fed  

i n t o  t h e  oxygen i n j e c t o r  n o z z l e s  t o  be burned i n  t h e  combust ion chamber. 

However, f o r  model ing s i m p l i c i t y ,  t h e  sys tem ana lyzed  t o  estimate t h e  p r o p e l l a n t  

sys t em pa rame te r s  was a n  aluminum/oxygen s l u r r y .  T h i s  sys tem used a gas  genera-  

t o r  b l e e d  c y c l e  whose f u e l  (aluminum/oxygen s l u r r y )  and o x i d i z e r  (oxygen)  t a n k s  

were b o t h  p r e s s u r e  f e d  w i t h  a c o l d  g a s  (he l ium) .  The eng ine  i s  coo led  w i t h  t h e  

l i q u i d  oxygen,  j u s t  p r i o r  t o  mixing wi th  t h e  aluminum and f i n a l l y  i n j e c t e d  i n t o  

t h e  combust ion  chamber.  The combust ion t empera tu re  modeled w a s  s l i g h t l y  above 

4200 C a i t h  a combust ion  chamber p r e s s u r e  of  690 N/cm2 (1000 p s i ) .  The 

r e s u l t i n g  d e l i v e r e d  I s p  w a s  260 seconds .  T h i s  concep t  a l so  assumes a n o z z l e  

e x i t  area r a t i o  of 100, and a mix tu re  r a t i o  i s  2.18. F i g u r e  3-10 shows t h e  

c h e o r e t i c a l  I s p  €o r  p u r e  aluminum and oxygen. The aluminum/oxygen s l u r r y  i s  

s t o r e d  a t  3450 N / c m 2  (5000 p s i ) ,  a t  132 C i n  CRES 301 s t a in l e s s  s t e e l  t anks .  

The o v e r a l l  p r o p e l l a n t  f l o w r a t e  i s  51.7 kg p e r  second.  

~ 

The aluminum/oxygen s l u r r y  i s  a v e r y  dange rous  p r o p e l l a n t  which may b e  v e r y  

d i f f i c u l t  t o  pump w i t h o u t  i n d u c i n g  combust ion.  Thus,  a d d i t i o n a l  f l u i d s  may be  

i n t r o d u c e d  t o  s u b s t i t u t e  f o r  t h e  oxygen i n  t h e  s l u r r y .  One of t h e s e  f l u i d s  may 

be l i q u i d  hydrogen ,  which w i l l  be addres sed  i n  t h e  nex t  d i s c u s s i o n  of a n  

aluminized-hydrogen/oxygen p r o p u l s i o n  system. 

3.3.4 Aluminized-Hydrogen/Oxygen P r o p u l s i o n  

To enhance t h e  u s e  of t h e  Lunar d e r i v e d  aluminum and oxygen w i t h o u t  t h e  

s a f e t y  h a z a r d s  a s s o c i a t e d  wi th  a n  aluminum/oxygen s l u r r y ,  hydrogen may b e  used  

EO f l u i d i z e  t h e  aluminum powder. T h i s  i d e a  i s  n o t  new, as aluminum h a s  been  

added o t h e r  l i q u i d  p r o p e l l a n t s  and t e s t e d .  A e r o j e t  has  t e s t e d  t h e  aluminum 

hydraz ine  mix tu re  i n  t h e  T i t a n  v e h i c l e s .  T h i s  p r o p e l l a n t ,  c a l l e d  a lumazine  i s  

r e a l l y  a g e l l e d  Aerozine-50 w i t h  aluminum suspended i n  i t  , w i t h  approx ima te ly  
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30% of  t h e  t o t a l  p r o p e l l a n t  f u e l  weight  b e i n g  aluminum. The g e l  was ach ieved  by 

a d d i t i o n  of  a s u b s t a n c e  c a l l e d  c a r b o p o l  ( a b o u t  1% by w e i g h t )  which produces  a 

t h i x o t r o p i c  g e l .  The c h a r a c t e r i s t i c s  of  t h i s  m a t r i x  i s  t h a t  i t  r e s i d e s  as a g e l  

when i t  res t s ,  b u t  l i q u i f i e s  under  s h e e r  s t ress  o r  v i b r a t i o n .  When t h e  s t ress  

or v i b r a t i o n  i s  removed t h e  m a t r i x  r e t u r n s  t o  a g e l  which accommodates a suspen-  

s i o n  of s o l i d  p a r t i c l e s  much more e a s i l y  t h a n  pure  l i q u i d .  The alumazine/N204 

was t e s t e d  i n  a T i t a n  I1 second s t a g e  i n  t h e  e a r l y  1960s.  Ext remely  good com- 

b u s t i o n  e f f i c i e n c y  w a s  a c h i e v e d ,  however t h e  combust ion zones  were v e r y  h o t  and 

c o o l i n g  was a d e f i n i t e  problem as l i q u i d  hydrogen was no t  a v a i l a b l e  f o r  c o o l i n g .  

T h i s  concep t  was abandoned i n  t h e  1960s f o r  hydrogenloxygen and o t h e r  p r o p u l s i o n  

t e c h n o l o g i e s  b e i n g  developed  a t  t h a t  t i m e .  However, t h e  approach  and t h e  

l e s s o n s  l e a r n e d  from t h i s  t echno logy  development  a c t i v i t y  may be  v e r y  u s e f u l  i n  

a n a l y z i n g  and deve lop ing  new c o n c e p t s  f o r  an  aluminumized-hydrogenloxygen 

system. 

The purpose  of  t h i s  p r o p u l s i o n  sys tem i s  t o  mix hydrogen and aluminum i n t o  

a f l u i d  t o  b e  i n j e c t e d  wi th  oxygen i n t o  t h e  combust ion chamber. With t h e  l a c k  

of l a r g e  q u a n t i t i e s  of  hydrogen on t h e  Moon, t h e  goa l  i s  t o  reduce  t h e  hydrogen 

t o  aluminum weight  r a t i o ,  b u t  s t i l l  m a i n t a i n  t h e  f l u i d i z e d  p r o p e r t i e s .  An i n i -  

t i a l  concep t  development  h a s  been  pursued w i t h  60% by weight  hydrogen and 40% by 

weight  aluminum. The combust ion p r e s s u r e  would b e  690 N/cm* (1000 p s i )  and 

n o z z l e  expans ion  r a t i o  a t  i s  100. The mix tu re  r a t i o  o f  t h e  aluminum and hydro- 

gen w i t h  oxygen was v a r i e d  from 1 t o  5 w i t h  a n  optimum around 2.6, y i e l d i n g  a 

t h e o r e t i c a l  I s p  of 472 seconds  as shown i n  F i g u r e  3-11. The d e l i v e r e d  I s p  w a s  

n o t  modeled, b u t  was e s t i m a t e d  a t  abou t  400 s e c  by compar isons  of  t h e o r e t i c a l  

and d e l i v e r e d  I s p  d a t a .  The o v e r a l l  p r o p e l l a n t  d e n s i t y  a t  t h i s  mix tu re  r a t i o  i s  

approximately 1250 kg/m3 (0.0451 l b smI in3) .  The combust ion t empera tu re  was 

estimated a t  3270 K (5885 R). The eng ine  mass w i t h o u t  p r o p e l l a n t  tankage  f o r  

t h e  aluminumized hydrogen oxygen p r o p u l s i o n  sys tem w a s  e s t i m a t e d  a t  140 kg p e r  

e n g i n e  wi th  e n g i n e s  t h a t  y i e l d  33,363 N (7500 l b s )  t h r u s t  each .  

With i t s  h i g h  per formance ,  t h e  aluminized-hydrogenloxygen p r o p u l s i o n  sys t em 

has  g r e a t  p o t e n t i a l  and r e p r e s e n t s  a b r i d g e  between HI0 and A 1 / 0  p r o p u l s i o n ;  

however,  it i s  r e l a t i v e l y  unexplored  technology.  F l u i d i z e d  aluminum e n g i n e s  

have been  addres sed  u s i n g  he l ium as t h e  f l u i d ;  however,  no l i t e r a t u r e  h a s  been  

i d e n t i f i e d  t o  d a t e  t h a t  a d d r e s s e s  u s i n g  hydrogen a s  t h e  f l u i d i z i n g  mechanism. 

The 40160 r a t i o  of hydrogen t o  aluminum mass was chosen  a s  an  i n i t i a l  concep t  

based  on e x p e r i e n c e  w i t h  aluminum i n  h y d r a z i n e .  
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A s i g n i f i c a n t  e f f o r t  i n  model ing and a n a l y s e s  cou ld  c o n t r i b u t e  t o  t h e  

u n d e r s t a n d i n g  and o p t i m i z a t i o n  of  t h i s  p r o p u l s i o n  system. The i n c r e a s e  i n  t h e  

hydrogen/aluminum r a t i o  may d e c r e a s e  t h e  dependence on hydrogen ,  w i t h o u t  s i g n i -  

f i c a n t  r e d u c t i o n s  t o  performance.  New c o n c e p t s  and t e c h n o l o g i e s  must be  deve- 

loped t o  hand le  t h e  t r i p r o p e l l a n t  sys tem w i t h  v a r i o u s  i n j e c t i o n ,  mixing and 

p r o p e l l a n t  s t o r a g e  o p t i o n s .  

3.4 V e h i c l e  Systems C h a r a c t e r i z a t i o n  

The major  v e h i c l e  sys tems ( o t h e r  t h a n  p r o p u l s i o n )  ana lyzed  i n  t h i s  s t u d y  

i n c l u d e d  a e r o b r a k e s ,  l a n d i n g  g e a r  , p r o p e l l a n t  tankage  and s u p p o r t  sys tem mass. 

The s u p p o r t  sys t em mass i n c l u d e d  a v i o n i c s  s t r u c t u r a l  s u p p o r t ,  thermal  p r o t e c -  

t i o n ,  f u e l  t a n k  p r e s s u r e  w e i g h t s ,  f u e l  b o i l o f f ,  r e s i d u a l  f u e l s ,  i n t e r s t a g e  mass, 

and m i s c e l l a n e o u s  masses a l l  d e r i v e d  from t h e  ELCS code ,  which i s  based  on 

Cen tau r  d a t a .  The m i s c e l l a n e o u s  masses i n c l u d e  t r a c k i n g  sys tems , range  s a f e t y  

sys t ems ,  a u t o - p i l o t s ,  t h e  e l e c t r i c a l  sys t ems ,  t h e  guidance  sys t ems ,  a u x i l l a r y  

p r o p e l l a n t  sys t ems ,  mo to r s ,  a t t i t u d e  c o n t r o l  sys t ems ,  and any a d a p t o r s  needed 

fo r  t h e  p r o p u l s i o n  sys tem i t s e l f .  These mass e s t i m a t e s  were g i v e n  i n  Tab le  3-2. 

The a e r o b r a k e ,  l a n d i n g  g e a r ,  and tank  masses were a l l  c a l c u l a t e d ,  f o r  a g i v e n  

r e f e r e n c e  d e s i g n  mis s ion .  

Aerobrake  masses were r e p r e s e n t e d  by a pe rcen tage  of t h e  r e e n t r y  mass of 

t h e  e n t i r e  v e h i c l e  system. T y p i c a l  Earth-produced a e r o b r a k e s  r ange  i n  masses  

from 15% t o  50% of t h e  r e e n t r y  mass. We w i l l  see l a t e r  i n  S e c t i o n  4.0 t h a t  t h e  

a e r o b r a k e  mass must no t  exceed  a b o u t  35% of  t h e  r e e n t r y  mass t o  b e  of  u s e  f o r  

Lunar b a s e  o p e r a t i o n s .  The b a s e l i n e  ae robrake  used  i n  t h i s  s t u d y ,  g i v e n  by JSC, 

was 15% of  t h e  r e e n t r y  mass. Aerobrake s e n s i t i v i t y  s t u d i e s  were run  from 15% t o  

30% of  Ear th-produced  a e r o b r a k e s .  Another  concep t  t h a t  may be  q u i t e  v a l u a b l e  i s  

t h a t  of a Lunar-produced ae robrake .  J S C  e s t i m a t e d  t h a t  a Lunar-produced 

a e r o b r a k e  mass would be  approx ima te ly  18% of t h e  r e e n t r y  mass (Lunar  S u r f a c e  

R e t u r n ,  1984) .  Such a n  a e r o b r a k e  would n o t  have t o  b e  c a r r i e d  from LEO t o  Low 

Lunar O r b i t  and back a g a i n  b u t  s imply  from LLO t o  LEO. Also t h e  Lunar d e r i v e d  

a e r o b r a k e  would n o t  be  p a r t  of t h e  ELM. The a e r o b r a k e s  i n  t h e  v e h i c l e  f a m i l i e s  

were c a l c u l a t e d  based on t h e  r e e n t r y  mass of d e s i g n  r e f e r e n c e  m i s s i o n s .  The 

m i s s i o n  i n c l u d e d :  ( 1 )  r e t u r n  of  OTV w i t h  f u l l  payload  on ly ;  ( 2 )  r e t u r n  of OTV 

w i t h  f u l l  payload  and a small p o r t i o n  of  oxygen; and ( 3 )  r e t u r n  of OTV w i t h  f u l l  

payload  and enough oxygen f o r  t h e  n e x t  outbound l e g  from LEO t o  LLO. The t h i r d  

r e f e r e n c e  m i s s i o n  r e q u i r e d  a n  a e r o b r a k e  of mass abou t  13 MT. Such a l a r g e  

a e r o b r a k e  may n o t  be  v i a b l e .  



Landing g e a r  mass f o r  a Lunar l a n d e r  i s  a f u n c t i o n  of  t h e  l a n d i n g  mass of  

t h e  Lunar Lander .  T y p i c a l  r a t i o s  of  l a n d i n g  g e a r  mass t o  t o t a l  l a n d i n g  mass on 

t h e  Moon are  around 5%. Thus,  a 5% l a n d e r  mass was e s t i m a t e d  f o r  a l l  Lunar 

Landers .  No s e n s i t i v i t i e s  were run  on l a n d i n g  g e a r  mass. 

P r o p e l l a n t  tankage  i s  a major  p a r t  o f  t h e  t o t a l  v e h i c l e  mass. However, 

advanced t e c h n o l o g i e s  i n  a r e a s  of tankage have a l lowed t h e  s p e c i f i c  mass of t h e  

tankage t o  be  q u i t e  low, even  f o r  c r y o g e n i c s .  Tank e s t i m a t e s  f o r  v e h i c l e s  deve- 

loped h e r e  were d e r i v e d  from t h e  Cen tau r  d a t a  u s i n g  CRES -301 s t a i n l e s s  s t e e l  a s  

t h e  t ank  m a t e r i a l ,  t h e  t a n k s  were conf igu red  i n  a c y l i n d r i c a l  f a s h i o n  w i t h  

e l l i p t i c a l  end u s i n g  a n  e l l i p t i c a l  r a t i o  of 1.38. The t h i c k n e s s  of t h e  tank  

walls was e s t i m a t e d  a t  14 m i l s .  Appropr i a t e  b o i l o f f  pa rame te r s  were c o n s i d e r e d  

i n  t h e  ELES code f o r  v a r i o u s  p r o p e l l a n t s  w i th  t h i s  tankage .  S c a l i n g  of t h e  

t anks  was done t o  accommodate s p e c i f i c  r e f e r e n c e  d e s i g n  m i s s i o n s  of  t h e  v e h i c l e  

iamil ies  and w i l l  be  r e p o r t e d  i n  t h e  fo l lowing  s e c t i o n .  

OTVs and l a n d e r s  were developed  wi th  r e u s a b i l i t y  i n  mind. No expendable  

v e h i c l e s  were a d d r e s s e d .  F i g u r e  3-12 shows l i f e  c y c l e  c o s t  o f  an  expendable  

Cen tau r  v e h i c l e ,  a reusable  ground based OTV and a r e u s a b l e  space  based  OTV. I n  

a l l  c a s e s  beyond t h e  f i r s t  e i g h t  y e a r s  of t h e  low m i s s i o n  model,  t h e  r e u s a b l e  

OTVs were less  c o s t l y .  Even i n  t h e  p e r i o d s  of  t h e  f i r s t  n i n e  y e a r s ,  t h e  c o s t  of 

t h e  r e u s a b l e  OTVs ove r  t h e  expendable  Cen tau r  s t a g e  was n o t  ex t reme.  Expendable 

Lunar l a n d e r  sys t ems  w i l l  burden  t h e  OTV g r e a t l y  as unproduc t ive  mass d e l i v e r e d  

t o  t h e  Lunar  s u r f a c e  when compared t o  t h e  r e u s a b l e  Lunar l a n d e r .  T h i s  add i -  

t i o n a l  mass d e l i v e r y  would i n c r e a s e  t h e  t o t a l  E a r t h  launch  mass by an  o r d e r  o f  

magni tude and shou ld  o n l y  be  c o n s i d e r e d  f o r  a s h o r t  p e r i o d  of  t i m e  i n  t h e  i n i -  

t i a l  s t a g e s  of t h e  Lunar b a s e ,  i f  a t  a l l .  

3.5 P r o p u l s i o n I V e h i c l e  System Family D e s c r i p t i o n s  

The p r o p u l s i o n  and v e h i c l e  sys tems d e s c r i b e d  i n  t h e  l a s t  two s e c t i o n s  were 

assembled i n  v e h i c l e  f a m i l i e s  (g roups  of v e h i c l e s  t h a t  c a n  s a t i s f y  t h e  m i s s i o n )  

t o  a s s i s t  i n  p r o v i d i n g  d a t a  p o i n t s  f o r  a n a l y s i s .  I t  i s  a g o a l  t h a t  a t  l e a s t  2 

p o i n t s  of e a c h  l i n e  on F i g u r e  3-1 be addres sed  by a v e h i c l e  f ami ly  system. The 

v e h i c l e  f a m i l y  sys tems were c r e a t e d  by t h e  ASTROSIZE computer  code which u t i -  

l i z e d  i n p u t s  from t h e  ELES code and s p e c i f i c  d e s i g n  r e f e r e n c e  m i s s i o n s  t o  s i z e  

t h e  v a r i o u s  v e h i c l e  subsys t ems ;  e s p e c i a l l y  tankage  , l a n d i n g  g e a r ,  and ae robra -  

kes .  A l l  v e h i c l e  f a m i l y  sys t ems  were developed  wi th  t h e  common b a s i n g  s c e n a r i o .  

The b a s i n g  s c e n a r i o  i n c l u d e s  t h e  Space S t a t i o n  i n  LEO t o  p r o v i d e  s e r v i c i n g ,  
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payload  accommodation and p r o p e l l a n t  supply .  A similar b a s i n g  node l o c a t e d  a t  

LLO w i l l  be needed a t o  o p e r a t e  as a p r o p e l l a n t  s t o r a g e  d e p o t ,  a payload  t r a n s f e r  

from OTV t o  l a n d e r  and f o r  p o t e n t i a l  s e r v i c i n g  of e i t h e r  t h e  OTV o r  l a n d e r  

sys tems.  The Lunar s u r f a c e  b a s e  

which oxygen, aluminum, and s i l a n e  

f e r e n t  v e h i c l e  f ami ly  sys t ems ,  t h e  

marized and p l aced  i n t o  Appendix 

provided  he re .  

was seen  as a p r o p e l l a n t  supp ly  s o u r c e  from 

cou ld  b e  s u p p l i e d .  I n  a l l ,  t h e r e  are 30 d i f -  

ASTROSIZE v e h i c l e  mass o u t p u t s  have been sum- 

D. A summary of t h e s e  v e h i c l e  f a m i l i e s  i s  

Table  3-4 summarizes t h e  mass and mass f r a c t i o n  d a t a  deve loped  f o r  a l l  

p r o p u l s i o n / v e h i c l e  f ami ly  c a n d i d a t e s .  Each OTV i n  t h e  t a b l e  i s  i d e n t i f i e d  by 

t h e  l e t t e r  "a1'; each  l a n d e r  by t h e  l e t t e r  "b". OTVs were s i n g l e  s t a g e  v e h i c l e s  

p r o v i d i n g  t r a n s p o r t a t i o n  between LEO and LLO. The l a n d e r  p rov ided  t r a n s p o r -  

t a t i o n  between LLO and t h e  Lunar s u r f a c e .  S i n g l e  s t a g e  OTV/Lander c o n c e p t s  f o r  

t r a n s p o r t a t i o n  between LEO and t h e  Lunar s u r f a c e  were ana lyzed  i n  t h e  f i r s t  

months of t h e  s t u d y  and r u l e d  o u t  because  of h igh  mass and p r o p e l l a n t  r e q u i r e -  

ments .  

Concepts with and without Lunar propellants were addressed. When a pro- 

p e l l a n t  s o u r c e  was n o t  a v a i l a b l e  on t h e  Moon, t h e  OTV was des igned  t o  accom- 

modate enough p r o p e l l a n t  f o r  i t s  e n t i r e  round t r i p  and t h e  l a n d e r  t r i p s  

r e q u i r e d .  When p r o p e l l a n t  was a v a i l a b l e  on t h e  Moon, t h e  OTV d i d  n o t  have t o  

c a r r y  a l l  l a n d e r  p r o p e l l a n t  or a l l  p r o p e l l a n t  f o r  i t s  own r e t u r n .  The l a n d e r  

M a s  r e s p o n s i b l e  t o  d e l i v e r  a l l  pay loads  and OTV p r o p e l l a n t  r e q u i r e d  from t h e  

Lunar s u r f a c e  t o  LLO. However, t h e  r equ i r emen t s  f o r  p r o p e l l a n t  d e l i v e r y  to  LLO 

were n o t  used  t o  s i z e  t h e  l a n d e r .  The l a n d e r  was s i z e d  based  on t h e  payload  

r equ i r emen t s .  M u l t i p l e  p r o p e l l a n t  d e l i v e r y  t r i p s  were provided  where necessa ry .  

The pa rame te r s  i n  p a r e n t h e s i s  i n  Tab le  3.4 r e p r e s e n t  d a t a  f o r  v e h i c l e  f a m i l i e s  

des igned  w i t h o u t  Lunar p r o p e l l a n t  b e i n g  a v a i l a b l e .  

The f i r s r  f ami ly  i s  comprised of an  OTV and l a n d e r  wi th  a B a s e l i n e  H / O  pro-  

p u l s i o n  sys tem w i t h o u t  Lunar  p r o p e l l a n t s  and wi th  a nominal 15% mass ae robrake  

and 5% l a n d i n g  g e a r  mass. The B a s e l i n e  h a s  on ly  one r e f e r e n c e  m i s s i o n :  no Lunar  

p r o p e l l a n t  a v a i l a b l e .  The second f ami ly  r e p r e s e n t s  t h e  B a s e l i n e  w i t h  Lunar oxy- 

gen be ing  a v a i l a b l e  and t h e  t h i r d  f ami ly  r e p r e s e n t s  t h e  B a s e l i n e  w i t h  b o t h  Lunar 

oxygen and Lunar hydrogen b e i n g  a v a i l a b l e .  Two r e f e r e n c e  m i s s i o n s  e x i s t  f o r  - 
f a m i l i e s  two and t h r e e :  ( 1 )  w i t h  Lunar p r o p e l l a n t  a v a i l a b l e ,  and ( 2 )  no Lunar 

p r o p e l l a n t  a v a i l a b l e .  Note t h a t  t h e  no Lunar p r o p e l l a n t  r e f e r e n c e  mis s ion  
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r e p r e s e n t s  t h e  B a s e l i n e  case. As more p r o p e l l a n t  becomes a v a i l a b l e ,  t h e  pro- 

p e l l a n t  t a n k  mass f o r  t h e  OTV d e c r e a s e s  by a b o u t  1.5 MT; oxygen a v a i l a b i l i t y  

r educes  t ankage  mass by a b o u t  0.7 MT w h i l e  hydrogen a v a i l a b i l i t y  s aves  an  addi -  

t i o n a l  0.8 MT. The oxygen a v a i l a b i l i t y  a l s o  y i e l d  a 0 .5  MT s a v i n g s  t o  t h e  

a e r o b r a k e  mass w i t h  Lunar hydrogen s a v i n g  a n  a d d i t i o n a l  0 .1  MT. The t o t a l  pro- 

p e l l a n t  r equ i r emen t  f o r  15.9 MT payload  d e l i v e r y l r e t u r n  i s  reduced by ove r  50% 

wi th  Lunar oxygen and by ove r  65% w i t h  bo th  Lunar oxygen and hydrogen.  The 

o v e r a l l  e f f e c t  i s  a r e d u c t i o n  of v e h i c l e  mass f r a c t i o n  r equ i r emen t s  from 0.93 t o  

0.89 and 0.87 f o r  Lunar oxygen and Lunar oxygen/hydrogen,  r e s p e c t i v e l y .  Thus,  

a v a i l a b i l i t y  of oxygen from t h e  Moon reduces  t h e  o v e r a l l  t echnology of r e q u i r e -  

ment of t h e  s i n g l e  s t a g e  OTV t o  conduct  a Lunar mis s ion .  

The f o u r t h  f ami ly  shown i s  t h e  b a s e l i n e  OTV w i t h  a n  aluminum/oxygen l a n d e r .  

The OTV mass paramete r s  change because  of t h e  l a n d e r  p r o p e l l a n t  r equ i r emen t s .  

The "no Lunar  p r o p e l l a n t "  r e f e r e n c e  m i s s i o n  i s  n o t  a l o g i c a l  m i s s i o n  because  of  

t h e  l a r g e  amounts of  p r o p e l l a n t s  r e q u i r e d  from E a r t h  f o r  t h e  l a n d e r .  The s i z e  

of  t h e  l a n d e r  (when compared t o  t h e  b a s e l i n e  l a n d e r )  i n c r e a s e s  d r a m a t i c a l l y  i n  

eve ry  c a t e g o r y .  However, when bo th  t h e  aluminum and oxygen a r e  a v a i l a b l e  on t h e  

Moon, t h e  l a n d e r  becomes t o t a l l y  Moon-dependent and t h e  OTV becomes p a r t i a l l y  

Moon-dependent. The r e s u l t  i s  a n  OTV mass abou t  57% of t h e  B a s e l i n e  OTV w i t h  a 

mass f r a c t i o n  of  0.87. The t o t a l  p r o p e l l a n t  r equ i r emen t  i n c r e a s e s ,  b u t  a l l  

l a n d e r  p r o p e l l a n t  and a b o u t  10% of  OTV p r o p e l l a n t  are d e r i v e d  from t h e  Moon. 

T h i s  v e h i c l e  f a m i l y  i s  v e r y  b e n e f i c i a l  f o r  Lunar-basing and can  b e  evolved  from 

t h e  B a s e l i n e  by t h e  a d d i t i o n  of an  oxygen/aluminum p r o c e s s i n g  and p r o p u l s i o n  

sys tems.  

The f i f t h  and s i x t h  v e h i c l e  f a m i l i e s  a r e  v e r y  s imilar  t o  t h e  B a s e l i n e  wi th  

t h e  e x c e p t i o n  of h i g h e r  mix tu re  ratio p r o p u l s i o n  sys tems.  The r e f e r e n c e  

m i s s i o n s  of "no Lunar p r o p e l l a n t  a v a i l a b l e ' '  are n o t  l o g i c a l  o p t i o n s  because  they  

i n c r e a s e  t h e  p r o p e l l a n t  r equ i r emen t  from E a r t h .  I n  bo th  c a s e s ,  t h e  Lunar pro- 

p e l l a n t  a v a i l a b l e  i s  oxygen; t h u s ,  comparison t o  B a s e l i n e  wi th  Lunar oxygen, 

f ami ly  6 2 ,  i s  l o g i c a l .  A s l i g h t  r e d u c t i o n  i n  o v e r a l l  v e h i c l e  mass i s  ga ined  by  

t h e  h i g h e r  mix tu re  r a t i o  sys tems b u t  r e q u i r e d  mass f r a c t i o n s  i n c r e a s e  from 0.89 

f o r  mix tu re  r a t i o  of 5 .5 ,  0 .91 f o r  m i x t u r e  r a t i o  of  8 . 7 ,  and .93 €o r  mix tu re  

r a t i o  of 10.6.  

The s e v e n t h  and e i g h t h  v e h i c l e  f a m i l i e s  a l s o  a r e  v e r y  s i m i l a r  t o  t h e  

B a s e l i n e ,  changing  only  I s p  from 470 t o  460 and 490 seconds ,  r e s p e c t i v e l y .  A 



r e d u c t i o n  o f  I s p  may i n c r e a s e  t h e  r e l i a b i l i t y  of  t h e  eng ine  by " u n s t r e s s i n g "  

components.  The r e d u c t i o n  t o  460 seconds  i n c r e a s e s  b o t h  v e h i c l e  and p r o p e l l a n t  

masses by less t h a n  5% of  t h e  B a s e l i n e ,  b u t  does  n o t  change t h e  mass f r a c t i o n .  

I n c r e a s i n g  I s p  t o  490 r educes  v e h i c l e  and p r o p e l l a n t  masses by 3% and 8%, 

r e s p e c t i v e l y ,  w i t h o u t  Lunar p r o p e l l a n t .  The same i n c r e a s e  i n  I s p  i n  t h e  Lunar 

oxygen s c e n a r i o  r educes  t h e  v e h i c l e  and p r o p e l l a n t  masses  by 18% and 28%, 

r e s p e c t i v e l y .  Thus,  i n c r e a s i n g  I s p  is much more e f f e c t i v e  i n  a Lunar p r o p e l l a n t  

s c e n a r i o .  However, t h e  i n c r e a s e d  I s p  would s i g n i f i c a n t l y  i n c r e a s e  eng ine  s t ress  

l e v e l s .  

The n i n t h  v e h i c l e  f ami ly  shown i s  a l s o  a p e r t u b a t i o n  of  t h e  B a s e l i n e  

w i t h o u t  a n  a e r o b r a k e .  The t e n t h ,  e l e v e n t h ,  t w e l f t h ,  and t h i r t e e n t h  v e h i c l e  

, f a m i l i e s  r e p r e s e n t  t h e  B a s e l i n e  w i t h  v a r i e d  s p e c i f i c  masses o f  t h e  ae robrake  of  

la%., 20%, 25% and 30% as shown. The a l l - p r o p u l s i v e  OTV i s  50 t o  60% less  

mass ive  t h a n  t h e  B a s e l i n e  i n  t h e  "no Lunar  p r o p e l l a n t "  r e f e r e n c e  m i s s i o n ,  Family 

#l, and Family #2 i n  t h e  Lunar oxygen s c e n a r i o .  However, t h e  p r o p e l l a n t  

r equ i r emen t s  are approx ima te ly  69% h i g h e r  w i t h o u t  Lunar oxygen and 10% h i g h e r  

w i t h  Lunar oxygen. Thus,  Lunar  oxygen a v a i l a b i l i t y  makes t h e  a e r o b r a k e  and t h e  

a l l - p r o p u l s i v e  v e h i c l e  d e s i g n s  much more c o m p e t i t i v e .  The  a e r o b r a k e  tends  t o  

lower t h e  mass f r a c t i o n  of t h e  OTV as shown i n  F i g u r e  3-13. Also shown i n  

F i g u r e  3-13 i s  t h e  mass f r a c t i o n  r e d u c t i o n  as t h e  r e l a t i v e  mass of  t h e  ae robrake  

i n c r e a s e s .  The mass of  t h e  v e h i c l e  i n c r e a s e s  from a b o u t  50% f o r  a e r o b r a k e s  mass 

i n c r e a s e  from 15% to 30% of  r e e n t r y  mass w h i l e  t h e  t o t a l  p r o p e l l a n t  r equ i r emen t  

i n c r e a s e s  o n l y  a b o u t  14%. T h i s  r e s u l t  shows t h e  b e n e f i t  o f  t h e  a e r o b r a k e ,  

however,  i n c r e a s i n g  a e r o b r a k e  mass i n c u r s  d i m i n i s h i n g  r e t u r n s  of t h e  b e n e f i t  

u n t i l  t h e  t o t a l  p r o p e l l a n t  r equ i r emen t  from E a r t h  i s  e q u a l  t o  t h e  a l l - p r o p u l s i v e  

v e h i c l e .  T h i s  i s  d i s c u s s e d  i n  t h e  o v e r a l l  sys tem a n a l y s i s  r e s u l t s  of S e c t i o n  

4.3.2.  

The f o u r t e e n t h  v e h i c l e  f ami ly  i s  t h e  S i l ane /oxygen  OTV and l a n d e r  u s i n g  t h e  

15% a e r o b r a k e ,  5% l a n d i n g  g e a r  weight .  The S i l a n e  v e h i c l e  f a m i l i e s  show q u i t e  a 

r e d u c t i o n  i n  v e h i c l e  mass because  of t h e  o p p o r t u n i t y  t o  u t i l i z e  t h e  l u n a r  pro- 

p e l l a n t s  f o r  b o t h  t h e  OTV and Lander .  T h i s  v e h i c l e  f ami ly  would n o t  be  used  i f  

Lunar p r o p e l l a n t s  were n o t  a v a i l a b l e .  Because of t h e  lower I s p ,  t h e  mass f r a c -  

t i o n  of t h e  S i l a n e  OTV i s  0.94,  which i s  h igh  when compared t o  t h e  H / O  OTV ( w i t h  

Lunar oxygen)  of 0.89. 

The f i f t e e n t h  f ami ly  shown i s  aluminized-hydrogen/oxygen QTV and Zander 

w i t h  t h e  B a s e l i n e  a e r o b r a k e  and l a n d i n g  g e a r .  The aluminized-hydrogen/oxpgen 
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(Al-H/O) family also shows a reduction in mass from the H/O families, but not as 
great a reduction as the Silane vehicles. The Al-H/O system is more massive 

than the Silane system largely because of propellant tankage requirements. The 

mass fraction of the Al-H/O system falls between the H/O and Silane systems at 

0 . 9 2 .  Without Lunar propellant availability, the A1-H/O system is not a logical 

transportation system. 

Sixteenth and seventeenth vehicle families are perturbations of the 

Baseline with modified payload capabilities being 10 MT and 20 MT as shown. 

Little effect of payload was noticed when a constant total delivery mass to the 

moon is considered. 

The eighteenth vehicle family is comprised of a baseline H/O OTV and lander 

with the nominal aerobrake and landing gear that provides the capability of 

returning enough Lunar oxygen to LEO to support its initial trip from LEO to 

Lunar o r b i t .  Thus, this last case represents a vehicle family that has its fuel 

totally Earth-supplied, but its oxidizer totally Lunar-supplied. The amount of 

Lunar oxygen returned in this last vehicle family is approximately 69.4 MT. 
However, the aerobrake becomes extremely massive (13.5 MT) and the propellant 

requirements equally massive. Although the vehicle is huge, the mass fraction 

is relatively small at 0.82. In this case, the "cost" of Lunar propellant pro- 

duction becomes especially important. 

The mass fractions of these vehicle families vary between 0.87 and 0.97. 
Higher mass fractions are found in the vehicles without Lunar base propellants. 

This is logical as more propellant must be carried to the Moon for the return 

trip of the OTV and the additional propellant tankage, which have relatively low 

specific mass, do not greatly increase the total vehicle dry mass. The mass 

fractions of the lander vehicles are relatively insensitive to the availability 

of Lunar propellant, due to the fact that propellant delivery to LLO from the 

Lunar surface was not used to size the lander. The propellant was accommodated 

through multiple lander trips. 

In summary, looking at the different propellant alternatives, it appears 

that the hydrogen/oxygen systems have the lowest mass fraction, followed by the 

aluminized-hydrogen/oxygen OTV and the silane/oxygen OTV. These relationships 

also hold for the landers of these propellant options. The relationship between 

the vehicle mass fractions and the payload capabilities is relatively straight- 
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fo rward ,  h e a v i e r  pay loads  r e q u i r e  v e h i c l e s  w i t h  h i g h e r  mass f r a c t i o n s .  When 

look ing  a t  a e r o b r a k e  mass changes ,  h e a v i e r  a e r o b r a k e s  ( t h o s e  wi th  h i g h e r  p e r c e n t  

mass) a c t u a l l y  reduce  t h e  v e h i c l e  mass f r a c t i o n .  A l s o  n o t i c e  t h a t  f o r  t h e  c a s e  

of  no a e r o b r a k e ,  mass f r a c t i o n s  r e q u i r e d  a r e  ex t r eme ly  h igh .  From t h e s e  mass 

f r a c t i o n  estimates, one may deduce t h a t  some type  of ae robrake  may be  n e c e s s a r y  

f o r  e f f i c i e n t  t r a n s p o r t a t i o n  t o  t h e  Moon s imply  because  we  a r e  no t  a b l e  t o  b u i l d  

an  OTV wi th  mass f r a c t i o n s  as h igh  as 0.972.  However, n o t e  t h a t  t h e  a v a i l a b i -  

l i t y  of Lunar oxygen s i g n i f i c a n t l y  r educes  t h e  v e h i c l e  mass f r a c t i o n .  

A f i n a l  n o t e  a b o u t  t h e  B a s e l i n e  H / O  OTV and l a n d e r  des igned  t o  r e t u r n  

enough oxygen t o  supp ly  i t s  n e x t  t r i p  from LEO t o  LLO. The mass f r a c t i o n s  of  

t h i s  v e h i c l e  a re  v e r y  low, around 0.82, b u t  t h e  d r y  mass of t h e  v e h i c l e  i t s e l f  

i s  h i g h ,  main ly  due t o  t h e  ex t r eme ly  heavy and l a r g e  ae robrake  r e q u i r e d .  Such 

a e r o b r a k i n g  c a p a b i l i t y  d o e s  n o t  e x i s t .  

T h i s  v e h i c l e  f a m i l y  d a t a  was i n p u t  t o  t h e  program, ASTROFEST, t o  produce 

d a t a  on number of f l i g h t s ,  p r o p e l l a n t  r e q u i r e m e n t s ,  and t o t a l  E a r t h  launch  mass 

f o r  t h e  e n t i r e  m i s s i o n  model s c e n a r i o  g iven .  R e s u l t s  are g i v e n  i n  S e c t i o n  4.0. 
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4.0 LUNAR SURFACE BASE MISSION SENSITIVITIES AND TRADEOFFS 

One of the goals of this study was to examine variations of propulsion 

system design characteristics and alternatives in lunar base mission operations 

and systems. Section 2 describes the propellant alternatives and their asso- 

ciated processing techniques. Section 3 describes the propulsion and vehicle 

systems alternatives and develops vehicle families (a "family" is a selected 

combination of vehicles (e.g. a hydrogen/oxygen (H/O), orbital transfer vehicle 

(OTV) and an aluminum/oxygen launch lander sized to satisfy all of the require- 

ments of the mission model). This section applies those vehicle family alter- 

natives to the Lunar base mission model to derive cost and Earth launch mass 

requirements for each alternative. This section describes the analyses and 

results of study Task 3 (Assessment of Transportation Systems and Operations) 

and determines which propellants and propulsion/vehicle systems are most effi- 

cient with respect to the Earth-Moon transportation system. Both transportation 

system cost and total Earth Launch Mass (ELM) will be considered. The analysis 

flow is depicted in Figure 4-1. To develop the data with which to compare 

alternatives, the mission model was manifested out to vehicles within a family 

to produce a traffic model which determines total propellant requirements at the 

various nodes. These propellant requirements then allowed estimation of pro- 

pellant processing resource requirements required at the different nodes. The 

resource requirements then were integrated into the mission model as support 

requirements. The traffic model was updated as a result of additional pro- 

pellant and propellant processing resource requirements. Iterations were per- 

formed to arrive at the total ELM for the given mission model scenario. Once 

the ELM was estimated and the final traffic model determined (with specific 
flight rates for the OTV and lander vehicles), the total transportation cost was 

determined by estimating the DDTbE, vehicle unit, and launch costs. 

This section includes the cost estimates, total ELM estimates, and finally 

the results of sensitivity and tradeoff analyses. The sensitivity and tradeoff 

analyses will address the effects of Lunar propellant availability, specific 

aerobrake mass (with and without Lunar propellant availability), propellant pro- 

cessing consumable requirements, mixture ratio, specific impulse ( I s p ) ,  payload 

mass, and Space Shuttle scavenging on ELM. 
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4.1 Relative Costs of the  Lunar  Base Mission Model Scenarios 
The c o s t s  of  t h e  Lunar base  m i s s i o n  s c e n a r i o s  a r e  based on t h e  t o t a l  E a r t h  

launch  mass f o r  a g i v e n  v e h i c l e  f a m i l y ,  t h e  procurement  c o s t  of t h e  v e h i c l e s ,  

and t h e  DDTdE costs o f  t h o s e  v e h i c l e / p r o p u l s i o n  sys tems.  These c o s t  f i g u r e s  a r e  

meant f o r  r e l a t i v e  comparison among v e h i c l e  f a m i l i e s  f o r  t h e  t h r e e  major  c o s t  

e l emen t s .  T o t a l  ELM c o s t  w i l l  i n c l u d e  t h e  c o s t  of l aunch ing  t h e  mass of  t h e  

m i s s i o n s  themselves  ( t h e  pay loads )  , t h e  p r o p e l l a n t s  t o  d e l i v e r  t h o s e  pay loads ,  

t h e  equipment  and consumable r e s o u r c e s  r e q u i r e d  t o  produce p r o p e l l a n t s  on t h e  

Moon, and t h e  a d d i t i o n a l  p r o p e l l a n t  r e q u i r e d  t o  d e l i v e r  t h o s e  r e s o u r c e s .  The 

v e h i c l e  procurement  c o s t s  are r e l a t i v e l y  small because  of t h e  small v e h i c l e  

f l i g h t  r a t e s  (78-84 f l i g h t s  ove r  20 y e a r s )  f o r  l a n d e r s  and OTVs i n  most v e h i c l e  

f ami ly  s c e n a r i o s .  The DDTdE c o s t s  f o r  t h e  v a r i o u s  p r o p u l s i o n  v e h i c l e  sys tems 

are  e s t i m a t e d  based  on a v a i l a b l e  OT-V es t imates .  F i g u r e  4-2a and b shows t h e  

t o t a l  t r a n s p o r t a t i o n  c o s t  f o r  each  v e h i c l e  f a m i l y ,  and ELM c o s t ,  v e h i c l e  DDTdE 

c o s t  and p r o d u c t i o n / a c q u i s i t i o n  c o s t s .  ( F i g u r e  4-2a i s  a legend t h a t  d e f i n e s  

v e h i c l e  f a m i l i e s  i d e n t i f i e d  by code number i n  F i g u r e  4-2b; F i g u r e  4-2b g i v e s  

c o s t s  f o r  v e h i c l e  c o n c e p t s  assuming Lunar p r o p e l l a n t  a v a i l a b i l i t y  i n  1995) .  The 

lowes t  c o s t  v e h i c l e  f ami ly  i s  t h e  b a s e l i n e  hydrogen/oxygen OTV and l a n d e r  wi th  

bo th  Lunar oxygen and Lunar hydrogen a v a i l a b l e  a t  a c o s t  o f  abou t  $6 b i l l i o n  

d o l l a r s  ove r  t h e  20-year m i s s i o n  model. T h i s  does  n o t  i n c l u d e  any of t h e  Lunar 

base  h a b i t a t s  o r  l a b o r a t o r i e s  t hemse lves ,  no r  does  i t  i n c l u d e  t h e  Low E a r t h  

O r b i t  (LEO) o r  Low Lunar O r b i t  (LLO) space  s t a t i o n  c a p a b i l i t i e s .  DDTdE and pro- 

d u c t i o n  c o s t s  range  from $2 t o  4 b i l l i o n  d o l l a r s  f o r  a l l  v e h i c l e  f a m i l i e s .  Note 

t h a t  i n  e v e r y  case t h e  ELM c o s t  i s  s t i l l  t h e  major  p o r t i o n  of t h e  t o t a l  

t r a n s p o r t a t i o n  c o s t s  of t h e  Lunar s u r f a c e  b a s e  m i s s i o n  s c e n a r i o .  Thus,  reduc-  

t i o n  of E a r t h  s u p p o r t  becomes a major d e s i g n  d r i v e r  of t h e  v e h i c l e / p r o p u l s i o n  

design. The f o l l o w i n g  s u b s e c t i o n s  d i s c u s s  the c o s t  e s t i m a t e s  d e r i v e d  from the 

ELM and from t h e  v e h i c l e  DDTdE and p r o d u c t i o n  e s t i m a t e s .  

4.1.1 E a r t h  Launch Mass C o s t  

F i g u r e  4-3 shows t h e  t o t a l  ELM f o r  t h e  v a r i o u s  v e h i c l e  f a m i l i e s  f o r  cases 

of  no Lunar p r o p e l l a n t  a v a i l a b l e ,  Lunar p r o p e l l a n t  a v a i l a b l e  a f t e r  2005 and 

Lunar p r o p e l l a n t  a v a i l a b l e  from 1995 th rough  2015. The numbers on t h e  ho r i zon-  

t a l  a x i s  of  t h i s  b a r  c h a r t  r e l a t e  t o  t h e  key i n  F i g u r e  4-2a. Again,  one can  see 

t h a t  t h e  b a s e l i n e  hydrogenjoxygen p r o p u l s i o n / v e h i c l e  sys tem wi th  bo th  oxygen and 

hydrogen a v a i l a b l e  on t h e  Moon r e q u i r e s  t h e  l e a s t  amount of r e s o u r c e s  from , t h e  

E a r t h .  Fol lowing  as a c l o s e  second i s  f ami ly  number t h r e e  which i s  t h e  

hydrogen/oxygen b a s e l i n e  OTV wi th  a n  aluminum/oxygen l a n d e r .  
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The d a t a  t h a t  was used  t o  d e r i v e  t h e  ELM i s  provided  i n  Appendix D from t h e  

ASTROFEST model. That  d a t a  l i s t s  t h e  p r o p e l l a n t  r equ i r emen t s  a t  t h e  Lunar s u r -  

f a c e  and a t  LEO f o r  each  y e a r  of  t h e  m i s s i o n  model and sums up t h e  t o t a l  pro- 

p e l l a n t  and r e s o u r c e  s u p p o r t  r equ i r emen t s  f o r  t h e  e n t i r e  mis s ion  model. A 

comparison of some of t h e  more promis ing  v e h i c l e  f a m i l i e s  i s  provided  i n  F igu re  

4-4 f o r  each  y e a r  of  t h e  m i s s i o n  model. The v e h i c l e  f a m i l i e s  i nc luded  i n  t h i s  

c h a r t  are B a s e l i n e  hydrogenloxygen f ami ly  (01, t h e  hydrogen/oxygen OTV w i t h  t h e  

aluminum oxygen l a n d e r  (31 ,  t h e  hydrogenloxygen OTV and l a n d e r  concep t  w i t h  

Lunar oxygen and Lunar hydrogen a v a i l a b i l i t y  (21 ,  t h e  hydrogen/oxygen OTV and 

l a n d e r  wi th  Lunar oxygen a v a i l a b i l i t y  ( 1 1 ,  and ,  f o r  compar ison ,  t h e  s i l a n e  OTV 

and l a n d e r  ( 1 5 )  and t h e  aluminumized-hydrogen/oxygen OTV and l a n d e r  (16 )  con- 

c e p t s .  The number i n  p a r e n t h e s i s  r e f e r  t o  F i g u r e  4-2a and t h e  number of t h e  

l i n e  on t h e  graph .  

The m a j o r i t y  of  ELM i s  p r o p e l l a n t  r e q u i r e d  t o  d e l i v e r  bo th  t h e  payloads  and 

t h e  Lunar  p r o p e l l a n t  p r o c e s s i n g  r e s o u r c e s .  F igu re  4-5 p r o v i d e s  t h e  E a r t h ,  Moon, 

and t o t a l  p r o p e l l a n t  r equ i r emen t s  f o r  t h e  v a r i o u s  v e h i c l e  f a m i l i e s .  The v e h i c l e  

f ami ly  w i t h  t h e  lowes t  t o t a l  p r o p e l l a n t  requi rement  i s  n o t  n e c e s s a r i l y  t h e  

f ami ly  w i t h  t h e  lowes t  Ea r th - supp l i ed  p r o p e l l a n t  r equ i r emen t .  The hydrogen/  

oxygen OTV w i t h  t h e  aluminum oxygen l a n d e r  which had t h e  lowes t  t o t a l  ELM 

requ i remen t  has  one of t h e  l a r g e s t  t o t a l  p r o p e l l a n t  r equ i r emen t s ;  most of  t h e  

p r o p e l l a n t  i s  Lunar-suppl ied .  The hydrogen/oxygen OTV and l a n d e r  w i t h  bo th  oxy- 

gen and hydrogen a v a i l a b l e  from t h e  moon has  by f a r  t h e  lowes t  Ea r th -de r ived  

p r o p e l l a n t  r equ i r emen t  and has  t h e  second lowes t  t o t a l  p r o p e l l a n t  r equ i r emen t .  

These v a r i a n c e s  a r e  l a r g e l y  due t o  t h e  d i f f e r e n c e s  i n  I s p  and t h e  d i f f e r e n c e s  of 

t h e  p r o p e l l a n t  p r o c e s s i n g  r equ i r emen t s .  An a s ses smen t  of  t h e  e f f e c t s  of Lunar 

p r o p e l l a n t  p r o c e s s i n g  on t h e  t o t a l  E a r t h  launch  mass of t h e s e  v a r i o u s  v e h i c l e  

fami l ies  w i l l  be  addres sed  l a t e r  i n  S e c t i o n  4.3.  

The r e l a t i o n s h i p  between t h e  ELM and c o s t  i s  s imply t h e  d e l i v e r y  c o s t  p e r  

pound t o  low E a r t h  o r b i t .  T h i s  ELM c o s t  h a s  been  e s t i m a t e d  a t  $2400 a pound 

( A . D .  L i t t l e ,  1986) .  

4.1.2 Veh ic l e  Development and P r o d u c t i o n  Cos t  

A s  w a s  shown i n  t h e  t o t a l  c o s t  f i g u r e s ,  v e h i c l e  d e s i g n ,  development ,  

t e s t i n g ,  and e n g i n e e r i n g  (DDTCE) i s  n o t  a n  i n s i g n i f i c a n t  p o r t i o n  of  t h e  t o t a l  

c o s t  o f  t h e  Lunar b a s e  m i s s i o n  s c e n a r i o .  T h i s  c o s t  may b e  broken  &own i n t o  t h e  

c o s t  of buying  new v e h i c l e s  as they  are expended and t h e  c o s t  of d e s i g n ,  deve- 
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PROPELLANT REQUIREMENTS SUMMARY 
(LUNAR PROPELLANTS AVAILABLE IN 1995) 
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lopment ,  and t e s t i n g ,  and e n g i n e e r i n g  (DDT&E). F l i g h t  o p e r a t i o n s  c o s t s  

i n c l u d i n g  a e r o b r a k e  rep lacement  and v e h i c l e  main tenance  are n o t  i n c l u d e d  i n  

t h e s e  estimates.  F i g u r e  4-6 shows t h e  e s t i m a t e d  DDT&E c o s t s  and u n i t  p r o d u c t i o n  

c o s t s  i n  m i l l i o n s  of d o l l a r s  f o r  t h e  v a r i o u s  new v e h i c l e  p r o p u l s i o n  concep t s .  

A l l  o f  t h e s e  c o s t s  are d e r i v e d  from t h e  c u r r e n t  OTV s t u d i e s  b e i n g  conducted by 

NASA. The DDT&E column has  been a d j u s t e d  f o r  s t a t e - o f - t h e - a r t  t echnology 

l e v e l s ,  and t echno logy  development needs which w i l l  b e  d i s c u s s e d  i n  S e c t i o n  5.0. 

The u n i t  c o s t s  a l s o  are  based  on t h e  OTV s t u d i e s .  A l a n d e r  i s  s l i g h t l y  l ess  

expens ive  t h a n  a n  OTV because  i t  i s  assumed t h e  OTV w i l l  be deve loped  f i r s t  and 

t h e  l a n d e r  w i l l  u s e  many of t h e  OTV sys tems and components;  e .g . ,  a v i o n i c s ,  

e l e c t r o n i c s ,  s t r u c t u r e s ,  and m a t e r i a l s .  The t o t a l  v e h i c l e  p r o d u c t i o n  c o s t  i s  

based  on t h e  v e h i c l e  f l e e t  s i z e  d i c t a t e d  by t h e  m i s s i o n  model r equ i r emen t .  The 

f l i g h t  rates are of f a i r l y  small magni tude ,  on t h e  o r d e r  of  10 t o  15 p e r  y e a r ,  

and t h u s  o n l y  2-4 OTV and l a n d e r s  a r e  r e q u i r e d .  A more r o b u s t  m i s s i o n  model 

c o u l d  induce  many more f l i g h t s  p e r  v e h i c l e  and t h u s  a m o r t i z e  t h e  h i g h  d e s i g n ,  

deve lopment ,  and t e s t i n g  c o s t .  The assumed v e h i c l e  l i f e t i m e s  are  as f o l l o w s :  

( 1 )  f o r  a l l  hydrogen/oxygen OTV and l a n d e r  c o n c e p t s  w i t h  nominal mix tu re  r a t i o s  

of  5.5 and I s p ' s  of around 470 seconds ,  the l i f e t i m e  i s  e s t i m a t e d  a t  40 f l i g h t s  

(NASA/MFSC, 1986); (2) f o r  hydrogen/oxygen sys t ems  w i t h  h i g h e r  o x i d i z e r  f u e l  

(O/F) r a t i o ,  l i f e t i m e s  are a b o u t  35 f l i g h t s ,  l a r g e l y  due t o  c o o l i n g  problems 

vJi thin t h e  e n g i n e  and t h e  p o t e n t i a l  o f  having  t o  go t o  a n  ox id ize r - coo led  eng i -  

ne ;  ( 3 )  t h e  S i l ane /oxygen  sys tems have an  e s t i m a t e d  l i f e t i m e  of 30 f l i g h t s  

because  o f  t e c h n o l o g i e s  a re  i n  a n  e a r l y  s t a g e  and t h e  p re sence  of  a b r a s i v e  s i l i -  

con  as a byproduct  i n  t h e  p r o p e l l a n t  f l u i d s ;  ( 4 )  f o r  t h e  

aluminumized-hydrogen/oxygen sys t ems ,  a l i f e t i m e  o f  30 f l i g h t s  i s  a s s e s s e d  due 

t o  oxygen c o o l i n g  and aluminum p a r t i c u l a t e s  i n  t h e  p r o p e l l a n t  and e f f l u e n t ;  and 

f i n a l l y  ( 5 )  for t h e  aluminum/oxygen sys tem,  a 25 f l i g h t  l i f e t i m e  i s  e s t i m a t e d  

l a r g e l y  because  of  ex t r eme ly  h i g h  c o n t e n t  of p a r t i c u l a t e s ,  t h e  a b s o l u t e  

n e c e s s i t y  of oxygen c o o l i n g ,  and d i f f i c u l t y  w i t h  s l u r r y  i n j e c t i o n  and un i fo rm 

combust ion.  These  l i f e t i m e s  were used w i t h  t h e  e s t i m a t e d  f l i g h t  r a t e s  g e n e r a t e d  

by ASTROFEST t o  y i e l d  e s t i m a t e d  f l e e t  s i z e ,  and t h u s  a t o t a l  c o s t  of t h e  v e h i c l e  

f ami ly  f l e e t .  

4.2 E a r t h  Launch Mass Estimates 

The t o t a l  ELM e s t i m a t e s  f o r  any g i v e n  v e h i c l e  f ami ly  i s  comprised of  t h e  

p r o p e l l a n t  r equ i r emen t s ,  t h e  a c t u a l  pay loads  t h a t  must be  d e l i v e r e d  t o  e i t h e r  

low Lunar o r b i t  o r  t o  t h e  Lunar s u r f a c e ,  and any  s u p p o r t  r equ i r emen t s  i n c l u d i n g  
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equipment and consumables  f o r  p r o p e l l a n t  p r o c e s s i n g .  Of t h e s e  t h r e e ,  t h e  pro- 

p e l l a n t  f o r  d e l i v e r y  of  t h e  payloads  and s u p p o r t  r equ i r emen t s  are by f a r  t h e  

l a r g e s t  p o r t i o n  of t h e  t o t a l  ELM. 

One key pa rame te r  r e l a t e d  t o  ELM i s  a v a l u e  known as t h e  mass payback 

r a t i o .  T h i s  r a t i o  re la tes  t h e  mass r e q u i r e d  i n  LEO t o  t h e  p r o d u c t i v e  mass d e l i -  

ve red  t o  t h e  Lunar s u r f a c e .  To o b t a i n  t h i s  mass payback r a t i o  w e  have d i v i d e d  

t h e  t o t a l  ELM by t h e  t o t a l  mi s s ion  model mass. Thus,  t h e r e  i s  a d i f f e r e n t  mass 

payback r a t i o  f o r  each  v e h i c l e  f ami ly  and t h e s e  a r e  l i s t e d  i n  Tab le  4-1. These 

mass payback r a t i o s  range  from 2.5 t o  6 .2  and can  b e  used t o  estimate t h e  t o t a l  

ELM of any  g i v e n  m i s s i o n  t o  t h e  Moon on a rough o r d e r  of magni tude b a s i s .  These 

mass payback r a t i o s  c a l c u l a t e d  h e r e  i n c l u d e  on ly  t h e  p r o p e l l a n t ,  and p r o p e l l a n t  

p r o c e s s i n g  s u p p o r t  masses. They do  no t  i n c l u d e  t h e  v e h i c l e  masses invo lved  f o r  

t h e  t r a n s p o r t a t i o n  sys t em because  t h e s e  masses were n o t  i n c l u d e d  i n  t h e  ELM exa- 

mined here .  T h e - m a s s  of t h e  t r a n s p o r t a t i o n  v e h i c l e s  would change t h e  mass 

payload  r a t i o s  by a b o u t  0.5%. 

4.3 S e n s i t i v i t y  and T r a d e o f f  Analyses 
The d e s i g n  c h a r a c t e r i s t i c s  of b o t h  t h e  v e h i c l e  and p r o p u l s i o n  sys tems as 

well as t h e  p r o p e l l a n t  p r o d u c t i o n  s c e n a r i o s  w i l l  b e  compiled i n  t h i s  s e c t i o n  and 

r e l a t e d  t o  t h e  t o t a l  ELM of  t h e  Lunar based  m i s s i o n  s c e n a r i o .  Key s e n s i t i v i t i e s  

and t r a d e s  c o n s i d e r e d  i n c l u d e :  

o E f f e c t s  of Lunar  p r o p e l l a n t  p r o d u c t i o n  

o E f f e c t s  o f  a e r o b r a k e  s p e c i f i c  mass 

o E f f e c t s  of consumable r equ i r emen t s  f o r  p r o p e l l a n t  p r o c e s s i n g  

o E f f e c t s  of hydrogen/oxygen mix tu re  r a t i o  

o E f f e c t s  of  hydrogen/oxygen s p e c i f i c  impulse  

o E f f e c t s  of payload  mass 

o I n f l u e n c e s  of  S h u t t l e  scavenging .  

The s e n s i t i v i t y  a n a l y s e s  w i l l  a d d r e s s  i n t r o d u c t i o n  of  Lunar p r o p e l l a n t  pro- 

c e s s i n g  a t  v a r i o u s  p e r i o d s  of t h e  m i s s i o n  model. Three b a s i c  s c e n a r i o s  e x i s t :  

no Lunar p r o p e l l a n t  a v a i l a b l e  a t  a l l ,  Lunar p r o p e l l a n t  a v a i l a b l e  a f t e r  t h e  y e a r  

2005 through t h e  y e a r  2015, and Lunar p r o p e l l a n t  a v a i l a b l e  ove r  t h e  e n t i r e  

m i s s i o n  s c e n a r i o  from 1995 to 2015. 

4.3.1 E f f e c t s  o f  Lunar  P r o p e l l a n t  P r o c e s s i n g  on E a r t h  Launch Mass 

When a d d r e s s i n g  e f f e c t s  of Lunar p r o p e l l a n t  p r o c e s s i n g  on ELM one i s  

a c t u a l l y  measur ing  t h e  v a l u e  of t h e  t r a n s p o r t a t i o n  sys tem and a s s o c i a t e d  Lunar 
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MASS PAYBACK 
RATIO 

LUNAR PROP. - 1995 

(0) BASELINE O N  & LANDER (NO LUNAR PROPELLANT) 6.10 

(1) BASELINE O N  & LANDER (LUNAR OXYGEN AVAtLABLE) 3.36 

(2) BASELINE O N  & LANDER (LUNAR OXYGEN AND HYDROGEN AVAILABLE2.30 
H/O O N  AND AVO LANDER (LUNAR OXYGEN AND ALUMINUM) 

H/O O N  & LANDER; MR = 8.7 (LUNAR OXYGEN AVAILABLE) 

H/O O N  & LANDER; MR = 10.6 (LUNAR OXYGEN AVAILABLE) 

H/O OTV & LANDER; ISP = 460 (LUNAR OXYGEN AVAILABLE) 

H/O OTV & LANDER; ISP = 490; (LUNAR OXYGEN AVAILABLE) 

H/O OTV & LANDER; PAYLOAD = 10 MT (LUNAR OXYGEN AVAILABLE) 

H/O OTV & LANDER; PAYLOAD = 20 MT (LUNAR OXYGEN AVAILABLE) 

H/O O N  & LANDER; NO AEROBRAKE (LUNAR OXYGEN AVAILABLE) 

H/O ON & LANDER; AEROBRAKE MASS = layo OF REENTRY 

(LUNAR OXYGEN AVAILABLE) 

H/O O N  & LANDER, AEROBRAKE MASS = 20% OF REENTRY 

(LUNAR OXYGEN AVAILABLE) 

H/O O N  & LANDER, AEROBRAKE MASS = 25% OF REENTRY 

(LUNAR OXYGEN AVAILABLE) 

H/O O N  & LANDER, AEROBRAKE MASS = 30% OF REENTRY 

(LUNAR OXYGEN AVAILABLE) 

SiH4 /OXYGEN OTV & LANDER 

ALUMINIZED - HYDROGEN O N  & LANDER 
(LUNAR OXYGEN AND ALUMINUM AVAILABLE) 

H/O OW & LANDER WITH LUNAR OXYGEN RETURN TO LEO 

2.56 

3.54 

4.01 

3.50 

3.13 

3.38 

3.29 

3.94 

3.44 

3.50 

3.66 

3.84 

4.20 

4.34 
(3.1 1)* 

3.49 

ALUMINUM, HYDROGEN AND OXYGEN AVAILABLE ON THE MOON 

TABLE 4-1. MASS PAYBACK RATIOS FOR VARIOUS VEHICLE FAMILIES 



p r o p e l l a n t  p r o c e s s i n g  sys t em u s i n g  ELM as t h e  measurand. G e n e r a l l y ,  Lunar pro- 

p e l l a n t  a v a i l a b i l i t y  r e d u c e s  t h e  t o t a l  mass, t h e  mass f r a c t i o n ,  and t h e  ELM o f  

t h e  OTV. I n  a d d i t i o n ,  t h e  e a r l i e r  e s t a b l i s h m e n t  of t h e  Lunar p r o p e l l a n t  supp ly  

w i t h i n  t h e  m i s s i o n  s c e n a r i o  f u r t h e r  lowers  t h e  ELM. S p e c i f i c a l l y ,  t h e  e f f e c t s  

of Lunar oxygen on B a s e l i n e  hydrogen/oxygen OTV and l a n d e r ,  t h e  e f f e c t s  of Lunar 

oxygen and Lunar hydrogen a v a i l a b i l i t y  on t h e  b a s e l i n e  sys t ems ,  and t h e  e f f e c t s  

of Lunar oxygen and aluminum on t h e  hydrogen/oxygen OTV and aluminum/oxygen 

l a n d e r  sys tem are  addres sed  i n  t h i s  s e c t i o n .  

The e f f e c t s  of  t h e  a v a i l a b i l i t y  of Lunar oxygen are shown i n  F i g u r e  4-7 f o r  

t h e  B a s e l i n e  sys t em and t h e  t h r e e  major  supp ly  s c e n a r i o s  o f :  no Lunar pro- 

p e l l a n t ;  Lunar p r o p e l l a n t  a v a i l a b l e  a f t e r  2005 through t h e  y e a r  2015; and Lunar 

p r o p e l l a n t  a v a i l a b l e  through t h e  e n t i r e  m i s s i o n  s c e n a r i o  1995 through 2015. 

Lunar oxygen a v a i l a b i l i t y  th roughou t  t h e  e n t i r e  m i s s i o n  model w i l l  r educe  t h e  

t o t a l  ELM by 52.5% as compared t o  t h e  B a s e l i n e  where  no Lunar p r o p e l l a n t  i s  

a v a i l a b l e .  P r o v i d i n g  t h e  Lunar oxygen a t  a l a t e r  d a t e ,  i n  t h i s  c a s e  2005, s t i l l  

induces  a s u b s t a n t i a l  b e n e f i t  of 45.5% o v e r  t h e  B a s e l i n e  because  t h e  major  

m i s s i o n  model a c t i v i t y  r e s i d e s  i n  t h e  y e a r s  2005 through 2015. These d a t a  show 

t h a t  a n  e v o l u t i o n a r y  sys t em p r o v i d i n g  no Lunar  p r o p e l l a n t  th rough t h e  y e a r  2005 

wi th  e v o l u t i o n  t o  Lunar oxygen p r o c e s s i n g  f a c i l i t y  i n  2015 does  no t  subs t an -  

t i a l l y  i n c r e a s e  ELM as compared t o  p r o v i d i n g  Lunar  oxygen a t  day one (1995)  of 

t h e  Lunar b a s e .  The p o t e n t i a l  e f f e c t  o f  Lunar oxygen i s  s u f f i c i e n t l y  l a r g e  i f  

Lunar p r o c e s s i n g  r equ i r emen t s  a re  k e p t  low t o  i d e n t i f y  i t  a s  a p r i o r i t y  i t e m  i n  

t h e  Lunar  t r a n s p o r t a t i o n  system. 

S i m i l a r  r e s u l t s  are found i n  F i g u r e  4-8 dhen c o n s i d e r i n g  t h e  a v a i l a b i l i t y  

of b o t h  Lunar oxygen and Lunar hydrogen. Supply ing  Lunar oxvgen and hydrogen t o  

t h e  b a s e l i n e  sys t em f o r  t h e  e n t i r e  m i s s i o n  s c e n a r i o ,  t h e  ELM may be  reduced by 

67.5% over  t h e  B a s e l i n e .  I n t r o d u c i n g  t h e s e  two p r o p e l l a n t s  from t h e  Lunar su r -  

f a c e  a t  a l a t e r  d a t e ,  2 0 0 5 ,  s t i l l  r educes  ELM by ove r  50%. Thus t h e  o v e r a l l  

a r f e c t s  of i n t r o d u c i n g  Lunar p r o p e l l a n t  i s  s e e n  as ex t r eme ly  v a l u a b l e  i n  

r educ ing  ELM by  more t h a n  one h a l f  of t h a t  f o r  a t o t a l l y  E a r t h  LEO-based 

t r a n s p o r t a t i o n  sys tem.  F u r t h e r  ev idence  of t h i s  w i l l  be  shown i n  f u t u r e  sen- 

s i t i v i t y  r e s u l t s .  

The combina t ion  of  a n  aluminum/oxygen l a n d e r  wi th  a hvdrogen/oxygen OTV i s  

a p o t e n t i a l l y  economical  f ami ly .  P r o v i d i n g  b o t h  aluminum and oxygen from t h e  

Moon produces  a g r e a t e r  b e n e f i t  because  b o t h  aluminum and oxygen c a n  be  produced 
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EFFECT OF LUNAR PROPELLANT 
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FIGURE 4-8. EFFECT OF LUNAR PROPELLANT (LLOX & LH2) ON H/O SYSTEM 
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i n  t h e  same p r o c e s s .  Because of  t h e  r e l a t i v e l y  low performance of t h e  

aluminum/oxygen l a n d e r ,  a g r e a t  d e a l  of  p r o p e l l a n t  i s  r e q u i r e d  from E a r t h  i f  

none i s  a v a i l a b l e  from t h e  Moon. T h e r e f o r e ,  t h e  aluminum/oxygen l a n d e r  i s  n o t  

l o g i c a l  t o  c o n s i d e r  i f  no Lunar p r o p e l l a n t  i s  a v a i l a b l e .  By i n t r o d u c i n g  t h e  

Lunar p r o p e l l a n t  a f t e r  2005, t h e  E a r t h  launch  mass can  be reduced by more t h a n  

72%. By i n t r o d u c i n g  bo th  aluminum and oxygen as Lunar p r o p e l l a n t s  i n  1995,  t h e  

ELM may be reduced by 88.7%, n e a r l y  an  o r d e r  of magni tude.  The ELM f o r  t h i s  

f ami ly  wi th  Lunar  p r o p e l l a n t  i s  comparable  t o  t h e  H / O  sys tems w i t h  J,unar oxygen. 

These r e s u l t s  a l s o  app ly  t o  t h e  S i l ane /oxygen  and aluminized-hydrogen/  

oxygen f a m i l i e s .  The aluminized-hydrogen/oxygen (Al-H/O) f ami ly  h a s  two major  

p r o p e l l a n t  supp ly  a l t e r n a t i v e s :  ( 1 )  Lunar supp ly  of aluminum and oxygen o n l y ,  

and ( 2 )  Lunar supp ly  of hydrogen,  aluminum, and oxygen. *The ELM i s  4974 m e t r i c  

t o n s  (MT) f o r  t h e  f i r s t  s c e n a r i o  and 3564 MT f o r  t h e  second s c e n a r i o .  T h i s  com- 

p a r e s  t o  8083 MT f o r  t h e  B a s e l i n e  c a s e .  Thus,  supp ly ing  Lunar hvdrogen i n  add i -  

t i o n  t o  aluminum and oxygen d e c r e a s e s  t h e  ELM requ i r emen t s  by 28%. The t o t a l l y  

Lunar p r o p e l l a n t - s u p p l i e d  A1-H/O v e h i c l e  f ami ly  i s  a t t r a c t i v e  b u t  l e s s  b e n e f i -  

c i a l  t h a n  t h e  H / O  sys t em wi th  Lunar hydrogen and oxygen a v a i l a b l e .  

4.3.2 E f f e c t s  o f  Aerobrake S p e c i f i c  Mass on E a r t h  Launch Mass 

Aerobrakes  a r e  a v e r y  e f f e c t i v e  means of r educ ing  t h e  p r o p u l s i v e  v e l o c i t v  

r equ i r emen t s  (De l t a -v ) ,  t h u s  r educ ing  p r o p e l l a n t  q u a n t i t i e s  r e q u i r e d .  However, 

t h e  a e r o b r a k e  r e p r e s e n t s  a n  i n c r e a s e  i n  d r y  mass which must b e  t r a n s p o r t e d  from 

Low E a r t h  o r b i t  (LEO) t o  low Lunar o r b i t  (LLO) and back t o  LEO. Two major  sour -  

ces t y p e s  o f  a e r o b r a k e s  p o s s i b l e  a r e  Earth-produced a e r o b r a k e s  and Lunar- 

produced a e r o b r a k e s .  R e s u l t s  demonst ra ted  h e r e  c o n s i d e r  t h e  n e a r e r  technology 

of Earth-produced a e r o b r a k e s  and t h e  s e n s i t i v i t i e s  of t h o s e  a e r o b r a k e s  t o  t h e  

ELM. The mass of  an  ae robrake  i s  t y p i c a l l y  s t a t e d  as a p e r c e n t a g e  of t h e  t o t a l  

r e e n t r y  m a s s  of t h e  v e h i c l e  f ami ly .  F i g u r e  4-9 shows t h e  e f f e c t  of a e r o b r a k e  

masses oil t o t a l  ELM w i t h o u t  any Lunar p r o p e l l a n t  supply  a v a i l a b l e .  The b e n e f i t  

of hav ing  a 15% s p e c i f i c  mass a e r o b r a k e  ove r  no ae robrake  i s  a s a v i n g s  of  a b o u t  

22% of t h e  ELM. However, a s  t h e  s p e c i f i c  a e r o b r a k e  mass i n c r e a s e s  from 15 t o  

30% t h e  ELM i n c r e a s e s  from 8260 MT t o  approx ima te ly  9000 MT reducing  t h e  ELM 

b e n e f i t  t o  13.5%. E x t r a p o l a t i n g  t h e s e  r e s u l t s  as shown i n  F igu re  4-10, t h e  

ae robrake  s p e c i f i c  mass must be  l e s s  t h a n  35% of t h e  r e e n t r y  mass. 

When c o n s i d e r i n g  t h e  same a e r o b r a k e  masses f o r  a Lunar oxygen supp ly  sce-  

n a r i o  beg inn ing  a t  1995 t h e  15% s p e c i f i c  mass a e r o b r a k e  saves  only  abou t  15% of  
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EARTH LAUNCH MASS AS A FUNCTION 

OFAEROBRAKE MASS 
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t h e  ELM as shown i n  F i g u r e  4-11. . The ELM t h e n  from 3850 MT t o  4403 MT as t h e  

mass of  t h e  a e r o b r a k e  i n c r e a s e s  from 15% t o  30% of  t h e  r e e n t r y  mass. The ELM i s  

abou t  4520 MT w i t h o u t  a n  ae robrake .  E x t r a p o l a t i n g  t h e  ELM as a f u n c t i o n  of  

ae robrake  s p e c i f i c  mass as shown i n  F i g u r e  4-12, i l l u s t r a t e s  t h a t  t h e  maximum 

mass of  t h e  a e r o b r a k e  i s  a b o u t  32 MT t o  have a b e n e f i c i a l  impact  on t h e  ELM. 

I n  summary, t h e  a v a i l a b i l i t y  of Lunar oxygen i s  a much more s i g n i f i c a n t ,  

b e n e f i c i a l  t echno logy  t h a n  t h e  ae robrake .  F igu re  4-13 shows t h e  r e l a t i v e  bene- 

f i t s  of any combina t ion  of s i n g l e  technology implemen ta t ions  w i t h  r e s p e c t  t o  

a e r o b r a k e s  and Lunar oxygen supply .  The ae robrake  masses e f f e c t  ELM more s i g n i -  

f i c a n t l y  when a Lunar p r o p e l l a n t  supply  of  Lunar oxygen i s  n o t  a v a i l a b l e .  E a r t h  

launch  mass by 260 MT when t h e r e  i s  no Lunar oxygen supply .  

4.3.3 E f f e c t s  o f  P r o p e l l a n t  P r o c e s s i n g  Consumable Requirements  on E a r t h  
Launch Mass 

The e f f e c t s  of  p r o p e l l a n t  p r o c e s s i n g  consumable r equ i r emen t s  on ELM i s  a 

key c o n s i d e r a t i o n  for two r e a s o n s .  F i r s t ,  i t  may h e l p  de t e rmine  when a s p e c i f i c  

p r o p e l l a n t  p r o c e s s i n g  t e c h n i q u e  i s  no l o n g e r  b e n e f i c i a l  i n  terms of  t h e  amount 

of r e q u i r e d  consumable mass p e r  u n i t  m a s s  of p r o p e l l a n t .  Second, i t  will s h o w  

t h e  s e n s i t i v i t y  of  o u r  a n a l y s i s  r e s u l t s  t o  consumable e s t i m a t e s  and t h u s  r e v e a l  

where ex t reme care shou ld  be  t aken  t o  e n s u r e  a c c u r a t e  assumpt ions  and estimates.  

Consumable r e q u i r e m e n t s  w i l l  be  addres sed  f o r  t h r e e  d i f f e r e n t  sys tems:  t h e  base-  

l i n e  hydrogen/oxygen sys tem wi th  Lunar oxygen p r o d u c t i o n  on t h e  Moon, t h e  

hydrogen/oxygen sys t em w i t h  b o t h  Lunar oxygen and Lunar hydrogen on t h e  Moon, 

and f i n a l l y  t h e  hydrogen/oxygen OTV and aluminum oxygen l a n d e r  w i t h  b o t h  alumi-  

num and oxygen a v a i l a b l e  on t h e  Moon. The consumable ra tes ,  k i log rams  p e r  u n i t  

mass of  p r o d u c t i o n ,  were i n c r e a s e d  by 4 % ,  8%, 12%,  and ,  i n  some c a s e s ,  16%,  and 

20% t o  d e t e r m i n e  t h e  a d d i t i o n a l  r e s o u r c e  r equ i r emen t s  t h a t  must b e  d e l i v e r e d  t o  

t h e  Moon from E a r t h  t o  manufac ture  t h e  same amount of p r o p e l l a n t  f o r  t h e  same 

m i s s i o n  s c e n a r i o .  F i g u r e  4-14 shows t h e  e f f e c t s  of changes i n  t h e  consumable 

r equ i r emen t s  f o r  Lunar  oxygen t h e  b a s e l i n e  hydrogenloxygen system. No t i ce  t h a t  

an  i n c r e a s e  of  20% i n  t h e  Lunar consumable r e s o u r c e  p e r  u n i t  o f  oxygen i n c r e a s e s  

t h e  t o t a l  ELM by a lmos t  100%. F i g u r e  4-15 shows s imilar  c u r v e s  f o r  t h e  oxygen 

and hydrogen supp ly  from t h e  Moon f o r  t h e  same d e t a i l e d  system. The 20% 

i n c r e a s e  i n  consumable r equ i r emen t s  p e r  pound of p roduc t  when bo th  oxygen and 

hydrogen a re  produced induces  l e s s  t h a n  a 79% i n c r e a s e  i n  E a r t h  Launch Mass 

r equ i r emen t s .  F i n a l l y ,  i n  F i g u r e  4-16 t h e  consumable r equ i r emen t s  f o r  produc- 

t i o n  of aluminum and oxygen f o r  t h e  aluminum/oxygen l a n d e r  i n  t h e  H/O, OTV show 
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a g a i n  a d r a s t i c  i n c r e a s e  i n  t h e  ELM. For  o n l y  a 12% i n c r e a s e  i n  t h e  consumable 

r equ i r emen t  p e r  pound of oxygen a 69% i n c r e a s e  i n  ELM i s  e s t i m a t e d .  

T o  summarize,  t h e  ELM i n c r e a s e s  d r a s t i c a l l y  w i t h  t h e  p e r c e n t a g e  of con- 

sumable r equ i r emen t s  i n c r e a s e ,  and t h e  ELM i s  v e r y  s e n s i t i v e  t o  t h e  consumable 

r equ i r emen t s  p e r  pound of  p r o d u c t s  f o r  any p r o p e l l a n t  p r o d u c t i o n  t echn ique .  The 

s e n s i t i v i t y  n a t u r a l l y  i n c r e a s e s  as more p r o p e l l a n t  i s  produced on t h e  Lunar s u r -  

f a c e .  F i g u r e  4-17 shows t h e  s low i n c r e a s e s  f o r  t h e  consumable r equ i r emen t s  f o r  

F a m i l i e s  1, 2 ,  and 3 .  The s l o p e  i n d i c a t e s  t h e  s e n s i t i v i t y  of t h e  ELM t o  changes 

i n  consumable r equ i r emen t s .  The s l o p e s  are indeed  g r e a t e r  f o r  t h e  aluminum/ 

oxygen p r o p e l l a n t  p r o d u c t i o n  scheme. T h i s  shows t h a t  i n c r e a s e d  dependence on 

Lunar-der ived p r o p e l l a n t  e f f e c t s  t h e  maximum amount of consumable mass f o r  any 

g i v e n  p r o c e s s i n g  technology.  

4 . 3 . 4  E f f e c t s  o f  Hydrogen/Oxygen Mixture  Ratio on E a r t h  Launch Mass 

I n c r e a s i n g  mix tu re  r a t i o  w i l l  r educe  t h e  p e r c e n t a g e  of  f u e l  r e q u i r e d  as 

p r o p e l l a n t  f o r  any  g i v e n  p r o p u l s i o n  system. I n  t h e  c a s e  of hydrogenloxyqen pro- 

p u l s i o n  s y s t e m s ,  because  hydrogen i s  a r e l a t i v e l y  s c a r c e  p roduc t  on t h e  Moon, a 

h igh  m i x t u r e  r a t i o  may b e  b e n e f i c i a l  i n  meet ing  o v e r a l l  t r a n s p o r t a t i o n  r e q u i r e -  

ments.  However, as t h e  mix tu re  r a t i o  d i v e r g e s  from t h e  optimum t h e  s p e c i f i c  

impulse  d e c r e a s e s  and i n c r e a s e s  t h e  t o t a l  p r o p e l l a n t  r equ i r emen t  f o r  any g i v e n  

mis s ion .  F i g u r e  4-18a shows t h e  mass of hydrogen f o r  t h e  H / O  OTV and l a n d e r  

sys t ems  f o r  a s i n g l e  m i s s i o n  as a f u n c t i o n  of  mix tu re  r a t i o .  #en h i g h e r  mix- 

t u r e  r a t i o s  a r e  used  i n  t h e  l a n d e r ,  s p e c i f i c  impulse  d e c r e a s e s  and p r o p e l l a n t  

r equ i r emen t s  i n c r e a s e .  T h i s  i n c r e a s e  i n  o v e r a l l  p r o p e l l a n t  i n c r e a s e d  t h e  

r equ i r emen t  € o r  hydrogen and hence t h e  change i n  s l o p e  a t  a mix tu re  r a t i o  o f  

abou t  e i g h t .  T h i s  r e s u l t  c a n  a l s o  be  s e e n  i n  F i g u r e  4-19, t h e  ELM i n c r e a s e s  as 

t h e  mix tu re  r a t i o  i n c r e a s e s  from 5.5 t o  10.6.  

The q u e s t i o n  s t i l l  a r i s e s :  I s  t h e r e  a n  o x i d i z e r  t o  f u e l  r a t i o  which t a k e s  

advan tage  of t h e  Lunar oxygen supp ly  w i t h o u t  b e i n g  burdened by a d d i t i o n a l  pro- 

p e l l a n t  r equ i r emen t s  which would induce  a d d i t i o n a l  hydrogen d e l i v e r v  from E a r t h .  

When t h e  v e h i c l e  f a m i l i e s  w i t h  hydrogenloxygen p r o p u l s i o n  sys tem O/F r a t i o s  of 

50 and 35 were run  on ASTROFEST, v e r y  l a r g e  numbers of l a n d e r  f l i g h t s  were 

r e q u i r e d  t o  supp ly  a n  OTV w i t h  enough oxygen f o r  t h e  r e t u r n  t r i p  because  of t h e  

reduced performance.  T h i s  l a r g e  number of  l a n d e r  f l i g h t s  r e q u i r e d  a d d i t i o n a l  

hydrogen t o  be  imported from E a r t h  u s i n g  t h e  OTV and t h u s  t h e  t o t a l  ELM i s  much 

g r e a t e r  t h a n  f o r  mix tu re  r a t i o s  of 5 . 5  t o  8.  The on ly  o t h e r  q u e s t i o n  remain ing  



\ 
\ 

\ 

\ 
\ 

130 . of MtRm -1ECHNOLOQY CENTER 

I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 



I 
I 
,I 
~1 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 

I- z 
W W 

I 
W 
U 
3 
CI 
W 
U 

II 

u! 
In 

z 
W 
(3 
0 
U 
n 

In 

- m  
0 0 0 

0 
ln 

0 
0 
ln 

0 
0 

0 
0 

0 0 
0 0 

T 0 c9 ln N O 7  N 

131 

- M b m m  - T E C H N O L O O Y  CENTER 



132 

- m m  -TECHNOLOQY CENTER 

I 
1 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
1 
1 
I 
1 
I 
I 
I 



may b e  p r e s e n t e d  by F i g u r e  4-20. Is t h e r e  a n  o x i d i z e r  t o  f u e l  r a t i o  between 5.5 

and 8 .7  € o r  which t h e  ELM i s  lower t h a n  t h a t  mix tu re  r a t i o  of  5.51 T h i s  

q u e s t i o n  remains  t o  be  answered.  

4.3.5 E f f e c t s  o f  S p e c i f i c  Impulse on E a r t h  Launch Mass 

Three  hydrogen and oxygen p r o p e l l a n t  sys tems of v a r y i n g  s p e c i f i c  impulse  

were run  th rough  t h e  e n t i r e  mis s ion  s c e n a r i o .  The t h r e e  I s p ' s  were:  460 

seconds ,  470 seconds ,  and 490 seconds.  The p r o p e l l a n t  supp ly  s c e n a r i o s  of no 

Lunar p r o p e l l a n t  and Lunar p r o p e l l a n t  t h roughou t  t h e  e n t i r e -  m i s s i o n  model were 

addres sed  and t h e  r e s u l t s  are p r e s e n t e d  i n  F i g u r e s  4-21 and 4-22. Without  Lunar 

p r o p e l l a n t s  a v a i l a b l e ,  a 30 second i n c r e a s e  i n  I s p  from 460 second t o  490 

seconds  d e c r e a s e d  t h e  ELM by o n l y  11%. When Lunar p r o p e l l a n t  was a v a i l a b l e  t h e  

same i n c r e a s e  i n  s p e c i f i c  impulse  y i e l d e d  a b o u t  t h e  same d e c r e a s e  i n  ELM, 

approx ima te ly  10.6%. I n  summary, small i n c r e a s e s  i n  s p e c i f i c  impulse  on t h e  

o r d e r  of  30 seconds  r educe  t h e  ELM by approx ima te ly  10% w i t h  o r  w2thout  Lunar 

p r o p e l l a n t  p r o d u c t i o n .  

4.3.6 E f f e c t s  o f  Payload  Mass C a p a b i l i t y  on E a r t h  Launch Mass 

S e n s i t i v i t i e s  of t h e  payload  mass c a p a b i l i t y  o f  any  v e h i c l e  were i n v e s t i -  

g a t e d  wi th  samples  t aken  a t  10 MT, 15.9 MT and 20 MT of  payload  (15.9 MT b e i n g  

t h e  b a s e l i n e ) .  A s  shown i n  F i g u r e  4-23 l i t t l e  o r  no s e n s i t i v i t y  was observed .  

T h i s  i s  l a r g e l y  due  t o  t h e  m a n i f e s t i n g  of  t h e  v a r i o u s  pay loads  i n  t h e  m i s s i o n  

model which a l lowed  l i t t l e  v a c a n t  space  i n  any v e h i c l e  f l i g h t .  

4.4 Space S h u t t l e  Scavenging  Impacts  on E a r t h  Launch Mass Requirements  

Space S h u t t l e  s caveng ing  r e p r e s e n t s  a p o t e n t i a l l y  s i g n i f i c a n t  s o u r c e  of 

hydrogen and oxygen i n  LEO. T h i s  sou rce  w i l l  have t h e  e f f e c t  o f  r educ ing  ELM 

r e q u i r e m e n t s ,  s p e c i f i c a l l y  t h e  p r o p e l l a n t  d e l i v e r e d  from E a r t h  t o  LEO. C u r r e n t  

S h u t t l e  s caveng ing  s t u d i e s  i n d i c a t e  t h a t  up t o  91 MT of hydrogen and oxygen pro- 

p e l l a n t  c o u l d  b e  s u p p l i e d  p e r  y e a r .  Over a 20 y e a r  p e r i o d  t h i s  cou ld  amount t o  

up t o  1800 MT ( 2 2 %  f o r  b a s e l i n e  v e h i c l e  f a m i l y ) .  Thus,  ELM of 1800 MT cou ld  be  

saved o v e r  t h e  m i s s i o n  model s c e n a r i o .  T h i s  amount of p r o p e l l a n t  and 

co r re spond ing  r e d u c t i o n  i n  E a r t h  Launch Mass i s  e q u i v a l e n t  t o  a b o u t  9.6 b i l l i o n  

d o l l a r s  u s i n g  t h e  g u i d e l i n e s  of  c o a t i n g  a s  s t a t e d  i n  S e c t i o n  4 .1 .  With Space 

S h u t t l e  s caveng ing  and t h e  u s e  of Lunar oxygen p r o p e l l a n t  t h e  t r a n s p o r t a t i o n  

c o s t s  of t h e  m i s s i o n  model c o u l d  be  l e s s  t h a n  $6 b i l l i o n  over  t h e  20 y e a r  p e r i o d  

g iven .  
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5 .0  TECHNOLOGY REQUIREMENTS 

A program t o  d e v e l o p  a p p r o p r i a t e  p r o p u l s i o n  sys t em and p r o p e l l a n t  tech-  

nology needs  t o  b e g i n  now i f  we hope t o  e s t a b l i s h  a c o s t - e f f e c t i v e  b a s e  on t h e  

Moon by t h e  y e a r  2000. The t echno logy  p l a n  f o r  p r o p e l l a n t / p r o p u l s i o n  sys tem 

must be  i n t e g r a t e d  w i t h  t h e  o v e r a l l  Lunar b a s e  s c e n a r i o s  and p l ann ing .  T h i s  

s t u d y  recommends c e r t a i n  t echno logy  developments  f o r  t h e  Earth-Moon t r a n s p o r -  

t a t i o n  sys t em i n c l u d i n g  Lunar  p r o p e l l a n t  p r o d u c t i o n  and usage .  

The o b j e c t i v e  of t h e  t echno logy  a n a l y s e s  w i t h i n  Task 4 of  t h i s  s t u d y  was t o  

i d e n t i f y  t echno logy  r e q u i r e m e n t s  and deve lop  p r e l i m i n a r y  p l a n s  f o r  s a t i s f y i n g  

t h o s e  r e q u i r e m e n t s .  The scope  i n c l u d e d  p r o p e l l a n t  s u p p l v ,  p r o p u l s i o n  sys t ems ,  

and t r a n s p o r t a t i o n  v e h i c l e  sys t ems .  With r e s p e c t  t o  p r o p e l l a n t  s u p p l v ,  t h e  

e r f o r t  focused  h e a v i l y  on t h e  chemica l  p r o c e s s i n g  of p r o p e l l a n t s  from t h e  Lunar 

r e g o l i t h  ( s e e  S e c t i o n  2 .0 ) .  The Lunar p r o p e l l a n t  s e l e c t i o n s  (hydrogen ,  oxygen, 

s i l a n e ,  aluminum) coup led  w i t h  m i s s i o n  and v e h i c l e  r e q u i r e m e n t s  l a r g e l y  d e t e r -  

mined p r o p u l s i o n  sys t em t echno logy  r equ i r emen t s .  V e h i c l e  sys t em t echno logy  

r e q u i r e m e n t s  i n c l u d e  a e r o b r a k e  sys t ems  and v a r i o u s  o p e r a t i o n a l  c o n s i d e r a t i o n s .  

Tasks  1 th rough  3 of  t h e  s t u d y  e x p l o r e d  a l a r g e  number of  o p t i o n s  f o r  pro- 

v i d i n g  Earth-Moon t r a n s p o r t a t i o n  and a r e  d e s c r i b e d  i n  S e c t i o n s  2 t h roueh  4 of  

t h i s  r e p o r t .  A s c r e e n i n g  p r o c e s s  reduced  t h e  i n i t i a l  number of v e h i c l e  f ami ly  

o p t i o n s .  A few were chosen  as be ing  most b e n e f i c i a l .  S u f f i c i e n t  u n c e r t a i n t y  

e x i s t s  i n  d e t e r m i n i n g  o p t i m a l  sys tem approaches  a t  a l l  l e v e l s  ( f rom o v e r a l l  

s p a c e  program g o a l s  and commitments down t o  s p e c i f i c  sys t em c h a r a c t e r i s t i c s )  and 

t h e r e f o r e ,  f i n a l  s e l e c t i o n  of  sys tems i s  p rema tu re .  However, t h e  concep t  recom- 

menda t ions  made h e r e  w i l l  s e r v e  t o  i d e n t i f y  and c h a r a c t e r i z e  t echno logy  needs  

and t h e  a s s o c i a t e d  b e n e f i t s .  A c o n t i n u a t i o n  of sys tem s t u d i e s  and funding  of 

t e c h n o l o g y  development  a c t i v i t i e s  i s  needed t o  a l l o w  f u t u r e  s e l e c t i o n  of o p t i m a l  

sys t ems .  A d e t a i l e d  t echno logy  development  p l a n  i s  r e q u i r e d  w i t h  a t i m e l i n e  

t h a t  i s  c o m p a t i b l e  w i t h  expec ted  f u t u r e  d e c i s i o n  p o i n t s .  A p r e l i m i n a r y  v e r s i o n  

of such  a p l a n  i s  one end i t e m  of  t h i s  t a s k  and i s  p r e s e n t e d  l a t e r  i n  t h i s  sec-  

t i o n .  

T h i s  s e c t i o n  of t h e  r e p o r t  i s  o r g a n i z e d  i n t o  f o u r  s u b s e c t i o n s  ( 5 . 1  t o  5 . 4 ) .  

S u b s e c t i o n  5.1 d e l i n e a r e s  t h e  approach  t a k e n  i n  d e v e l o p i n g  r equ i r emen t s  and 

p l a n s .  S u b s e c t i o n  5 .2  p r e s e n t s  a Lunar  S u r f a c e  Base development  s c e n a r i o  used  

PRECEDlNG PAGE BLANK NOT FILMED 



t o  e s t a b l i s h  t i m e l i n e s .  S u b s e c t i o n  5.3 p r e s e n t s  i n d i v i d u a l  sys tem t echno logy  

r e q u i r e m e n t s  t h a t  are  key  t o  l e a d i n g  space  t r a n s p o r t a t i o n  o p t i o n s .  S u b s e c t i o n  

5.4 d e v e l o p s  t h e  p r e l i m i n a r y  t echno logy  p l a n .  

5.1 Technology Analysis Approach 

Technology development  a c t i v i t i e s  f o r  t h e  l e a d i n g  o r  more p romis ing  sys tems 

must be  c a r r i e d  forward  i n  p a r a l l e l  w i t h  t h e  g o a l  of p r o v i d i n g  needed i n f o r -  

mat ion  and mee t ing  expec ted  d e c i s i o n  s c h e d u l e s .  The f i n a l  s e l e c t i o n  of  Lunar 

p r o p u l s i o n  sys t ems  shou ld  f o l l o w  key ,  wel l -p lanned  t echno logy  developments  and 

Phase  A and B. sys t ems  a n a l y s e s .  

T o  p r o j e c t  d a t e s  when d e c i s i o n s  would be  needed ,  A s t r o n a u t i c s  c o n s t r u c t e d  a 

Lunar b a s e  t r a n s p o r t a t i o n  sys t em development  s c e n a r i o  d e s c r i b e d  i n  S e c t i o n  5 .2 .  

The s c e n a r i o  was based  on t h e  m i s s i o n  model s u p p l i e d  by NASA JSC. The m i s s i o n  

model f i r s t  was used  t o  e s t a b l i s h  I n i t i a l  O p e r a t i o n a l  C a p a b i l i t y  (IOC) d a t e s  and 

t h e  e v o l u t i o n a r y  development  of c a p a b i l i t i e s  f o r  major  sys tem e l e m e n t s .  Once 

t h i s  i n f o r m a t i o n  w a s  e s t a b l i s h e d ,  l e a d  times f o r  sys t em developments  were e s t i -  

mated ( b a s e d  on h i s t o r i c a l  p recedence )  t o  e s t a b l i s h  needed d e c i s i o n  d a t e s  f o r  

" A u t h o r i t y  t o  Proceed" (ATP) w i t h  t h o s e  deve lopments .  T h i s  t h e n  d i c t a t e d  t h e  

t i m e t a b l e  f o r  sys t em s t u d i e s  and t echno logy  development .  

The most p romis ing  p r o p u l s i o n  and t r a n s p o r t a t i o n  sys t em o p t i o n s  were d e t e r -  

mined i n  Tasks  2 and 3 which were used  as  g u i d e l i n e s  i n  Task 4 t o  i d e n t i f y  t h e  

t e c h n o l o g y  development  r e q u i r e m e n t s  of each  of  t h o s e  recommended o p t i o n s  ( s e e  

S e c t i o n  5.3).  Each t echno logy  development  i t e m  t h e n  was d e s c r i b e d ,  t h e  work 

r e q u i r e d  t o  a c h i e v e  i t  b r i e f l y  d e f i n e d ,  and e v a l u a t e d  i n  t e rms  of i t s  g r o s s  

payback p o t e n t i a l  i f  implemented. Based on t h e s e  r e s u l t s  and o t h e r  f a c t o r s ,  

such  as o p e r a t i o n a l  c o n s i d e r a t i o n s ,  a n  a s ses smen t  of need was made t o  de t e rmine  

whether  t h e  needed t echno logy  development  was "enab l ing"  o r  "enhancing".  

Given  t h e  t echno logy  need d a t e s  from t h e  Lunar S u r f a c e  Base S c e n a r i o s  and 

t h e  i n d i v i d u a l  t echno logy  deve lopmen t s ,  a p r e l i m i n a r y ,  t h r e e - y e a r  t echno logy  

development  p l a n  was c o n s t r u c t e d  and d e s c r i b e d  i n  S e c t i o n  5.4. The p l a n  i n c l u -  

d e s  sys t em l e v e l  s t u d i e s  needed ,  focused  t echno logy  a n a l y s e s  a c t i v i t i e s  and 

t echno logy  e x p e r i m e n t a t i o n  and development  a c t i v i t i e s .  I t  was time-phased t o  

p r o v i d e  l o g i c a l  s equenc ing  of a n a l y t i c a l  and e x p e r i m e n t a l  a c t i v i t i e s .  
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5 . 2  Lunar Surface Base (LSB) Scenario 

The entire Lunar Surface Base (LSB) Scenario is presented as an evolu- 

tionary development. In the pre-LSB IOC years, systems studiesltrade-off analy- 

ses and experiments lead to technology development and typical phase A ,  B y  and 

C/D of specific program definition, design, development and implementation. 

Post-LSB IOC represents technology development missions, pilot systems and con- 

tinued groNth of LSB systems/operations. 

A s  in the current Space Station program, post-LSB IOC activities are as 

much a part of technology development as the pre-IOC developments. Figure 5-la 

depicts the events that are estimated to OCCUK after the IOC date which occurs 

at the start of year 1 and continues for twenty years. The scenario initially 

depends on an O/H transportation system using Earth-provided propellants. The 

Lunar-derived oxygen, hydrogen, aluminum, or silane propellant production and 

associated propulsion systems would evolve over time. Lunar Remote Sensing, 

site selection, mining beneficiation, oxygen production, propellant storage, and 

LSB and Lunar orbit activities will occur throughout the post-ICC era. Lunar 

remote sensing would be used to update maps of the Lunar surface, identify new 

resource locations, and continuously monitor the status of excavation and mining 

activities. Site selection will be a periodic activity throughout the LSB sce- 

nario dependent on location of new resource locations and new resource/produc- 

tion requirements. In-situ propellant production, acquisition, mining 

production, storage, and use proceed through a logical sequence of technology 

demonstration missions (TDMs), pilot facility construction and operation, and 

full capab'ility system construction and operation. The Earth and Earth orbit 

testing of propulsion systems that would use Lunar propellants is assumed to 

occur simultaneously with, Lunar propellant facility construction/testing. 

Pre-IOC technology developments are shown to accommodate the IOC implemen- 

tation. Figure 5- lb  presents the scenario €or the ten years prior to IOC € o r  

development of major system elements. For example Phase A ,  Phase B y  and Phase 

C/D program efforts are shown for Lunar oxygen (LLOX). These are preceeded by 

technology demonstration ( 2  years) and system level experimentation and tech- 

nology development ( 2  years). A 10-year system development cycle is recommended 

r o r  the Lunar oxygen production system. Subsystem and component level tech- 

nology developments must preceed this system cycle. The Lunar remote sensing 

and initial site selection activities must preceed the IOC to establish the LSR 

site and specific resource locations. 
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The LSB mission model projects an IOC of 1995. Astronautics LSB Scenario 
indicates the earliest IOC probably would be about the year 2000. This would 

allow a 10-year system development cycle preceeded by a 3-year subsystem/ 

component technology development program (experiments). Astronautics also 

recommends that additional systems and tradeoff studies should be conducted in 

the next two to three years to steer initial technology developments and that 

detailed program plan for Lunar base development be prepared. 

5.3 Key Technologies 

This subsection describes the key technologies identified for leading 

transportation system options. For each technology needed, development activity 

is described, payback potential is estimated, and a determination is made as to 

whether the technology is enabling or enhancing. Enabling and enhancing tech- 

nologies for Lunar base chemical propulsion systems are summarized in Figure 

5-2. Those for propellant supply technologies are summarized in Figure 5-3, and 

those for vehicle technologies in Figure 5-4. Each technology is discussed 

below. The scope is limited to chemical propulsion system and propellant 

related technologies. Additional information on some technologies is included 

in Appendix G. 

5.3.1 Key Propulsion/Vehicle System Technologies 

This section provides discussion of technologies listed in Figures 5-2 and 

5-4. Studies by current OTV efforts of propellant transfer/handling, extended 

life, light-weight structures and tankage and automation for propulsion/vehicle 

systems are directly applicable to Lunar transportation and are, therefore, not 

discussed here. 

5.3.1.1 High Expansion Ratio Nozzle 

Design studies and experiments necessary to establish the Isp gain versus 

weight penalty. Cooling requirements and solutions must be determined. Design 

concepts should be assessed against tradeoffs of engine sizing, thrust level, 

single versus multiple engines, and Lunar landing/takeoff operations. An Isp 

increase t o  490 seconds would lead to reduction in propellant mass supplied from 
Earth by about 6.7% and reduce the mass payback ratio from 3.36 to 3.13 over the 

H/O systems uith Lunar oxygen. This is an enhancing high-value technology -- a 
relatively low risk method of increasing Isp. 



W 
-I 

ki 

G 

0 z 
Q 
U 
z 
cn 
Z 

X w 

0 

a n 

r 
12 
I 

12 
I 

z 
0 
i= cn 
3 
rn z 
0 
0 
0 

zi 

a 
I 

5 
8 
- i= 

n 
z 
0 
0 
t- cn 
3 

X w 
z 
0 
t- cn 
3 m z 
0 
0 

a r 
\ 

w z 
a z 
W 

- 

Q r 
0 
i= a 
U 

8 
n 

a 
w 
0 z 
I z 
W 

cn w z 
(3 z w 
0 
i= a 
U 

- 

s 
8 

6 

r 
(3 r 

(3 z 

0 
0 

- 

v) 
W 
i= 
i 
m 
2 a 
0 
(3 z 
3 

- 

- 
rn 
W 
0 a n cn 

(3 
Z 

8 P o  

n 

4 
2 s 
W 
I 
0 

cn 
W 
(3 
0 

z 
I 
0 
W c 
I 
W c cn > cn 
z 
0 

3 n 
0 
K n 
* 
W 
Y 

Y 

I 

6 

3 

4 
v)  

W 
K 
3 
(3 z 

145 

~~~~ - T E C H N O L O G Y  CENTER 



- 

u 
0 
2 

f 
I z 
Lu 

~ 

cn 
W 
3 

z 
I 
0 
W 
t- 
(3 z 
cn cn 
W 

U 
n 
0 
F 
9 
c3 cr 
W z 
t cn 

0 

- 

8 

W 
(3 a 
8 
F cn 
\ 

0 z 
W 

>- 
U 
0 

8 

tn 
W 
(3 
0 
A 
0 z 
I 
0 
W 
I- 

* 
A 

3 
<n 
I- z 
4 
A 
A w 
n 
0 
pe n 
* w 
Y 

I 

n 
n 

4 
v) 

W 
U 
3 
(3 
LL 
- 

146 

--m ~~~~~ -TECHNOLOQY CENTER 

I 
1 
I 

I 
1 
1 
I 
I 
1 
1 
1 
1 
1 
1 
1 
1 
I 
1 



W 
(3 

x 
Z 
I- 

W 
U 
3 

3 
U 
I- cn 
I- 
I 

w 

I- 
I 
(3 
1 

a 
a 
cn- 

b 

i2 
3 

(3 
Z - 
8 
k 
Z 
0 
2 
I 
3 a 
W 
I 

(3 z 
1 

Z 
4 
I 

[I 
W 
u, cn z 
[I 
I- 
I- 

- 
n 

1 

a 

f 1 
w 

U 
8 
n 

147 



I 

5.3.1.2 High-speed, Long-Life Turbomachinery 

The u s e  of high-speed turbomachinery  i s  one of s e v e r a l  approaches  t o  l i q u i d  

r o c k e t  eng ine  per formance  improvement,  b u t  i t s  u s e  a l s o  i n t r o d u c e s  h igh  s t resses  

w i t h i n  t h e  e n g i n e  d e s i g n .  T y p i c a l l y ,  h i g h e r  speed  turbomachinery  i s  eas ie r  t o  

a c h i e v e  f o r  smaller e n g i n e s  needing  smaller d i a m e t e r  pumps. T h i s  t echno logy  h a s  

c ros s - impac t s  w i t h  l i f e t i m e l d u r a b i l i t y  c o n s i d e r a t i o n s  and t h e  s i z ing lnumber  of 

e n g i n e s .  I n t r o d u c i n g  high-speed turbomachinery  w i l l  i n c r e a s e  t h e  I s p  of a g i v e n  

e n g i n e  and d e c r e a s e  t h e  pump s i z e l w e i g h t  expense  of reduced l i f e t i m e ,  r e l i a b i -  

l i t y ,  e t c .  T h e r e  i s  a need t o  a s s e s s  t h e  t r a d e o f f s  of h i g h e r  performance v e r s u s  

l i f e t i m e  and r e l i a b i l i t y  i s s u e s  which a r e  a l s o  v e r y  impor t an t  c o n s i d e r a t i o n s  i n  

a Lunar b a s e  s c e n a r i o .  T h i s  i s  a n  enhanc ing ,  h igh-va lue  technology t o  improve 

e n g i n e  wi th  low mass impacts  i n  eng ine  d e s i g n .  

5.3.1.3 Aluminum/Oxygen Combustion 

A n a l y t i c a l  s t u d i e s  t o  p r o j e c t / p r e d i c t  performance a r e  needed. There i s  a 

need t o  deve lop  means t o  o p t i m i z e  performance and r e s o l v e  a n t i c i p a t e d  combust ion 

problems.  An A102 f i l m  w i l l  form on A 1  p a r t i c l e s  t h a t  r e t a r d s l p r e v e n t s  com- 

b u s t i o n .  Also  A1102 usage l e a d s  t o  l a r g e ,  heavy combust ion chambers and I s p  

lower t h a n  H/O.  These problems and o t h e r s  need t o  be  addres sed  f o r  a l l  of t h e  

p o t e n t i a l  A 1  f e e d  mechanisms proposed.  T h i s  technology c o u l d  s i g n i f i c a n t l y  

r educe  t h e  mass t h a t  must b e  d e l i v e r e d  from E a r t h  t o  o r b i t .  The work proposed 

i s  needed t o  produce  s t a b l e ,  h i g h - e f f i c i e n t  combust ion i n  compact combustors  o f  

a c c e p t a b l e  mass. The e f f e c t  of MR i n  per formance  i s  b e l i e v e d  to b e  a key i s s u e .  

T h i s  t echno logy  shou ld  enhance combust ion e f f i c i e n c y  and performance of  t h e  

Al/L02 p r o p e l l a n t  combina t ion .  

5.3.1.4 Aluminized-Rydrogen/Oxygen Combustion 

There  i s  a r equ i r emen t  t o  conduct  a n a l y t i c a l  s t u d i e s  t o  p r e d i c t  p e r f o r -  

mance of A l - H / O  r o c k e t  e n g i n e s .  The f o r m u l a t i o n  and c h a r a c t e r i z a t i o n  of s t a b l e ,  

premixed he te rogeneous  AI-H f u e l s  w i l l  be  d i f f i c u l t  t o  accompl ish  because  of t h e  

wide ly  d i s p a r a b l e  p h y s i c a l  p r o p e r t i e s  of  LH2 and A l ,  e . g . ,  

m. p.  t .  (K) b.p.  t. (K) Dens i ty  (g/cm3) 

114 20.2 
21 77 

H2 
A l  387 

0.07099 
2.70 

These h e t e r o g e n e o u s l y  f u e l s  must be  fo rmula t ed  and c h a r a c t e r i z e d  as r o c k e t  pro- 

p e l l a n t s  a t  one-g and zero-g.  Means t o  o p t i m i z e  performance and d e a l  w i t h  com- 

b u s t i o n  problems must b e  deve loped .  A l so  Al-H2/0 u s e  l e a d s  t o  l a r g e ,  heavy 
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combust ion chambers and I s p  much lower t h a n  H/O.  These i s s u e s  and o t h e r s  need 

t o  b e  addres sed .  One approach  t h a t  might  h e l p  i s  a t r i p r o p e l l a n t  i n j e c t o r  (LO2, 

LH2, LHz-Al). The work proposed i s  needed t o  produce s t a b l e ,  h i g h - e f f i c i e n c y  

combust ion i n  compact combustors  of  a c c e p t a b l e  weight .  T h i s  technology enhances  

combust ion e f f i c i e n c y  and performance of t h e  Al-LHz/LO* p r o p e l l a n t  combina t ion  

and would l e a d  t o  a s i g n i f i c a n t  r e d u c t i o n  i n  mass t h a t  must be  l i f t e d  from E a r t h  

t o  E a r t h  o r b i t  and a mass payback r a t i o  of l ess  t h a n  4.3.  

5.3.1.5 Si lane /Oxygen Combustion 

The SiH4/0 combust ion p r o c e s s  and p roduc t s  need t o  be  ana lyzed  t o  

p r e d i c t  per formance .  There  i s  a need t o  conduct  expe r imen t s  t o  deve lop  eng ine  

performance pa rame te r s  and d e a l  w i t h  problems of eng ine  d u r a b i l i t y / l i € e t i m e .  

T h i s  t echno logy  c o u l d  s i g n i f i c a n t l y  r educe  t h e  mass f low from t h e  E a r t h ' s  su r -  

f a c e  t o  E a r t h  o r b i t .  The work performed i s  needed t o  p rov ide  s t a b l e  h igh-  

e f f i c i e n c y  combust ion i n  compact combust ion chambers of  a c c e p t a b l e  mass. 

5.3.1.6 Combustion E f f i c i e n c y  and Combustion Chamber and Nozzle  
D u r a b i l i t y  f o r  S i  and A1 Based F u e l s  

There  i s  a need t o  conduct  s p e c t r o s c o p i c  a n a l y s i s  of  combust ion ,  e x h a u s t  t o  

deve lop  more comple te  u n d e r s t a n d i n g  of combust ion p r o c e s s e s  and e f f i c i e n c i e s ,  

and t o  i n v e s t i g a t e  problems of s l a g  fo rma t ion  and eng ine  i n t e r n a l  s u r f a c e  degra-  

d a t i o n  and e r o s i o n .  T h i s  t echno logy  development work c a n  p rov ide  b e t t e r  per -  

forming , l o n g e r - l i v e d  e n g i n e s .  T h i s  technology enhances  t h e  performance , 
l i f e t i m e ,  r e l i a b i l i t y  of  e n g i n e s  t h a t  produce s i l i c a t e  and m e t a l l i c  ox ide  

e x h a u s t  p r o d u c t s .  

5.3.1.7 Engine/System B e a l t h  Moni to r ing  

Advanced, l o n g - l i f e d ,  space-based p r o p u l s i o n  sys tems w i l l  need i n t e g r a t e d  

c o n d i t i o n  mon i to r ing  and c o n t r o l  sys tem hardware wi th  p r e d i c t i v e  c a p a b i l i t y .  An 
on-board sys t em i s  needed t h a t  w i l l  mon i to r  t h e  c o n d i t i o n  of components such as 

pumps , i n j e c t o r s ,  v a l v e s ,  e t c .  and p r e d i c t  t h e i r  f u t u r e  c o n d i t i o n .  T h i s  

r e q u i r e s  development  of s e n s o r  t echno logy ,  sys tems i n t e g r a t i o n ,  sys tem 

s o f t l h a r d w a r e ,  and p r e d i c t i o n  d a t a  b a s e  g e n e r a t i o n .  T h i s  i s  one of t h e  keys  t o  

s u c c e s s f u l  space  b a s i n g  and r e p r e s e n t s  a n  enhancing  technology f o r  economical  

Earth-Moon o p e r a t i o n .  



5.3.1.8 Enhanced O/F Ratio H/O Engines  

There i s  a need t o  assess t r a d e o f f s  w i t h  r e s p e c t  t o  O/F r a t i o ,  I s p ,  w e i g h t ,  

r e l i a b i l i t y  and d u r a b i l i t y  of  h i g h  O/F r a t i o  eng ines .  A s l i g h t  i n c r e a s e  i n  O/F 

(below 8)  may reduce  E a r t h  l aunch  mass. Our a n a l y s i s  i n d i c a t e s  t h a t  l a r g e  

i n c r e a s e s  i n  O/F r a t i o  do  n o t  appea r  t o  reduce  o v e r a l l  E a r t h  l aunch  mass and 

c o s t  of t h e  LSB m i s s i o n  s c e n a r i o .  Higher  O/F r a t i o s  s l i g h t l y  h i g h e r  t h a n  6 may 

enhance che Lunar t r a n s p o r t a t i o n  sys tem by r educ ing  hydrogen s u p p l i e d  from E a r t h  

and i n c r e a s i n g  t h e  dependence on Lunar-produced oxygen. 

5.3.1.9 Coo l ing  of High O/F Ratio H/O Engines  

I t  i s  a p p a r e n t  t h a t  more a n a l y s i s  and t r a d e o f f s  of  optimum MR f o r  Lunar 

m i s s i o n s  wi th  Lunar oxygen a v a i l a b i l i t y  are  r e q u i r e d .  Exper imenta l  programs to  

deve lop  and prove  oxygen c o o l i n g  t e c h n i q u e s  f o r  t h e s e  e n g i n e s  a r e  needed.  T h i s  

c o o l i n g  technology i s  r e q u i r e d  f o r  v e r y  h i g h  MR eng ine  o p e r a t i o n s  and €o r  

Alloxygen and Al-H/oxygen e n g i n e s .  Oxygen c o o l i n g  i s  an  e n a b l i n g  t echno logy  f o r  

a n  enhancing  e n g i n e  o p t i o n  and i s  c o n s i d e r e d  i n  enhancing  t echno logy  t o  Lunar 

base  t r a n s p o r t a t i o n .  

5.3.1.10 Space Bas ing  C a p a b i l i t y  

P r o p u l s i o n  sys t ems  must b e  compa t ib l e  w i t h  space  envi ronments  and opera-  

t i o n s  on t h e  Lunar s u r f a c e  and i n  c i s l u n a r  space ,  i n  b o t h  o p e r a t i o n a l  and 

s to rage /ma in tenance  modes. I s s u e s  t h a t  must be  a d d r e s s e d  i n c l u d e  Lunar  d u s t  

c o n t a m i n a t i o n ,  s u r f a c e  t e m p e r a t u r e  f l u c t u a t i o n s ,  d e s i g n  f o r  s emi - robo t i c  main- 

t enance  and p r e l p o s t  f l i g h t  a c t i v i t i e s .  S u c c e s s f u l  r e s o l u t i o n  of t h e s e  i s s u e s  

i s  n e c e s s a r y  f o r  s u c c e s s f u l  s p a c e  b a s i n g .  T h i s  technology area i s  e n a b l i n g  w i t h  

r e s p e c t  t o  space  b a s i n g .  

5.3.1.11 Aluminum/Oxygen Engine Cool ing  

The conduct  of p r e l i m i n a r y  d e s i g n  and a n a l y s i s  e f f o r t s  t o  e x p l o r e  p o t e n t i a l  

c o o l i n g  s o l u t i o n s .  Expe r imen ta l  and developmenta l  e f f o r t s  must b e  performed t o  

v e r i f y  t h e  t h e o r y  and implement s o l u t i o n s .  Problems r e l a t e d  t o  v e r y  h i g h  com- 

b u s t i o n  t e m p e r a t u r e s  and low e f f i c i e n c y  c o o l i n g  from A110 p r o p e l l a n t s  a r e  a n t i -  

c i p a t e d .  A i / O  e n g i n e s  must be  run  a t  h i g h  MR (oxygen r i c h )  t o  produce  g a s  t o  

expand o u t  the n o z z l e  b u t  t h i s  produces  a w a l l  c o m p a t i b i l i t y  problem. 4 s i g n i -  

f i c a n t  r e d u c t i o n  i n  mass t h a t  must be  launched from E a r t h  t o  E a r t h  o r b i t  can  be  

achieved .  T h i s  proposed work must a l s o  c o n s i d e r  t h a t  t h e  eng ine  vi11 e v e n t u a l l y  

be  l o n g - l i f e d ,  r e u s e a b l e ,  and man-rated.  
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5.3.1.13 Aluminum Feed i n  A 1 1 0  Engine  

A n a l y t i c a l  and e x p e r i m e n t a l  programs are  needed f o r  i n t r o d u c i n g l f e e d i n g  

aluminum i n t o  a combust ion chamber t o  b e  burned wi th  LO2 f o r  t h e  Alloxygen 

h y b r i d  eng ine .  Cand ida te  methods i n c l u d e :  c o a t e d  A 1  i n  g e l l e d  L02; l i q u i d  A 1  

i n j e c t i o n  ( w i t h  a s s o c i a t e d  back-up sys t ems) ;  s o l i d  A 1  a l l o y  p l u s  L o p ;  and A1 

powder i n t r o d u c t i o n  i s  similar t o  d i e s e l  o r  c o a l  combust ion.  A s i g n i f i c a n t  

r e d u c t i o n  i n  mass t h a t  must b e  l i f t e d  from E a r t h  t o  o r b i t  c a n  be  ach ieved  and a 

r e d u c t i o n  i n  mass payback r a t i o  t o  2.56. T h i s  t echno logy  i s  e n a b l i n g  t o  t h e  A l /  

oxygen h y b r i d  e n g i n e  concep t .  

5.3.1.12 Al-B/Oxygen Engine Coo l ing  

A p r e l i m i n a r y  d e s i g n  and a n a l y s e s  s t u d y  on A l - H / O  eng ine  c o o l i n g  concep t s  

must b e  conducted  t o  e x p l o r e  p o t e n t i a l  s o l u t i o n s  fo l lowed by e x p e r i m e n t a l  and 

development  e f f o r t s  t o  v e r i f y  and implement s o l u t i o n s .  There i s  a need t o  

a d d r e s s  problems of  v e r y  h i g h  combust ion t e m p e r a t u r e s  w i t h  two phase ( f u e l )  

c o o l a n t  and low h e a t  f l u x  (oxygen)  c o o l a n t .  T h i s  t echno logy  c o u l d  s i g n i f i c a n t l y  

r educe  t h e  mass t h a t  must  be  l i f t e d  from E a r t h  t o  E a r t h  o r b i t .  The work pro- 

posed must a l s o  c o n s i d e r  t h a t  t h i s  eng ine  must a l s o  b e  l o n g - l i f e d ,  r e u s e a b l e ,  

and man-rated.  T h i s  t echno logy  i s  e n a b l i n g  t o  s u c c e s s f u l  o p e r a t i o n  of Al-H/O 
eng ine .  

5.3.1.14 Aerobrake ing/Capture  

The u s e  of  a e r o b r a k e s  i s  e i t h e r  e n a b l i n g  o r  enhanc ing  t o  t h e  Lunar  

t r a n s p o r t a t i o n  sys t em depending  on t h e  a v a i l a b i l i t y  and u s e  of  Lunar oxygen. 

The development  of a l i g h t w e i g h t  (15% of  E a r t h  e n t r y  mass) sys tem i s  needed i f  

a e r o b r a k e s  are t o  b e  of v a l u e .  Without  Lunar oxygen p r o d u c t i o n  on t h e  Moon 

a e r o b r a k e  t echno logy  e n a b l e s  a n  e f f i c i e n t  t r a n s p o r t a t i o n  system. With Lunar 

p r o p e l l a n t  a v a i l a b l e  t h e  ae robrake  on ly  enhances  t h e  t r a n s p o r t a t i o n  system. I f  

Lunar oxygen i s  t r a n s p o r t e d  t o  LEO, t h e  a e r o b r a k e  a g a i n  becomes an  e n a b l i n g  

t echno logy .  However, t h i s  Lunar p r o p e l l a n t  r e t u r n  s c e n a r i o  w i l l  r e q u i r e  a v e r y  

l a r g e  t r a n s p o r t a t i o n  sys tem w i t h  a n  a e r o b r a k e  w i t h  m a S s  of approx ima te ly  13  MT. 

Techno log ie s  i n  l a r g e ,  low mass a e r o b r a k e  sys t ems  should  be  con t inued  and 

t e s t e d .  

5.3.2 P r o p e l l a n t  A c q u i s i t i o n  Technology 

5.3.2.1 Loca te  Des i r ed  Lunar  Resources  and Mining S i t e s  w i t h  Minimal 
Mult i -specimen Sampling 

Remote s e n s i n g  and o t h e r  t e c h n i q u e s  such  as n u c l e a r  bombardment have been  

c c e s s f u l l y  on E a r t h  and shou ld  b e  employed on t h e  Moon t o  d e t e c t  mean 
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p a r t i c l e  s i z e ,  s u r f a c e  roughness,  and p o s s i b l y  chemical composition. The deve- 

lopment and use of such techniques should reduce crew-hours ( 1 0 0 ' s  of hour s )  and 

t r a n s p o r t  equipment requirements.  This  i s  key t o  the  s i t e  l o c a t i o n  of any Lunar 

r e source  p rocess ing  p l a n t .  Th i s  technology would enhance the performance of 

p rep rocess ing  and processing techniques.  

5.3.2.2 C o l l e c t i o n  and T r a n s p o r t a t i o n  of Raw Materials 

T e r r e s t r i a l  mining machinery has  been concep tua l ly  adopted f o r  t he  Moon. 

More innova t ive  equipment and techniques should be i n v e s t i g a t e d  t o  bPt ter  u t i -  

l i z e  Lunar r e sources .  S p e c i f i c  f u n c t i o n a l  needs may i nc lude  scooping, c rush ing ,  

d redg ing ,  plowing, and hau l ing .  Also techniques of i n t e g r a t i n g  the  c o l l e c t i o n /  

t r a n s p o r t a t i o n  systems and the  preprocessing systems. This  technology -would 

reduce the  consumable requirements  r equ i r ed  t o  take the Lunar r e g o l i t h  from i t s  

n a t u r a l  s t a t e .  Th i s  i s  enhancing technology t o  reduce basing and support  

requirements.  

5.3.3 P r o p e l l a n t  Preproceasing/Beneficiation Technology 

5.3.3.1 S e p a r a t i o n  of I l m e n i t e  

Some expe r imen ta t ion  of t e r r e s t r i a l  s imulant  and Apollo i l m e n i t e  s e p a r a t i o n  

has  been achieved (Agosto, 1983) us ing  magnetic and e l e c t r o s t a t i c  s e p a r a t i o n  

t echn iques ,  c o l l e c t i n g  up t o  51-55% i l m e n i t e  c o n c e n t r a t e  i n  one pass .  However, 

an i n v e r s e  r e l a t i o n s h i p  e x i s t s  between the  c o n c e n t r a t i o n  and recovery percentage 

of i l m e n i t e .  Mul t ip l e  pas ses  on l a r g e r  s c a l e  s e p a r a t i o n s  should be 

accomplished. The e f f e c t s  of t he  l ack  of Fe3+ i n  Lunar i l m e n i t e  s e p a r a t i o n  

should be i n v e s t i g a t e d .  This  technology could reduce the s p e c i f i c  consumption 

of oxygen p roduc t ion  by 30 - 40%. This  technology would enhance e f f i c i e n c y  of 

Hydrogen Reduction oxygen processing by reducing the  amount of i n i t i a l  mass t o  

be processed.  I t  i s  a r equ i r ed  and enab l ing  technology f o r  oxygen product ion 

us ing  Magma e l e c t r o l y s i s .  SOA e l e c t r o d e s  cannot accommodate the  presence of 

s i l i c a t e  m a t e r i a l  w i thou t  extreme degrada t ion .  

5.3.3.2 Sepa ra t ion  by S i l i c a t e  

S e p a r a t i o n  experimentat ion i s  needed using m a g n e t i c / e l e c t r o s t a t i c  tech- 

niques coupled with s i f t i n g  and lo r  o t h e r  r e g o l i t h  ref inement  techniques t o  

s e p a r a t e  o u t  A1203-Si02 from Anor thos i t e .  Th i s  technology reduces the con- 

sumables r e q u i r e d  t o  produce aluminum by approximately 60%. This  technology 

would a l low p rocess ing  of s p e c i f i c  metals such as aluminum and enhance the  per- 

formance of t h e  a c i d  l each  o r  vapor i o n  s e p a r a t i o n  product ion techniques.  
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5 . 3 . 3 . 3  Separa t ion  of Metal Oxides from S i l i c o n  Oxides 

P o t e n t i a l  s i l i c a t e  s e p a r a t i o n  techniques must  be i d e n t i f i e d  t o  enhance pro- 

duc t ion  e f f i c i e n c y  (none uncovered t o  d a t e ) .  Experimentation of most va luab le  

concepts  should be pursued on Lunar s imulant  and/or Apollo samples. This  tech- 

nology could reduce t h e  consumable requirements  i n  t h e  Acid Leach p rocess  by 

45%. Removing s i l i c a t e s  would a l s o  reduce hardware c o r r o s i o n  r a t e s .  

5 . 3 . 4  P r o p e l l a n t  PocessingIProduct ion Technology 

5 . 3 . 4 . 1  Bydrogen E x t r a c t i o n  

I d e n t i f i c a t i o n  and a n a l y s i s  of p o t e n t i a l  hydrogen e x t r a c t i o n  techniques 

(such as RF/microwave, thermal r e l e a s e ,  and v i b r a t i o n a l  r e l e a s e )  and experimen- 

t a t i o n  i n  the l a b o r a t o r y  with Lunar r e g o l i t h  samples impacted with a hydrogen 

plasma are r equ i r ed .  Th i s  technology could reduce Ea r th  launch mass from the  

Lunar oxygen s c e n a r i o  by 30%. (A 65% reduc t ion  from t h e  b a s e l i n e  scena r io . )  

This  technology would enable  a 100% Lunar-derived and Lunar-based H / O  OTV and 

l ande r .  

5 .3 .4 .2  Consumable Recycling 

The hydrogen r educ t ion  oxygen processing techniques r ecyc le  90-95% of t h e  

hydrogen through hydrogen r e l e a s e  from Ti02/FeO power and e l e c t r o l y s i s  of H20. 

Recycling of HF i n  t h e  a c i d  l each  process  r e q u i r e s  no t  only recovery of H 

through e l e c t r o l y s i s ,  b u t  a l s o  recovery of F from SiF4 and AlF3. Addit ional  

a n a l y s i s  should be given t o  these  sub-processes t o  i d e n t i f y  f e a s i b l e  improve- 

ments. This  technology could reduce consumable requirements  approximatelv 50% 

thereby making the  Acid Leach process  competi t ive.  This  technology would enable  

many p rocesses  inc lud ing  a c i d  leaching as a n  economical aluminum and oxygen pro- 

c e s s  ing . 

5 . 3 . 4 . 3  E l e c t r o d e  L i fe t ime  and D u r a b i l i t y  

There i s  a requirement t o  i d e n t i f y  and c a t e g o r i z e  e x i s t i n g  e l e c t r o d e  

m a t e r i a l s .  Carbon g r a p h i t e  and platinum a r e  seen as c u r r e n t l y  v i a b l e  e l e c t r o d e s  

bu t  s u f f e r  from immense degrada t ion  from s i l i c a t e s  and high temperatures .  

Research should be  conducted f o r  l o n g e r - l a s t i n g  e l e c t r o d e s  more t o l e r a b l e  of t he  

molten s l a g  con ten t .  E lec t rodes  m a t e r i a l  could a l s o  be der ived from Lunar 

r e sources  (a l though with degraded performance) t o  s t i l l  p o t e n t i a l l y  reduce the 

Earth-support  requirements.  This  technology could reduce consumable r equ i r e -  

ments of t he  molten e l e c t r o l y s i s  oxygen product ion by 50%. This  i s  near- 



e n a b l i n g  t echno logy  f o r  t h e  magma 

rep lacemen t  r equ i r emen t s  of  e l e c t r o d e  

e l e c t r o l y s i s  f o r  oxygen t o  reduce  t h e  

r e s u p p l y .  

5 . 3 . 4 . 4  Plasma P r o c e s s i n g  

Not much i s  known t o  d a t e  on t h i s  p r o c e s s .  Key t e c h n o l o g i e s  i n c l u d e  plasma 

s u s t e n a n c e ,  p l a s m  f low and i o n  s e p a r a t i o n .  An i n i t i a l  a n a l y s i s  of  t h e  f e a s i b i -  

l i t y  shou ld  be done as Phase 1 fo l lowed by a c o n c e p t u a l  d e f i n i t i o n  i n  Phase 2 

and f i n a l l y  some e x p e r i m e n t a l  work i n  Phase 3 .  T h i s  t echno logy  c o u l d  reduce  

consumables  t o  n e a r - n e g l i g i b l e  f r a c t i o n s  ( e . g .  5 g of p r o d u c t i o n  m a t e r i a l  p e r  

m e t r i c  t o n  of 02 produced) .  

5 . 3 . 4 . 5  High Tempera ture  Materials P r o c e s s i n g  

Key development  a r e a s  i n c l u d e  t h e  c o n t a i n e r  of  t h e  mol ten  m a t e r i a l ,  v a l v e s  

and p i p i n g ,  and h e a t e r  e l emen t s .  Lunar materials may be  produced i n t o  r e f a c t o r y  

l i n i n g s  such  as MgO. Cons tan t  t empera tu res  must be  ma in ta ined  t o  a v o i d  burn-  

t h rough  o r  bu i ld -up  i n  v a l v e s  and p ip ing .  Hea te r  c o n c e p t s  shou ld  a v o i d  d i r e c t  

c o n t a c t  w i t h  magma t o  avo id  d e g r a d a t i o n .  A l l  t h r e e  areas r e q u i r e  f u r t h e r  ana ly -  

s i s  t o  d e t e r m i n e  a f e a s i b l e  Lunar t echn ique .  I f  t h i s  t echno logy  i s  not  deve- 

l o p e d ,  t h e n  maintenance on h i g h  t empera tu re  p r o c e s s i n g  f a c i l i t i e s  c o u l d  doub le  

t h e  equipment  r equ i r emen t s  e s t i m a t e d .  T h i s  t echno logy  enhances  h i g h  t empera tu re  

p r o c e s s i n g  t o  i n c r e a s e  p r o d u c t i v i t y  of  magma e l e c t r o l y s i s  .and o t h e r  h igh-  

t empera tu re  p r o c e s s i n g  t e c h n i q u e s ,  and r educe  main tenance  problems.  

5 . 3 . 4 . 6  S y n e r g i s t i c  P r o c e s s i n g  

I d e n t i f i c a t i o n  of  t o t a l  LSB materials and p o t e n t i a l  areas of  m u l t i p l e  

r e s o u r c e  p r o c e s s i n g  and p r o c e s s i n g  t e c h n i q u e s  i s  r e q u i r e d .  There  i s  a r e q u i r e -  

ment t o  r e f i n e  t h e  p r o c e s s e s  wi th  c o n c e n t r a t i o n  on s e p a r a t i o n  of  s p e c i f i c  r a w  

m a t e r i a l s  from t h e  o u t p u t  m a t e r i a l s  and a c t u a l  performance e f f i c i e n c y  estimates 

i n  most f e a s i b l e  p r o c e s s e s .  I f  s y n e r g i s t i c  p r o c e s s i n g  i s  p r a c t i c a l ,  t h e  c o s t  of 

p roduc ing  p r o p e l l a n t  c o u l d  be  sp read  among t h e  e n t i r e  Lunar base  and may, i n  

some c a s e s ,  be  a n e a r l y - f r e e  b i p r o d u c t  from a n o t h e r  p r o c e s s .  T h i s  would enhance 

t h e  o v e r a l l  raw materials a v a i l a b i l i t y  i n  s u p p o r t  of t h e  t o t a l  Lunar b a s e .  

5 . 3 . 5  P r o p e l l a n t  S t o r a g e / D e l i v e r y  Technology 

5 . 3 . 5 . 1  Long-Term S t o r a g e  

Another  i m p o r t a n t  i s s u e  i s  t h e  i d e n t i f i c a t i o n  of e f f e c t s  of  Lunar s t o r a g e ,  

permanent shadow s t o r a g e ,  and r e c y c l i n g  t e c h n i q u e s  t o  reduce  b o i l - o f f  and ene rgy  

r equ i r emen t s  f o r  c ryogens .  Also s t o r a g e  r equ i r emen t s  and c o n c e p t s  f o r  mixed 



hybrids and powdered fuels need to be identified. This technology could save on 

the order of 10% of the propellant stored on the Moon. This technology would 

enhance storage efficiency by reducing boil-of€ of cryogens and hybrids. 

5.3.5.2 Cryogenic Cool-D~wn 

Assessing the potential of magnetic refrigerators, hybrid magnetic/gas- 

cycle refrigerators and other potential cryogenic cooling techniques for oxygen, 

LH2 and possibly solid 02 should be investigated. If economic feasibility is 

evident, experimentation should be pursued. A significant reduction of power 

consumption and equipment mass over current gas cycle refrigerators could be 

achieved. This technology is enhancing and would decrease energv and equipment 

consumable requirements. 

5.4 Technology Plan 
Consistent with the outcome of Subsection 5.2 and using the results of 

Subsection 5.3 a preliminary technology plan was defined: see Figure 5-5 (a-d). 

The plan covers a three-year time span and includes both studies and specific 

technology development activities. Bolded items refer to technology develop- 

ments of the recommended propulsion and propellant supply systems. 

The first item in the plan is a two-year effort to upgrade the mission 

model and conduct various analyses and tradeoffs to enable proper system selec- 

tions. Vehicle/propulsion systems analyses should include: combustion analysis, 

propellant characterization, cooling analysis, sizing, li€etime/durability 

assessment , operations, technology, and costs. The scope of these analyses 

should include hydrogen-oxygen, silane-oxygen, and aluminum-hydrogen-oxygen che- 

mical systems, as well as electric, nuclear, EML and other systems. In addi- 
tion, propulsion assist mechanisms ( e . g .  aerobrake and tether systems) need to 

be further explored. 

Propellant processing analyses are needed to determine feasibility and 

assess efficiencies for all propellants being considered. The analyses must 

address acquisition, preprocessinglbeneficiation, processing/production and 

storage/transfer. 

Finally, an extensive series of propulsion system experiments needs to be 

conducted to determine which systems can provide needed performance and opera- 

cional characteristics. The combustion of solid aluminum in oxygen, liquid alu- 
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minum i n  oxygen and s i l a n e  i n  oxygen needs  t o  be  t e s t e d  t o  e s t a b l i s h  performance 

and o p e r a t i o n a l  c h a r a c t e r i s t i c s .  Feed mechanisms are a s i g n i f i c a n t  concern  and 

need t o  be t e s t e d  and e v a l u a t e d .  

T h i s  p l a n  i s  a m b i t i o u s  and w i l l  r e q u i r e  a s i z a b l e  inves tment  of NASA 

r e s o u r c e s .  I t  i s  based  on a th ree -yea r  s chedu le  t h a t  c a n  s u p p o r t  a t r anspor -  

t a t i o n  sys tem IOC a b o u t  t h e  y e a r  2000. Changes i n  t h e  IOC d a t e  would a l l o w  

co r re spond ing  changes  i n  t h e  technology p l an .  
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APPENDIX B 

PROPELLANT PROCESSING 

RESOURCE AND EQUIPMENT WEIGHT 

E ST IMATE S 
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B.0 

The f o l l o w i n g  c a l c u l a t i o n s  have been  d e r i v e d  t o  o b t a i n  a f a i r  comparison of 

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

and hardware r equ i r emen t s  may n o t  r e f l e c t  t h e  a c t u a l  v a l u e s  de te rmined  by 

e x p e r i m e n t a t i o n  b u t  c a n  be  used  w i t h  o t h e r  p r o c e s s  v a l u e s  c a l c u l a t e d  i n  t h i s  

Values  f o r  ene rgy  

s t u d y  f o r  r e s o u r c e  r equ i r emen t  compar isons .  

B . l  S o l a r  Wind Gas E x t r a c t i o n  

Lunar R e g o l i t h  Requirement  

Lunar  r e g o l i t h  r equ i r emen t  i s  v i s u a l l y  de te rmined  f o r  a b a s e l i n e  p r o d u c t i o n  

of 10  MT 02  or 10 MT/month. 

E x t r a c t i o n ,  w e  w i l l  d i s c u s s  i t s  r e s o u r c e  r equ i r emen t s  u s i n g  enough mare t o  

S i n c e  02  i s  n o t  a d i r e c t  p roduc t  of S o l a r  Wind Gas 

supp ly  10 MT 02  assuming 100% of  a l l  02 i n  t h e  mare i s  p rocessed  by some o t h e r  

t echn ique .  

10 MT 02 x l g  mare = 24.2 MT Mare 

0.413g 02 

Reac t a n  t Re q u i  re men t 

No r e a c t a n t s  are  r e q u i r e d .  

P roduc t s  

The f o l l o w i n g  c h a r t  l i s t s  c o n c e n t r a t i o n s  of solar wind g a s e s  i n  t h e  mare. 

TABLE B.l-1 S o l a r  Wind Gas Concentration i n  Lunar  R e g o l i t h  

S o l a r  Wind Gas C o n c e n t r a t i o n  
( PPM, W t  1 

Mare H i  gh 1 and s Bas in  E j e c t a  

H 
H e  
He-3 
N 
Ne 
A r  

54.8 56.0 ' 76.5 
28.5 6.0 8 . 0  

0.01 0.002 0.003 
95.4 98.0 121.0 
2.75 1 .o 2.0 
0.8 1.2 1 .o 

For e x t r a c t i n g  t h e s e  g a s e s  from t h e  mare, w e  w i l l  assume 100% e f f i c i e n c y  

though a c t u a l  e f f i c i e n c y  may b e  c l o s e r  t o  50%. 

d u c t i o n  p o t e n t i a l  f o r  each  s o l a r  jrind g a s .  

The fo l lowing  t a b l e  shows pro- 

The v a l u e s  f o r  p r o c e s s i n g  24.2 MT 

Mare ( c o n t a i n i n g  10 MT 02). 
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Solar Wind Gas 

H 
He 
He-3 
N 
Ne 
At 

TABLE B.1-2 Solar Wind Gas Production 

Potential Production 
(g) Potentials 

Mare 

1325 
690 

2310 
67 
19 

0.24 

Resource and Equipment Weight Estimates 

All resource and equipment weight estimates are based on production of 10 

MT 02 or 10 MT 02/month. 
source hardware weights. 

All estimates do not include beneficiation of power 

B.l Solar Wind Gas Extraction 

B.2 Hydrogen Reduction 

Lunar Regolith Requirement 
Assuming 100% of all 02 from FeO can be extracted from ilmenite, from lg 

ilmenite : 

0.449gFe0 x 1 mole FeO x 1 mole 02 x 32.2g02 
71.8g FeO 2mo 1 e s FeO lmole02 

= 0.10068g 02 

The ilmenite required for 10 MT 02 production is- 

lg Ilmenite x 10 MT 02 = 99,325 Kg Ilmenite 
0.10068g02 = 99.3 MT Ilmenite 

B-3 

The mare required to obtain 99.3 MT ilmenite, assuming ilmenite comprises 

15&% of the mare, is: 

99.3 MT Ilmenite x lg mare = 662.2 MT Mare 
0.15g Ilmenite 

Reactant Requirement 

Hydrogen gas is the only required reactant. Though H2 initially must be 

imported from Earth, there is good potential for extracting it from lunar rego- 

lith. The reduction reaction is: 



B-4 FeOoTi02 + H2 .= Fe + H20 + Ti02 

The  hydrogen r equ i r ed  i s  determined by s to i ch iomet ry :  

10 MT 02 x 1 mole 02 x 2 moles H20 x 1 mole H2 x 2gH2 - 
32.2g02 1 mole 02 1 moleHz0 lmoleH2 

= 311Kg H2 = 0.31 MT Y 2  

Reactant  Recovery P o t e n t i a l  

I t  can be assumed t h a t  95% of a l l  H2 used may be recovered. I t  is reco- 

vered from two d i f f e r e n t  p l a c e s .  I t  i s  a product  of t he  H20 e l e c t r o l y s i s  which 

produces 02. 

hea t  of microwaves. The amount of H2 recoverable  i s :  

The H2 i n t e r s t i t i a l l y  trapped i n  the melt may be r e l e a s e d  du r ing  

311 Kg H 2  x 0.95 = 295 Kg H2 = 0.30 MT H 2  

Energy Requirement 

1. Thermal 

The thermal power r equ i r ed  i s  determined from the  thermodynamics of 

t h e  hydrogen r e d u c t i o n  r e a c t i o n :  

42. O K J  x 1 mole I lmen i t e  x 99.3 MT I lmen i t e  

1 mole I l m e n i t e  151.7g I lmen i t e  

= 7,639 K W h r s  

2. E l e c t r i c a l  

The e l e c t r i c a l  power r equ i r ed  i s  determined by t h e  d i s s o c i a t i o n  f r e e  

energy of H20 = 249 KJ/mole H20. Using s to i ch iomet ry :  

249 K J  -> 4.32 KWhrs x 10 MT 02 = 43,200 K W h r s  

lmole H20 1Kg 02 

Equipment Weights 

Since water  vapor can cont inuously be cap tu red ,  we w i l l  assume a cont inuous 

automated p rocess .  

t h i ckness  of 4cm and m a t e r i a l  d e n s i t y  of 7500Kg/m3. 

4 / 3  t 4  1-3 = 0.5m3, r = 0.49n 

We w i l l  a l s o  assume a chamber volume of O.5m3, w a l l  

Reduction v e s s e l  weight = 7500Kg (4 /3  t r  (0.533 - 0.493)) 

m3 

= 981 Kg = 0.98 MT 
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Ihe weight of t h e  e l e c r o l y s i s  hardware i s  determined using the  NASA 

Technology Model Volume 1, P a r t  B. The equa t ion  used t o  determine H20 e l e c t r o -  

l y s i s  hardware weight i s :  

- 150 

1000 

x + 350, where x = man-days of oxygen consumption 

From the Technology Model, we know t h a t  17.3 l b s  02/day i s  consumed f o r  8 

people.  

10 MT 02 i s  e q u i v a l e n t  t o :  

Th i s  number can a l s o  be expressed as 0.98Kg 02Jman-day. Product ion of 

10 MT 02 x 1 man-day = 10,204 man-days 

0.98Kg02 

Using t h e  equa t ion  €o r  e l e c t r o l y s i s  hardware weight ,  we have: 

150 (10,204 man-days) + 350 = 18801bs = 854Kg = 0.85MT 

1000 

T o t a l  r e q u i r e d  equipment weight i s :  

0.98 MT + 0.85 MT = 1.83 MT 

B . 3  Magma Electrolysis 

Lunar Rego l i th  Requirement 

Assuming 50% of a l l  02 from FeO can be e x t r a c t e d  from i l m e n i t e ,  from l g  

i lmeni t e : 

0.449gFe0 x lmoleFeO x lmole02 x 32.2gO2 x 0.50 = 0.0503g02 

71.8gFeO 2molesFeO lmole02 

The i l m e n i t e  r equ i r ed  f o r  10 MT 02 product ion i s :  

l g  I l m e n i t e  x 10 MT 02 = 198,807Kg I lmen i t e  = 199 MT I lmen i t e  

0.0503g02 

The mare r equ i r ed  t o  o b t a i n  199 MT I l m e n i t e ,  assuming i l m e n i t e  comprises 

15wtX a t  the  mare, i s :  

199 MT I lmen i t e  x 1g mare = 1325 MT Mare 

0.15g I l m e n i t e  
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Re ac  t a n  t Requirement 

I f  no f l u x e s  are used, no r e a c t a n t s  are r equ i r ed .  

Energy Requirement 

1. Thermal 

The thermal energy r equ i r ed  i s  determined using Mcp T and the  

thermodynamic p r o p e r t i e s  of i l m e n i t e .  

Cp of I lmen i t e  = 130 J/mole K 

Process  Temperature = 1350°C = 1623 K 

I n i t i a l  Temperature = 25OC = 29813 

Moles of I lmen i t e  = 198,807Kg x 1 mole 

0.151 Kg 

= 1,310,527 moles 

(1 ,310,527)  (130) (1623-298) = 62,705 K W h r s  

2. E l e c t r i c a l  

Using the  d i s s o c i a t i o n  energy of FeO and assuming 50% of FeO e l e c t r o -  

lyzed : 

269 KJ x lmoleFeO x 89,264,343gFeO x 0.5 = 46,449 KWhrs 

mole FeO 7 1 .8gFeO 

Equipment Weights 

Assuming a chamber v o l  of 1.5m3 and a cont inuous automated p rocess ,  w a l l  

t h i ckness  of 2cm and material d e n s i t y  of 7500Kg/m3: 

4 / 3  r3 = 1.5m3, r = 0.71m 

E l e c t r o l y s i s  C e l l  Weight = 7500Kg (4 /3  (0.733 - 0.713)) 

m3 

= 981Kg = 0.98 MT 

E lec t rode  c o r r o s i o n  r a t e  u s ing  g r a p h i t e  e l e c t r o d e s  i s  observed i n  

c e r r e s t r i a l  i n d u s t r y  as 7Kglday. This  number r e f l e c t s  the e l e c t r o d e  c o r r o s i o n  

problem o €  t h i s  p rocess  bu t  i s  very conse rva t ive .  

found t o  reduce t h i s  r a t e  s u b s t a n t i a l l y .  

An optimum material may be 
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B- 7 B.4 Carbochlorination 
Carbochlorination resource and equipment weights have been determined in 

two ways : 
I Production of 02 
11 

Calculations for the production of A1 include the production of 10 MT 02. 
Production of A1 and 02 

I. Production of 02 

Lunar Regolith Requirement 

From stoichiometry and the composition of the mare regolith: 

4.76g Anorthite x 10 MT 02 = 47.6 MT Anorthite 

lg02 

The mare regolith to obtain 47.6 MT anorthite, assuming anorthite compr.ises 

2Owt% of the mare, is: 

47.6 MT Anorthite x lg mare = 238 MT Mare 
0.2g Anorthite 

Reactant Requirement 

The carbon required is determined by the stoichrometry of the carboch- 
lorination reactions. To process lg anorthite: 

0.337gA1203 x lmoleAl2O3 x 3moleC x 12.0gC = 0.1189gC 
102.0g~1203 lmoleAlp03 lmoleC 

0.18lgCaO x lmoleCaO x lmoleC x 12.0gC = 0.0388gC 
1 m o  1 e C a O  l m o l e C  5 6 .  O g C a O  

0.461gSiO2 x lmoleSi02 x 2molesC x 12.0gC = 0.1844gC 

60.0gSi02 1 mo 1 e S i 0 2 lmoleC 

0.1189 + 0.0388 + 0.1844 = 0.342gC 
1 gAno r thi t e 

Since 47.6 anorthite is required for production of 10 MT 02: 
47.6 MT Anorthite x 0.342gC 16,279KgC = 16.3 MT C 

1gAnorthite 
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The cholorine required is determined using stoichiometry and the com- 

position of anorthite: 

11.3gC12 x lgAl x 10 MT 02 = 95.8 MTC12 
1 gAl 1. 18g02 

Reactant Recovery Potential 

Assume of a1 C12 from CaC12 is recovered. From lg anorthite: 

0.18igCa0 x lmoleCaO x lmoleCaCl2 x 
56. OgCaO lmoleCaO lmoleCaCl2 lmoleCl2 

lmoleCl2 x 70.9gC12 = 0.229gC12 

Assuming 50% of all C12 from Sic14 is recovered, from lg anorthite: 

0.461gSiO2 x lmoleSi02 x lmoleSicl4 x 2molesC12 x 70.9gC12 
6O.OgSiO2 lmoleSi02 lmoleSiCl4 lmoleC12 

= 1.090gC12 
1.090OgC12 x (0.50) = .0.545gC12 

Total C12 recovered from processing lg anorthite: 
0.229 + 0.545 = 0.774gC12 

1gAnorthite 

To produce 10 MT 02, 47.6 MT Anorthite are required: 
0.774gC12 x 47.6 MT Anorthite = 36.8 MT C12 
1gAnorthite 

Assume 100% of all C from CO produced in the carbochlorination unit is 
recovered. Total CO produced from processing lg anorthite is: 

0.337gA1203 x lmoleA1203 x 3molesCO = 0.0099 moles CO 

0-18igCaO x lmoleCaO x lmoleCO = 0.00323 moles CO 
56. OgCaO 1 mo 1 e CaO 

0.461gSiO2 x lmoleSi02 x 2molesCO = 0.0154 moles CO 
60.0gSi02 1 mo 1 e S io 2 

0.0099 + 0.00323 + 0.1054 = 0.0285 moles CO 

lg Anorthite 

- u t i c s m ~ m  WAMLR~CA -TECHNOLOQY CENTER I 
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For 10 MT 02 production, 47.6 MT anorthite are required: 

0.0285 molesCO x 47.6 MT Anorthite = 625,000 moles CO 
lg Anorthite 

1,356,600 moles CO x lmoleC x 12.0gC = 16,279KgC 16.3 MTC 

1 mo 1 e CO lmoleC 

Ene rgy Re qu i remen t 
1. Thermal 

For carbochlorination reactions and production of 10 MT 02 using 
stoichiometry and thermodynamics: 

50KJ x 1moleAnorthite x 47.6 MT Anorthite = 2,380KWHrs 
lmoleAnorthite 278gAnor t hi te 

Since 02 is recovered from A1203 and CaO, only 0.0099 + 0.00323 moles 
of CO are processed. 

0.0099 + 0.00323 = 0.01313 moles CO/lg Anorthite 
0.01313 moles CO x 47.6 MT Anorthite = 625,000 moles CO 
lg Anorthite 

For heating of CO to convert to C02: 

280KJ x 625,000 moles CO = 48,611 kWhrs 
1 mo 1 eCO 

For heating C O P  in Bosch Reactor: 

180KJ x lmoleC02 x 625,-000 mole CO = 18,750 kWhrs 

mo 1 eCO 2 lmole CO 

Total thermal for processing: 

2,380 + 48,611 + 18,750 = 69,741 kWhrs 
Total Thermal = 15,504 + 69,741 = 82,245 kWhrs 

For reclamation of C12 from CaC12, CaC12 must be heated to 1000°C. 

Using stoichiometry and thermodynamics: 



~~ 
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2. 

785K.J x lmoleCaC12 x lmoleCaO x 56gCa0 x 2,844,000gCa 

mo 1 e CaC 1 2 1 mo 1 e CaO 56. OgCaO 40gCA 

= 15,504 KWhrs 

E l e c t r i c a l  

E l e c t r i c a l  power i s  d i r e c t l y  used f o r  e l e c t r o l y s i s  of H20. From 

d i s s o c i a t i o n  energy of H20: 

4.32 - KWhs x 10 MT 02 = 43,200 kWhrs 

kg02 

Equipment Weights 

Weight of t he  c a r b o c h l o r i n a t i o n  u n i t  i s  based on a mass flow r a t e  of 

60kg/hr,  4cm wall t h i ckness  and m a t e r i a l  d e n s i t y  of 7500kg/m3. 

6OOkg --> 0.6MT 

Weights f o r  t he  condensers was obtained from S t r o b r i d g e ' s  "Cryogenic 

R e f r i g e r a t o r s  - An Updated Study" and i s  based on a 90% duty c y c l e  and 

250 MT/yr 02 production. 

10 MT 

Bosch r e a c t o r  weight i s  obtained from Qua t t rone ' s  "Extended Mission 

L i f e  Support  Systems". 

1.0 MT 

The B20 e l e c t r o y l s i s  hardware weight i s  c a l c u l a t e d  using the  equa t ion  

from t h e  NASA Technology model: 

- 150 x +350 where x = man-days of 02 consumption 

1000 

P roduc t ion  of 10 MT 02 is e q u i v a l e n t  t o  10,204 man-days of 32 

consumption. Weight of the H20 e l e c t r o l y s i s  c e l l  i s  est imated as:  

0.85 MT 

T o t a l  Equipment weight = 12.45 MT 

11. Product ion of A 1  and 02 

Lunar Rego l i th  Requirement 

The product ion of A 1  i nc ludes  product ion of 10 MT 02. The luna r  r e g o l i t h  

requirements are the same as i n  p a r t  I. 
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238 MT Mare 

47.6 MT A n o r t h i t e  

P roduc t s  

B-11 

From s t o i c h i o m e t r y :  

5 . 6  kg A n o r t h i t e  -> l kg  A 1  

For p r o d u c t i o n  of 10 MT 32, 47.6 MT A n o r t h i t e  i s  r e q u i r e d .  

1 kg A 1  x 47.6 MT 4 n o r t h i t e  = 8 ,500  KgAl = 8 .5  "IT 41  

5 .6kgAnor th i t e  

T o t a l  p r o d u c t s  o b t a i n e d  a r e :  

10 MT 02 

8 .5  MT A 1  

Reac tan t  Requirements  

R e a c t a n t  r e q u i r e m e n t s  a r e  t h e  same a s  i n  p a r t  T. 

95.8 MT c i 2  
16 .3  MT C 

Reac tan t  Recovery P o t e n t i a l  

Carbon i s  r ecove red  i n  t h e  same manner a s  i n  p a r t  I .  

16 .3  MT C 

C h l o r i n e  r ecove red  from CaC12 and Sic14  remains t h e  same a s  i n  Dar t  I .  

36 .8  MT C12 

A d d i t i o n a l  C 1 2  may be r ecove red  f r o m  41C13: 

0.337gA1203 x lmol2Al203 x 2molosAlC13 x 1.5mol2sC12 x 70.9gC12 

l g h n o r t h i t e  lCI2gAl203 1 mo 12 A120 3 lmolesAlC13 lmoleC12 

= 0.7027gC12/gAnorthi te  

0.7027gC12 x 47.6 MT . 4 n o r t h i t e  = 33.4 MT C!2 

g A n o r t h i t e  

T o t a l  C 1 2  r e c o v e r e d :  70.2 MT C 1 2  

Energy Requirement  

1. Thermal 



B-12 

Thermal ene rgy  t o  o b t a i n  10 MT 
82 ,245  kWhrs 

02 remains t h e  same as i n  p a r t  1. 

A d d i t i o n a l  thermal  ene rgy  t o  o b t a i n  A 1  i s  de te rmined  u s i n g  

s t o i c h i o m e t r y  and thermodynamics : 

36.4KJ x 3,929,000gAl x lmoleAl = 1,471kWhrs 

moleAl 27. OgAl 

T o t a l  Thermal Energy = 82,245 + 1 ,471  = 83,716 kWhrs 

2. E l e c t r i c a l  

E l e c t r i c a l  ene rgy  t o  o b t a i n  10 MT 02 remains t h e  same as i n  p a r t  1. 

43,200 kWhrs 

A d d i t i o n a l  e l e c t r i c a l  energy  t o  o b t a i n  A 1  i s  de te rmined  u s i n g  

9kWhrlKgAl which i s  t h e  e l e c t r i c a l  energy  p e r  kg A 1  used  by Alcoa.  

9kWhr x 3,929 kgAl = 35,361kWhrs 

KgAl 

T o t a l  E l e c t r i c a l  Energy = $3,200 + 35,361 = 78,561kWhrs 

Equipment Weights  

From p a r t  I :  12.45 MT 

A d d i t i o n a l  equipment  weight  f o r  A 1  p r o d u c t i o n  comes from t h e  A 1  e l e c t r o l v -  

s i s  hardware .  

t h i c k n e s s  and m a t e r i a l  d e n s i t y  of  75OOKgjm3. 

The e s t i m a t e  i s  based  on c e l l  volumes of 0.5m3, 4cm wal l  

975Kg -> 0.975 MT 

r o t a 1  Equipment Weight = 13.4 MT 

B.5 Acid Leach 

Acid Leach r e s o u r c e  and equipment we igh t s  have been de termined  two \Jays:  

I .  P r o d u c t i o n  of 02 

11. P r o d u c t i o n  of A 1  and 02 

111. P r o d u c t i o n  of A l ,  Mg and 02 

C a l c u l a t i o n s  f o r  t h e  p r o d u c t i o n  of A 1  i n c l u d e  t h e  p r o d u c t i o n  of 10 MT 32 o r  

10 MT 02/month. 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



B-13 I .  P r o d u c t i o n  of 02 

Lunar R e g o l i t h  Requirement  

To o b t a i n  o n l y  02, u n b e n e f i c i a t e d  mare i s  l eached  wi th  HF. C a l c u l a t i o n s  

The mare r e q u i r e d  f o r  10 MT 02 pro- assume a l l  02 comes from p r o c e s s i n g  H20. 

d u c t i o n  i s :  

lg mare x 10 MT 02 = 23.6 MT Mare 

0.424gO2 

Reac t a n t  Re qu i reme n t 

HF i s  t h e  on ly  r e q u i r e d  r e a c t a n t  f o r  02 p r o d u c t i o n  on ly .  Using 

s t o i c h i o m e t r y  and t h e  compos i t ion  of mare r e g o l i t h :  

1.09gHF x 23.6 MT Mare = 27.5 MT HF 

l g  Mare 

Recovery P o t e n t i a l  

A f t e r  t h e  l e a c h  r e a c t i o n s ,  on ly  Y2r) i s  p rocessed  t o  produce 02 o n l y .  No HF 

i s  r ecove red  w i t h o u t  some p r o c e s s i n g  of o t h e r  l e a c h  r e a c t i o n  p r o d u c t s .  

Ene rgy  Requirement  

1. Thermal 

From s t o i c h i o m e t r y  and t h e  thermodynamics of p re -hea t ing  mare r e g o l i t h  

t o  l e a c h  p r o c e s s  t empera tu re :  

0.00267 kWhrs r e q u i r e d  p e r  g 02 

0.00267kWhrs x 10 MT 02 = 26,663 kWhrs 

g 02  

2.  E l e c t r i c a l  

Using t h e  d i s s o c i a t i o n  of H20 t o  de t e rmine  e l e c t r i c a l  power for H20 

e l e c t r o l y s i s :  

4.32kWhr x 10 MT = 43,200 kWhrs - 
KgO 2 

Equipment Weights 

The e s t i m a t e  of  a l l  r e a g e n t  c o n t a i n e r s  r e q u i r e d  i s  s c a l e d  t o  p r o c e s s  4 .2  MT 

l u n a r  r e g o l i t h  p e r  hour and i s  e s t i m a t e d  from C r i s w e l l ’ s  “ E x t r a t e r r e s t r i a l  

Materials P rocess ing” .  For  32 p r o d u c t i o n  o n l y ,  i t  i s  e s t i m a t e d  t h a t  on lv  13% of  

all r e a g e n t  c o n t a i n e r s  a r e  r e q u i r e d .  

20 MT x 0.10 = 2.0 MT 



From lunar mare composition: 

Total Products are: 

87.3 MT Yare x 0.068 = 5.9 MT A 1  

10 MT 02 
5.9 MT A1 
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The H20 electrolysis hardware is estimated using the NASA Technology 

Model's equation: 

150 x +350 where X = man-days of 02 consumption 
1000 

It is stated that 8 people consume 17.31bs 02/day: 

17.31bsO2 = 0.98 Kglman-day 

day Sme n 

Production of 10 MT 02 is equivalent to: 

10 MT 02 x lman-day = 1C),204 man-days 
0.98Kg 

Using the H2 electrolysis weight equation, f o r  10 MT 02: 

H20 Electrolysis Weight = 0.85 MT 

Total Equipment  Weight  = 2.0 + 0.85 = 2.85 MT 

11. Production of A1 and 02 

Lunar Regolith Requirement 
Mare regolith is first beneficiated to isolate the aluminum silicate, 

A1203*Si02. From the stoichiometry of the leach reactions and composition of 

mare : 

20.3 MT Al203-SiO2 x lgmare = 87.3 MT Yare 

0,232gAl203- Si02 

Prodac ts 
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Reactant  Requirement 

The amount of HF r e q u i r e d  i s  determined by s to i ch iomet ry :  

10 MT 02 x lmoleO2 x llmolesHF x 

32.0g02 2.5moles02 

To determine the  amount of NaOH r e q u i r e d ,  

s to i ch iomet ry :  

69gNa i s  r equ i r ed  per  27gA1 

20gHF = 27.5 MT HF 

1 mole HF 

s to i ch iomet ry  i s  used. From 

5.9 MT A 1  x 69gNa x 40gNaOH = 26.2 MT NaOH 

27gA1 23gNa 

Reactant  Recovery P o t e n t i a l  

A l l  F i o n s  from AlF3 w i l l  be recycled t o  form HF: 

5 . 6  MT A 1  x lmoleAl x 3molesF x 19gF = 11.8 MT F 

27gA1 lmoleAl lmoleF 

11.8 MT F x lmoleF x lmoleH x 1gH = 0.6 MT H 

19gF lmoleF lmoleH 

T o t a l  HF recovered = 12.4 MT HF 

A l l  NaOH i s  r ecyc led .  

Energy Requirements 

1. Thermal 

From t h e  l each  r e a c t i o n s  using s to i ch iomet ry  and thermodynamics f o r  

b e n e f i c i a t e d  mare: 

2855KJ x lmoleA1203-Si02 x 20,300,000g A1203-Si02 

moleA1203-Si02 162.0gA1203*Si02 

= 99,376 kWhrs 

From AlF3 r educ t ion  us ing  s to i ch iomet ry  and thermodynamics: 

18.6KJ x 5.9 MT A 1  = 30,483 kWhrs - 
gA1 

T o t a l  Thermal = 99,376 + 30,483 = 129,860 kWhrs 

B-15 
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2. Electrical 

From H20 electrolysis using dissociation energy of H20: 

4.32kWhrs x 10 MT 02 = 43,200 kWhrs 

Kg 02 

From processing of NaOH using dissociation energy of NaOH: 

100.64Kcal x 0.00116222kWhrs x lmoleNaOH x 26.2 MT NaOH 
mo 1 e N aOH Kcal 40gNaOH 

= 76,613 kWhrs 

Total Electrical = 43,200 + 76,613 = 119,813 kWhrs 

E qu ipmen t We i gh t s 

The estimate of all reagent containers required is scaled to produce lllOMT 
U2/yr and is estimated from Criswell's "Extraterrestrial Materials Processing". 

Also, weights of the condensers required are included here. For A1 and 02 pro- 
duction, it is estimated that only 45% of all reagent containers are required. 

20 MT x 0.45 = 9.0 MT 

The weight of water electrolysis hardware is the same as in part I. 
0.85 MT 

To determine the weight of the Castner Electrolysis Cell an equivalence 
factor is used. The factor represents the ratio of atomic weights of NaOH and 

H20. 
factor is used to derive an equation for Castner Cell weight from the €I20 

electrolysis equation in the NASA Technology Model. 

Cell is estimated to be: 

The equivalence factor for Castner electrolysis is 2.22. The equivalence 

The weight of the Castner 

1.88 MT 
Total Equipment Weight = 9.0 + 1.88 + 0.85 = 11.73 MT 

iII. Production of Al, Mg and 02 
Lunar Regolith Requirement 
Mare regolith is beneficiated t o  isolate aluminum and magnesium silicates, 

A1203*Si02 and MgO.Si02. 
position of mare: 

From the stoichiometry of the leach reactions and com- 

.-7 

c - - 7  
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AS8Ume lg mare: 
0.232g A1 203-Si02 

0.161g MgO-Si02 
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0.232gA1203-Si02 x lmoleA1203-Si02 x 2.5moles02 x 32.0gO2 

162.0gA1203-Si02 lmoleA1203*Si02 lmoleO2 
= 0.115gO2 

0.161gMgO-Si02 x lmoleMgO*Si02 x 1.5moles02 x 32.0gO2 
100.3gMgO.Si02 lmoleMgO*SiO2 lmo 1 e0 2 

= 0.077g02 

After leaching, MgOeSi02 appears as MgF2*SiF4. Once MgF2 is removed from 

MgFz'SiF4, it must be converted back to MgO before further reduction. Oxygen , 

from Mgi) is not recovered. 

0.161gMgO~Si02 x lmoleMgO*Si02 x 1moleMgO = 0.001605moles MgO 

100,3gMgO*Si02 lmoleMgO*Si02 

0.001605molesMg0 x lmole02 x 32.0g02 = 0.02578 02 

2mole sMgO 1 mo 1 e02 

02 obtainable from MgO-Si02 = 0.077 - 0.02257 = 0.051g02 

Total 02 recovered from lg mare = 0.115 + 0.051 = 0.166g 02 

For 10 MT 02 production: 

10 MT 02 x lgmare = 60.2 MT Mare 
0.166g02 

Products 

From 60.2 MT Mare: 
60.2 MT Mare (0.232gA1203-Si02/gmre) = 14.0 MT A1203*Si02 

60.2 MT Mare (O.l61gMgO*Si02/gmare) = 9.7 MT MgO*SiO* 

14.0 MT A1203-Si02 x lmole A1203-Si02 x 2molesAl x 27.0gA1 

162.0gA1203*Si02 lmoleA1203-Si02 Imole41 
= 4.7 MT A1 

- u t i c s w ~ m  =MER- -TECHNOLOQY CENTER I 



9.7 MT MgOoSi02 x lmoleMgO*Si02 x lmoleMg x 24.3gMg 

100.3gMgO-Si02 lmoleMgO*Si02 lmoleMg I 
B-18 

= 2.35 MT Mg 

Total Products are: 10 MT 02 

4.7 MT A1 
2.35 MT Mg 

Reactant Requirement 

From 50.2 MT Mare: 

14.0 MT A1203-Si02 

9.7 MT MgO.Si02 

14.0 MT A1203-Si02 x lmoleA1203*Si02 x llmolesHF x 2O.OgHF 

162,0gA1203*Si02 lmoleA1203*Si02 1 mo 1 eHF 

= 19.0 MT HF 

I 
I 
I 
I 
I 
I 
I 

9.7 MT MgO.Si02 x lmoleMgO-Si02 x 6molesHF x 2O.OgHF 

100.3gMgO-Si02 lmoleMgO*Si02 lmoleHF 
= 11.6 MT HF 

Total HF required = 19.0 + 11.6 = 30.6 MT HF 

Stoichiometry is used t o  determine the amount of NaOR needed: 

69gNa is required per 27gAl 

4.1 MT A1 x 69gNa x 40gNaOH = 18.2 MT NaOH 
27gAl 23gNa 

Magnesium oxide is reduced by silicon and calcium oxide. Si and CaO 

requirements are as follows: 

9.7 MT MgO*Si02 x lmoleMgO.Si02 x lmoleMgO x 40.3gMgO 
100.3gMgO-SiO2 lrnoleMgO*Si02 lmoleMgO 

= 3.9 MT MgO 

3.9 MT MgO x lmoleMgO x lmoleSi x 28.OgSi = 1.35 MT Si 

40.3gMgO 2molesMgO lmoleSi 
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3.9 MT MgO x 1moleMgO x 2molesCaO x 56.0gCaO = 5.42 MT CaO 

40.3gMgO 2molesMgO lmoloCa9 B-19 

T o t a l  R e a c t a n t  Requirement:  

30.6 MT HF 

18.2  MT NaOH 

5 .42  MT CaO 

1.35 MT S i  

Reac tan t  Recovery P o t e n t i a l  

A l l  NaOH i s  r e c y c l e d .  

Due t o  p r o c e s s i n g  i n e f f i c i e n c i e s ,  i t  i s  assumed t h a t  90% of a l l  S i  and CaO 

and r e c y c l e d .  

5 .42 MT CaO x (0 .90 )  = 4.88 MT CaO r e c o v e r a b l e  

1.35 MT S i  x (0 .90 )  = 1.22 MT S i  r e c o v e r a b l e  

As i n  P a r t  11, a l l  F i o n s  from AlF3 w i l l  be r e c y c l e d  t o  form HF. 

HF recove rd  from AlF3 = 12.4 MT HF 

A l l  F i o n s  from MgF2 w i l l  be  r e c y c l e d  t o  form HF: 

2.35 MT Mg x lmoleMg x lmoleMgF2 x 2molesHF x 20.0gHF = 3.9 MT YF 

24.3gMg lmoleMg lmoleMgF2 lmoleHF 

T o t a l  HF r e c o v e r a b l e  = 12.4 + 3.9 = 16.3 MT HF 

Energy Requi rements  

1. Thermal 

F r o m  t h e  l e a c h  r e a c t i o n s  u s i n g  s t o i c h i o m e t r y  and thermodynamics f o r  

b e n e f i c i a t e d  mare: 

2855KJ x lmoleA1203*Si07 x 1 4 , 0 0 0 , 3 0 0 g A 1 ~ 0 ~ ~ S i O ~  

moleA1203*Si32 162.0gA1203-Si92 

= 68,535 KWhrs 

146KJ x lrnoleMgO*Si02 x 9,7OO,OQOg?IgO~SiO~ = 3922KHrs 

rnoleMgO.Si02 100.3gMgO*Si02 
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From AlF3 reduction: 
18.6KJ x 4.7 MT A1 = 24,283 KWhrs - 

gA1 

From conversion of MgF2 t o  MgO: 

at 1200°C -> 2.6 KJ/gMgF2 converted 

9.7 MT MgO.Si02 x lmo12MgO-Si02 x lmoleMgF2 x 62.3gMgF2 
100.3gMgO.Si02 lrnol?MgO*Si02 lmoleMgF2 

= 6.025 MT MgF2 

6,025,000gMgF2 x 2.6KJ = 4,351 KWhrs 

gMgF2 

From silicon reduction of MgO: 

at 1200°C -> 8.7 KJ/gMg produced 

2.35 MT Mg x 8.7KJ = 5679 KWhrs 

gmg 

Total Thermal Energy required = 68,535 + 3922 + 24,283 + 4351 + 5679 = 

106,770 KWhrs 

2. Electrical 

From H20 electrolysis: 

4.32KWhrs x 10 MT 02 = 43,200 KWhrs 

Kg02 

From processing at NaOH: 

0.11697KWhrs x lmoleNaOH x 18.2 MT NaOH = 53,219 KWhrs 

moleNaOH 4OgNaOH 

Total Electrical = 43,200 + 53,219 = 96,419 KWhrs 

Equipment Weights 

Equipment weights are determined in the same manner as in Part TI. Weights 

of water electrolysis and Castner Cell subsystems remains same. 

Water electrolysis = 0.85 MT 

Castner Cell = 1.88 MT 

1 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
R 
1 
I 
I 
I 
I 
I 

B-21 
S c a l i n g  Criswel l ' s  r e s u l t s  f o r  HF l e a c h  i n  "Extraterrestrial  Materials 

P r o c e s s i n g "  and assuming 66% of  a l l  hardware  w i l l  be  r e q u i r e d  f o r  02 ,  A 1  and Mg 

p r o d u c t i o n :  

20 MT x 0.66 = 13.2 MT 

T o t a l  Equipment Weight = 0.85 + 1.88 + 13.2  = 15.93 

B.6 Vapor-Ion S e p a r a t i o n  

Lunar R e g o l i t h  Requirement  

T h e o r e t i c a l l y ,  100% of any e lement  i n  t h e  l u n a r  r e g o l i t h  c a n  be  e x t r a c t e d  

u s i n g  Vapor-Ion t e c h n i q u e s .  Using compos i t ion  of t h e  mare r e g o l i t h ,  t o  produce 

10 MT 02: 

10 MT 02  x l g  Mare = 24.2 MT Mare 

0.41 3gO2 

R e a c t a n t  Reauirement  

No consumed r e a c t a n t s  a re  r e q u i r e d .  I f  v a p o r i z a t i o n  is ach ieved  u s i n g  

plasma,  Argon or a n o t h e r  i n e r t  g a s  w i l l  b e  r e q u i r e d  t o  m a i n t a i n  t h e  plasma.  

Energy Equipment 

The f o l l o w i n g  t a b l e  summarizes ene rgy  r equ i r emen t s  f o r  t h e  v a r i o u s  s e p a r a -  

t i o n  methods used  €or vapor- ion  s e p a r a t i o n :  

S e p a r a t i o n  
Method 

D i s t i l l a t i o n  

E l e c t r o s t a t i c  

E l e c t r o m a g n e t i c  

"Values a re  from S t e u r ' s  
Weights  

S i n c e  t h i s  p r o c e s s  i s  i n  

P r o d u c t s  
Energy Requirement 
(KWhr/MT P r o d u c t )  

A l ,  Mg, Fe 62 , 000 
Al, Mg, F e ,  02 44 y 000 

A l ,  Mg, Fe 72 , 000 
A I ,  Mg, Fe ,  02  96,000 

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 r o c e s s i n g  Equipment 

t h e  development  s t a g e ,  no a c c u r a t e  c a l c u l a t i o n s  of 

hardware r e q u i r e d  and hardware  we igh t s  a r e  a v a i l a b l e .  

B.7 Carbothermal  P r o c e s s  

Lunar R e g o l i t h  Requirement  

From l g  mare r e g o l i t h :  
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0.161gMgO-Si02 x lmoleMgO*Si02 x 2moles CO = 0.0032/molesCO 

100.3gMgO-Si02 lmoleMgO*SiO2 

0.161gMgO-Si02 x lmoleMgO.Si02 x 4molesH2 = 0.00642molesH2 

100.3gMgO-Si02 lmoleMgO-Si02 

Since the desired molar ratio of H2 to CO is 3, H2 is the limiting 

reagent. 
all 0 from H20 is obtained: 

Using stoichiometry (see Eqs. 24-27 of Tble F.9) and assuming 100% of 

0.00642molesH2 x 2molesH~O x lmole02 x 32.0g02 = 0.0342gO2 
6mo 1 e s H2 2mo 1 e sH20 1 mo 1 e 0 2 

For 10 MT 02: 
10,000,000g0~ x lg mare = 292.4 MT Mare 

0.0342gO2 

292.4 MT Mare x 0.161gMgO-Si02 = 47.1 MT MgO-Si02 
lgMare 

Produc t s 
47.1 MT MgOoSi02 x lrnoleMgO*Si02 x 1 mo 1 e S i x 28.OgSi 

100.3gMgO-Si02 lmoleMgO*Si02 1 mo 1 e S i 
= 13.1 MT Si 

If 10 MT 02 are obtained: 
10 MT 02 x lmole02 x 2molesH2 x 2gH2 = 1.25 MT H2 

32 .OgO2 1 mo 1 e0 2 lmoleH2 

1.25 MT H2 x ImoleH2 x lmoleSiH4 x 32.0gSiHq = 10.0 MT SiH4 

2.OgH2 2molesH2 1 mo 1 e S i H4 

10.0 MT SiH4 x lmoleSiH4 x 1moleSi x 28.OgSi = 8.75 MT Si 

32.0gSiHq lmoleSiH4 lmoleSi 

13.1 MT Si - 8.75 MT Si = 4.35 MT Si 

Total Products are: 
10 MT 02 

10.0 MT SiH4 

4.35 MT Si 

WMtRKA -TECHNOLOQY CENTER I 
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Reac tan t  Requirement 

Methane i s  t h e  on ly  r e q u i r e d  r e a c t a n t .  A l l  r e q u i r e d  C O Y  H 2 ,  and H20 a r e  

ob ta ined  as a r e s u l t  o f  methane r e d u c t i o n  of MgO-Si02. The methane r e q u i r e d  t o  

o b t a i n  10 MT 02 i s :  

47.1 MT MgO*SiOz x lmoleMgO*Si02 x 2molesCH4 x 16gCH4 -- 
100.3gMgO.Si02 lmoleMgO.Si02 I mo 1 eCH4 

15.0 MT CH4 

Reac tan t  Recovery P o t e n t i a l  

Assume lgCH4 used t o  p r o c e s s  MgO-Si02: 

1g CH4 x lmoleCH4 x 4molesH2 = 0.125 moles H2 

16gCH4 2mo 1 e s CH4 

0.125 moles H2 x 2molesCHq x 16gCH4 = 0.667g CH4 

6molesH2 1 mo 1 eCH4 

Recovery p o t e n t i a l  = 0.667g = 66.74; 

1 .og 

The amount of methane recovered  from manufacture  of  10 MT 02: 

15.0 MT C H 4  (0 .667)  = 10 MT CH4 recovered  

Energy Requirement 

1. Thermal 

From methane r e d u c t i o n  of MgO*Si02: 

742KJ x 47.1 MT MgO.Si02 x lmoleMgO*Si02 = 96,738 KWhrs 

rnoleMgO.Si02 100.3gMgO.Si02 

From r e a c t i o n  o f  CO w i t h  H 2 :  

# Moles CO = 0.00642molesH2 x 2molesCO x 292.4 MT Mare 

l g  mare 6m0le "2 

= 625,731 moles  CO 

412.6KJ x 625,731 moles CO = 71,715 KWhrs 

moleCO 

T o t a l  Thermal = 96,738 + 71,715 = 168,453 KWhrs 

A m u t i c s a m ~ m ~ ~  -AMERICA -TECHNOLOGY CENTER I 
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2. E l e c t r i c a l  

Using the d i s s o c i a t i o n  energy o f  H20 for  e l e c t r i c a l  requirement €or 

H20 e l e c t r o l y s i s :  

4.32 KWhr x 10 MT 02 = 43,200 KWhrs - 
Kg02 
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E L E S - 1 9 8 4 :  A T H I R D  GENERATION PRELIMINARY DESIGN TOOL 

C .  E .  Taylor 

P.O.  Box L3222 
Sacramento, C a l i f o r n i a  95813 

Aero j e t  Tec hSy E tems Company 

c- 3 

pb s t r a c  t 

The E L E S - 1 9 8 4  computer code i s  a landmark 
developnent i n  the  p re l im ina ry  systems ana lys i s  o f  
l i q u i d  r o c k e t  veh ic les .  
revea l  fng  subsystem i n t e r a c t i o n s  and design choice 
impacts on t o t a l  v e h i c l e  perfomance. I t s  use 
enables ve ry  r a p i d  de tenn ina t lon  o f  op t l rnm 
v e h i c l e  des igns .  

It i s  capable o f  

O v e n  I ew 

The I i q u t d  p ropu ls ion  system models i n  ELES 
have been developed by Aero je t  TechSystems Company 
under the  auspfces o f  AFRPL dur fng  t h c p a s t  f e u  
years  (1980-1984) under con t rac ts  F O 4 6 1 1 - 7 9 - C - 0 0 5 4 '  
and F 0 4 6 1 1 - 8 2 - C - 0 0 6 2 .  The main purpose o f  ELES i s  
t o  f i n d  optfmun v e h i c l e  designs f o r  s p e c i f i e d  
m iss fon  requirements.  Toward t h a t  end i t  i s  
capable o f  e v a l u a t i n g  the s i re .  weight, and per-  
formance o f  system components over  a range o f  
des lgn  c o n f l g u t a t l o n s ,  m a t e r i a l s  o f  cons t ruc t i on .  
and o p e r a t i n g  p o i n t s .  

1-1 

There a r e  three maln sect ions o f  the E L E S  
computer code (see Fig.  1) :  a stage design sec- 
t i on ,  a t r a j e c t o r y  model, and a mu1 t i v a r i a b l e  
op t im izer .  
the s i ze ,  weight and engine performance o f  l i q u i d  
o r  s o l i d  stages (see Fig.  2 ) .  
model uses d 20 round non- ro ta t i ng  ea r th ,  1962 
standard atmospheric data,  M a m s - k u l  ton/Runge- 
Ku t ta  i n t e g r a t i o n ,  and Kep ler  o r b i t a l  mechanics. 
The op t i rn l re r  provides optima f o r  bo th  stage 
design and v e h i c l e  guidance w i t h  design and 
guidance parameter s e n s i t i v i t e s  included. Mixed 
s o l i d  and l i q u l d  stage veh ic les  o f  up t o  4 stages 
can be modeled by ELES. 

The stage deslgn sec t i on  ca l cu la tes  

The t r a j e c t o r y  

The l i q u i d  engine feed system power cyc les  
modeled by E L E S  are  i l l u s t r a t e d  i n  Fig .  3. h e  
l i s t  inc ludes  pressure fed  engtnes and punp fed  
engines w i th  the fo l l ow ing  turbopunp pouer 
cycles:  
staged c a b u s t f o n ,  staged reac t i on ,  and 

gas generator bleed, s l n g l e  p reburner  

F L U I O  PROPERTIES 
AND FLOW RATE 
SCHEWL ES - T M J E C T O R Y  
ENG INE 
PER f O R n A N C E  F L U I D  PROPERTIES 

\ , 

RECEN 
COOL I NG F L U I D  PROPERTIES 

F L U I D  PROPERTIES TPA 
DESIGN 

F w i o  P a o p c a i i u  

OUTPUT 
L~ RESULTS 

Fig .  1 ELES flow diagram 



Prope l l an t  Tank SizelWeiyht 

c-4 Pressu r i za t l on  Tank Si re lwe igh  

L ine  S i r e l u e i g h t  

2 o s i t i v e  E*ou ls ion  Size/Ueiqnt 

Enylne Size/Weight/Performdnce 
I n j e c t o r .  Chamber) 

Thrust  Mount Size/Uelght 

Gimbal System S ize /Ue iyh t  

Tank Residuals Weight 

Tank P r e s s u r i z a t i o n  Requirements 

I n t e r s  tage S i  ze/We i g h t  

Oe l lvered  S p e c i f i c  Impulse ( i d e a l  one dimensional  
e q u i l l b r l u m  performance degraded by k i n e t i c .  
vapor i za t i on ,  boundary l aye r .  mixing, two phase, 
divergence, and MR d i s t r i b u t i o n  losses)  

Feed System Temperature/Pressure/Flovrate 
Schedu 1 es 
Regenerative/Trans-Regen Cool fng  Requirements 

Turbopump Assembly SlZe/welght/PerfOnndnCe 

Turbopump Design Parameter Breakdown 

Regenerat ive Cool I n 9  Jacket Sumnary 

Requlred Engine B a r r i e r  M i x t u r e  R a t i o  

Stage Tank H i x t u r e  R a t i o  

Fig.  2 Major  Output Parameters o f  L i q u i d  Stage 
Oer ign  Sec t ion  

PRESSURE FED ENGINES 

expander. 
s lze .  weight, and performance. a s  wel l  a s  tu rbo-  
punp assembly ( T P A )  s i z e ,  weight and performance. 

The ECfS engine ana lys i s  ou tpu ts  engine 

Engine perfonnance i s  based on the standard 
JANNAF method. I t  begins u i t h  i dea l  one dimen- 
s iona l  equ i l  i b r i u n  (ODE) perfonnance and degrades 
t h a t  idea l  performance w i t h  loss mu1 t i p 1  i e r s .  
c a l c u l a t i o n  o f  these m u l t i p l i e r s  i s  perfonned by 
standard JANNAF procedures o r  by A e r o j e t  der ived  
methods. The ana lys is  inc ludes  the  e f f e c t  o f  
i n j e c t o r  design, t h r u s t  chamber m a t e r i a l ,  oper- 
a t i n g  temperatures. p rope l l  an t  i n 1  e t temperatures, 
and t h r u s t  chamber geometry. 

The 

TPA design op t ions  are  shown I n  F lg .  3 a s  
gearbox, s fng le  shaf t .  and t w i n  TPA. 
the  code w i l l  stage the punps and tu rb lnes .  The 
TPA i s  designed by cons ider ing  system power 
requirements and d r i v e  f l u i d  c h a r a c t e r i s t i c s .  
Punp and t u r b i n e  e f f i c t e n c i e s  a re  based on 

As requ i red ,  

I ndus t r y  standards (Ref.  NASA SP-8109, F i g .  6; 
AFRPL TR 72-45, Fig.  4 ) .  

The - temperatTr i  and pressure drops across 
regenera t ive  o r  t rans- regenera t ive  c o o l i n g  j a c k e t s  
a re  ca l cu la ted  by c r e a t i n g  a simp1 i f i e d  t h r u s t  
chamber geometry w i  th s l o t t e d  channel s f o r  coo l  a n t  
f low. Combustion gas and coo lan t  hea t  t r a n s f e r  
c o e f f t c i e n t s  a re  ca l cu la ted  a t  d i s c r e t e  p o i n t s  
along the  chanber and a re  used t o  t n t e g r a t e  the  
pressure drop necessary t o  maintain t h e  chamber 
w a l l  a t  nominal opera t ing  tenperature.  Transp i ra -  
t f o n  cooled p o r t i o n s  o f  the c h m b e r  a r e  analyzed 
u t l n g  techniques developed by A e r o j e t  TechSystemr 
f o r  use w l  t h  t r a n s p i r a t l o n  coo led  r e - e n t r y  v e h i c l e  
n o s e t l  ps. 

Fig.  3 Representative ELES engine cycles 

ORIGINAL PAGE IS 
OF POOR QUALm 

R 
I 
1 
1 
I 
I 
1 
1 
1 
1 
1 
1 
I 
1 
I 
I 
1 



A wide v a r i e t y  o f  tankage designs a re  a v a i l -  
able (see F i g .  4 ) .  Tandetn tanks are  designed by 
choosing tank head o r l e n t a t i o n .  common o r  separate 
tank heads, suspended o r  inonocoque C O n S t r U C t i O n ,  
and pressurant  tank l oca t i on .  The tanks may o r  
may no t  c o n t a i n  a p o s i t i v e  expu ls ion  b ladder  or 
surface tens ion  a c q u i s i t i o n  device. Hon-conucn- 
t i o n a l  tankage i s  designed by choosing the nunber 
and type o f  p r o p e l l a n t  and p r e s s u r i z a t i o n  tanks a s  
we l l  as p r o p e l l a n t  a c q u l s i t i o n  design. Each tank 
i s  I n d i v i d u a l l y  s p e c i f l e d  t o  be t o r o i d a l ,  spher- 
f c a l ,  or  c y l i n d r i c a l  w i th  e l l i p t i c a l  heads. Tanks 
a re  l oca ted  based on general l o c a t i o n  fnpu t  and 
phys ica l  i n t e r f e r e n c e  between the  tanks and 
envelope. 

P r o p e l l a n t  tank p ressu r i za t i on  op t i ons  i n  ELES 
inc lude  c o l d  gas, s o l i d  gas genera tor ,  and auto- 
genous. V i  t h  c ryogen ic  propel  1 an ts ,  the  pres- 
su ran t  c o l l a p s e  i s  c a l c u l a t e d  wi th  the  Epstein. 
c o r r e l a t i o n .  P ressu r i za t i on  requirements a re  
a f f e c t e d  by  the  v e h i c l e  opera t ing  temperature 
regime, and ex te rna l  heat ing  loads. 

t he  code t h e r e  i s  a need fo r  p r o p e l l a n t  p r o p e r t i e s  
da ta  over  an e x t r m e l y  wide range o f  temperature 
and pressure. T h i s  data i s  s to red  i n  tab les  f o r  
hydrogen and h e l i u n .  The p r o p e r t i e s  f o r  a l l  o t h e r  
p r o p e l l a n t s  a r e  c a l c u l a t e d  by the  method o f  
corresponding s ta tes .  T h i s  a l l ows  ana lys i s  t o  
occur i n  regimes where p r o p e l l a n t  da ta  may n o t  

Throughout t h e  l i q u i d  stage des ign  p o r t i o n  o f  

ALL E t l N E  
CfOrrETR I ES 

(SEE TANK f C U ; S )  

c- 5 e x i s t  and f o r  p rope l l an ts  which have v e r y  l i t t l e  
experimental data. 

L i q u i d  Stage Design Procedure 
-I_ 

The gensrdl procedure used f o r  c a l c u l a t i n g  the 
s ize/weight/perfO~ndnCe o f  l i q u i d  stages i s  
descr ibed i n  F i g .  5 .  It begins w i t h  the i n i t i a l i -  
za t i on  o f  p r o p e l l a n t  feed c i r c u i t  parameters 
( temperature.  pressure, f l owra te ) .  The renainder 
o f  the procedure re f i nes  those i n i t i a l  est imates.  

Refinements t o  the feed schedules inc lude 
c a l c u l a t i n g  the eng ine 's  b a r r i e r  m ix tu re  r a t l o .  
engine performance, regenera t ive  coo l i ng  j a c k e t  
p roper t i es .  turbopump assembly ( T P A )  deslgn, pro- 
p e l l a n t  tank p ressu r i za t i on  requirements, and 
tankage heat t r a n s f e r .  
used f o r  some o f  the  parameters. 

When the p r o p e l l a n t  feed schedules are 
f i n a l f z e d .  the c a l c u l a t i o n s  o f  s ize ,  weight, and 
performance o f  the  TPA, engine, and tankage can 
take place. A stage sunmary o f  those pa rmete rs  

I t e r a t i v e  procedures are  

and r e l a t e d  parameters can then be made. -. 

~ ~~ 

'Epstein. M. and Anderson, R, 'An Equation f o r  the  
P r e d i c t i o n  o f  Cryogenic Pressurant Requirements 
f o r  AxISymmetrk Propel1 an t  Tanks ." Advances 1 n 
Cryogenic Engineering, Volune 13, New York 
(1968). Page 207. 

-. 
* C I L I N O R I C A L .  SPHERICAL. ELLIPTICAL 

ONE ENGINE 

I I I, P A W L E L  CY 0 

8. f M l P  TANKS 
I .  ONE ENGINE 

U 
A I .  ONE EffilNL 

A . Z .  P L N  CLUITER.'  
ANNULAR. WD 
2.3.4 E l I G l N ~ S  

F ig .  4 Representat ive ELES tankage opt ions.  

A. ALL E f f i l M t S  
EXCEPT SINGLE 
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4 )  

I n i t i a l i z e  temcterature schedule 
Ca lcu la te  engine b a r r i e r  m ix tu re  r a t i o  
I n i t i a l i z e  f l owra te  schedule (us ing  some 
rouqh es t imates)  

3.1) Est imate tank s i r e s  
3.1.1) Est imate tank heat  t r a n s f e r  

3.1.2) Est imate p r e s s u r i z a t i o n  
requirements 

Ca lcu la te  feed system pressure 

4.1) Ca lcu la te  englne performance 
4.2) Perform regen c o o l i n g  ana lys i s  

Perform non-convent ional  nozzle 
m o d l f i c a t i o n s  
C a l c u l a t e  f l o w r a t e  schedule (us ing  improved 
es t ima tes )  

6.1) Ca lcu la te  tank s izes  

schedule 

( I f  requ i red)  

6.1.1) Ca lcu la te  tank heat  t r a n s f e r  

6.1.2) Ca lcu la te  p r e s s u r i z a t i o n  
requirements 

Design TPA ( i f  requ i red )  
( I t e r a t e .  if not power balanced) 

Update p r o p e l l a n t  temperature schedule 
( i t e r a t e  on temperature schedule. if 
r e q u i r e d )  
C a l c u l a t e  TPA s f re lwe  1 ght ( i f  requ i red )  

C a l c u l a t e  engine s ize /we igh t  
C a l c u l a t e  tankage s l re /we lgh t  
C a l c u l a t e  stage s u n d r y  s ize /we lgh t /  
performance 

F ig .  5 L i q u i d  Stage Oesign Procedure 

ELES I n p u t  

ECES-1984 opera tes  I n  a 'batch' t ype  mode 
which weans t h a t  d u r i n g  program execut ion  t h e r e  i s  
no i n t e r a c t i o n  between the  user. and the  code. 
A f t e r  normal program t e m i n a t l o n  ELES wfll have 
c rea ted  o u t p u t  f i l e s  whfch can be  exanined by t h e  
user. 

The main  f o m  o f  i n t e r a c t i o n  between the  use r  
and ELES takes  p l a c e  p r i o r  t o  program execut ion  
when the  use r  c rea tes  an fnpu t  f i l e .  
f i l e  i s  submi t ted  t o  ELES a t  r u n  tfme. The i n p u t  
f i l e  (named "ELESINP") conta fns  up t o  3 4  NAMELIST 
b locks  which c o n t a l n  the  i n p u t  var iab les .  
A1 though a l l  3 4  b locks  a re  n o t  always read by 
ELES, 1 t 1 s recanended  t h a t  a l l  name1 f s t  b locks  

. be inc luded i n  ELESINP i n  t h e i r  proper o rder .  
T h i s  precau t ion  can p reven t  a whole c l a s s  o f  t e r -  
m ina t i on  e r r o r s .  

Thfs i n p u t  

Using the  l i q u i d  stage models I n  ELES t o  t h e i r  
f u l l e s t  p o t e n t i a l  t nvo l ves  t h e  use o f  hundreds of 
i npu ts .  I n  o rde r  t o  o rgan ize  the  i n p u t  procedures 
f o r  those v a r t a b l e s .  an I n p u t  worksheet has  been 
developed. The f i r s t  p o r t i o n  o f  t h a t  worksheet I s  
presented i n  the ECES New Users Gutde. pages 29 
through 41. The r m a f n d e r  I s  presented I n  the  
ELES Advanced Users Guide. Pages 4 through 52. 

l he  new users uorksheet i s  conccrned u i t h  a 
general overview o f  bas i c  fCES opt ions ;  t h a t  work- 
sheet i s  the bes t  p lace  t o  begin. There are  tm 
major types o f  input i n  the  advanced users wort- 
sheet; I )  recu r ren t  i npu t  which must blwdys be 
considered and 2 1  con t ingen t  i n p u t  dhich necd o n l y  
be considered i f  p r i o r  choices d i c t a t e .  

The recu r ren t  i n p u t  inc ludes  general i npu ts ,  
i n j e c t o r  r e l a t e d  inputs ,  t h r u s t  chamber i npu ts .  
and tankage Inputs.  These should be considered 
every t h e  ELES i s  run. 

The cont ingent  i n p u t  worksheet r e l a t e s  t o  
tandem tanks, non-conventional tanks, c o l d  gas 
p ressu r i t a t ton .  s o l i d  gas generator p ressur iza-  
t i o n ,  turbopump assemblies. regen/trans-regen 
coo l i ng ,  tankage hea t  t rans fe r .  p o s t t i v e  expu ls ion  
bladders.  user de f i ned  p rope l l an ts .  t h r o t t l  fng 
t r a j e c t o r i e s ,  and s h o r t  nozz le  designs. Each 
category need o n l y  be considered i f  i t  i s  a p a r t  
o f  the design i n  quest ion.  

copy a l l  app l i cab le  worksheets and f i l l  them o u t  
p r i o r  t o  program execution. 

It i s  h i g h l y  recommended t h a t  the  user photo- 

ELES Output 

The ou tpu t  from ELES c o n s i s t s  o f  d e t a i l e d  
stage sunmary pages as w e l l  as an o v e r a l l  v e h i c l e  
sunaary. For each l l q u i d  stage, t he re  i s  an ou t -  
p u t  page f o r  warnlng messages. tankage sunmary. 
stage graphfcal  schematic. engine sumnary, p rope l -  
l a n t  sunnrary. regenera t i ve  coo l  3ng j a c k e t  sunmary, 
t u rbopmp assembly (TPA) sunnary, feed system 
teapera ture  and pressure schedul cs,  and an o v e r a l l  
stage we igh t  breakdown. 

The purpose o f  t h e  warning page I s  t o  a l e r t  
t he  use r  t o  p o t e n t i a l  des ign  f laws or program 
problems. Examples o f  warning messages i n c l u d e  
i n j e c t o r  o r i f i c e s  diameters below a t y p i c a l  mini-  
mum. tank wa l l  thfcknesses des ign  c r i t e r i a  
(buck l ing .  m i n f m u n  gauge, hoop s t ress ,  etc.), o r  
unusual t e r n i n a t i o n  o f  an i t e r a t i o n  loop. It i s  
the  users  respons ib i l  i t y  t o  i gno re  o r  respond t o  
warning messages. 

The tankage sunmary g i ves  a tank-by-tank 
d e s c r f p t f o n  o f  t he  stage. 
conten ts ,  p r e s s u r f r a t f o n  method, th icknesses, 

. dfmensfons. m a t e r i a l s  o f  cons t ruc t fon ,  sa fe ty  
fac to rs ,  res fdua l  p r o p e l l  a n t  weights,  p ressurant  
weight. l i n e  weights,  p r o p e l l a n t  a c q u i s i t i o n  
system weight. and tank weights.  

The stage g raph ica l  schematlc I s  drawn t o  
sca le  on the l i n e  p r i n t e r  w i t h  ac tua l  tank h e a d  
e l l i p s e  ra t fos .  The s i z e  o f  t he  schematic i s  
au tomat ica l l y  ad jus ted  t o  f i l l  the page. Because 
some l i n e  p r i n t e r s  do n o t  use the  standard nunbGr 
o f  charac ters  pe r  i n c h  i n  the  h o r i z o n t a l  and v e r -  
t i c a l  dfmensfons. t h a t  i n fo rma t ion  may be I n p u t  by  
the  user. A l l  g raph ics  a re  performed by pseudo- 
Tek t ron fx  rou t i nes  i n  ELES which mimlc standard 
Tek t ron i x  comnands. I t  i s  the re fo re  r e l a t i v e l y  
easy t o  conver t  ELES t o  c r e a t e  h igh  r e s o l u t i o n  
Te k t r o n l  x schema t i c  s . 

Output inc ludes  tank 

The engine sunmary beg ins  wtth bas i c  englne 
des ign  i n fo rma t ion  (power c y c l e ,  c o o l i n g  method. 
p r o p e l l a n t  combinatton) and then proceeds t o  more 

ORIGINAL PAGE IS 
OF POOR QUALITY 

1 
I 
1 
1 
I 
1 
1 
I 
1 
I 
I 
I 
I 
I 
I 
I 
1 
1 
1 

L 



_ _ ~  ~ 

ORIGINAL PAGE IS 
OF POOR QUALKY 

d e t a i l e d  enqinc desc r ip t i ons .  
the englne sunrnary page I s  devoted t o  s i r e  and 
r e i g h t  i n l o n a t i o n .  The r i g h t  s ide  i s  devoted to 
per  fonnance- re1 a ted  engfne parameters i n c l u d i n g  a 
breakdown o f  i n d i v i d u a l  loss tnechani sms- t o  engine 
ycrfonnance. References t o  "core" and b a r r i e r "  
are due t o  the core  and b a r r i e r  stream tube model 
used i n  the  p e r f o n a n c e  c a l c u l a t i o n s .  

The l e f t  s ide o f  

The p r o p e l l a n t  sunmary page a p p l i e s  over the  
opera t i ng  temperature range o f  the  on-board pro-  
pe l l an ts .  
responds t o  the  opera t l ng  temperature range o f  the 
veh ic le .  The f i r s t  l i n e  o f  the p r o p e l l a n t  sunmary 
dec la res  whether the  p r o p e l l a n t  canb ina t ion  i s  a 
user  de f i ned  p r o p e l l a n t  canb ina t i on  o r  a l i b r a r y  
p r o p e l l a n t  canb ina t lon .  ELES a l lows f o r  easy 
s imu la t i on  o f  non-1 i b r a r y  p r o p e l l a n t s  us ing  pro-  
p e l l a n t  p roper t y  inputs .  Using the  method o f  
corresponding s ta tes ,  ELES p r e d i c t s  p r o p e l l a n t  
p r o p e r t f e s  over a v e r y  wide range o f  temperature 
and pressure. These c a l c u l a t i o n s  are  used t o  
des ign  tanks, punps. regenera t ive  coo l  i n g  j acke ts .  
e t c .  

m a r i l y  tank des tgn  parameters. 
each p r o p e l l a n t  a t  i t s  maximmi temperature I s  used 
t o  c a l c u l a t e  the  tank  vo lune requirements. 
vapor p ressure  I s  used I n  d e t e n i n i n g  tank pres- 
sure  requirements. 

The regenera t i ve  coo l  i n g  sunmary descr ibes  the  
h e a t  t r a n s f e r  c h a r a c t e r f s t l c s  o f  t h e  canbust ion  
chamber a t  var ious  p o i n t s  along the  gas s i d e  
wa l l .  The heat  t r a n s f e r  c o e f f l c i e n t  and heat  f l u x  
I s  I n d l c r t c d  a t  each p o I n t  as well as l i q u i d  
c o o l a n t  b u l k  temperature and pressure. S l n p l l f l e d  
one dimensional hea t  t r a n s f e r  and f l u l d  hydraul  ICs 

For  s t o r a b l e  p r o p e l l a n t s  t h i s  cor -  

The p r o p e l l a n t  p r o p e r t f e s  d i sp layed  a re  p r l -  
The d e n s i t y  o f  

The 

are used t o  est imate the o v e r a l l  temperature r i s e  
and pressure drop dcross the regen jacke t .  c- 7 

The TPA sunlnary g ives  d e t a i l e d  desc r ip t i ons  o f  
the pmps  and tu rb ines  i n  the podcr cycle.  
Speeds. dimensions, e f f i c i e n c i e s ,  f l ou ra tes .  
nunber o f  stages, weights. horsepowers. and admis- 
s ion  f rac t i ons  are  included f o r  pumps, boost 
pUnpS, dnd tu rb ines .  

The pressure and tanperature schedules show 
the pressure and temperature a t  var ious key p o i n t s  
i n  the p r o p e l l a n t  feed system as we l l  as p ressure  
and temperature changes across key sec t ions  o f  the  
feed systea. A f lowra te  schedule i s  a lso  inc luded 
which shows f lowra tes  through the  major components 
o f  the feed system. 

The o v e r a l l  stage we igh t  sunmary i s  a l i s t  o f  
a l l  i t e m s  i n  the  stage which c o n t r i b u t e  t o  i t s  
weight. 
from p r o p e l l a n t  o r  p ressurant  weights. 

smoary  which g i ves  an overvlew o f  a l l  v e h l c l e  
stages. 
s ions,  and per fonances  a re  overdeued. 

I n e r t  weights a re  presented separately 

The f l n a l  page o f  ou tpu t  I s  the veh ic le  

The s tage masses. mass f rac t i ons ,  dimen- 

Concluding Remarks 

Sfnce i t s  i n f t i a l  c o n f i g u r a t i o n  I n  1980, ECES 
has been o f  g r e a t  b e n e f i t  t o  i t s  c rea te rs  i n  
ana ly r tng  propul  slon sys ten  concepts i n  a t ime ly ,  
c o s t - e f f e c t l v e  manner. 
es tab l i sh ing  i t s e l f  as a standard i n  the  f i e l d  o f  
p r e l  l n i n a r y  p ropu ls ion  system design. 
au thors  knw ledge  there  I s  no comparable method by 
whlch propu ls ion  systeca des ign  parameters can b e  
op t im ized w i t h  nea r l y  the speed o r  accuracy wh ich  
ELES o f f e r s .  

As i t s  use spreads t t  i s  

To the  
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OTV BASELINE WITH AEROBRAKE 

H/O Engines 
IsP = 470 
O/F = 5.5 

15.9 MT Payload 
Delta V = 5.36 Km/Sec 

15% Aerobrake 
25% Added to Tanks and Engines 

c-9 
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C-13 

BASELINE 

15.9 MT raybad 
H/O Engines 

Isp = 469 
Delta V = 20567 Wsec 
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SINGLE STAGE TO MOON 

HI0 Engines: High Thrust (15000 Ib/engine) 

15.9 MT Payload 
Delta \I = 2 0 W  FtISec 

Lightweight Engfms and Tanks 

Isp = 471 
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OW BASELINE NO AEROBRAKE 

H/O Engines 
Isp = 470 
O/F = 5.5 

15.9 MT Payload 
Delta V = 8.34 KmlSec 

25% Increase on Engines and Tanks 
No Aerobrake 

c-19 
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LANDER (NO LANDING GEAR) O/F 8.73 

HI0 Englnes 
ISP = 421 
OIF = 8.73 

15.9 MT Payload 
Delta V = 4.17 Km/s 
No Landing Gear 

25% Added to Tanks and Engines 
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C-25 

LANDER (NO LANDING GEAR) O/F = 10.6 

H I 0  Engines 

15.9 MT Payload 
Delta V = 4.17 Km/Sec 

No Landing Gear 
25% Added to Tanks and Engines 

Isp = 384 
OIF = 10.6 
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C-28 

LANDER (NO LANDING GEAR) CARRYING 
FUEL FOR OW RETURN TRIP 

H I 0  Engines 
Isp = 470 
OIF 5.5 

15.9 MT Payload 
Delta V = 4.17 Km/Sec 

No Landing Gear 
Carries LH2 for OW Return Trip 

25% Added to Englnes and Tanks 
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C-3 1 

AL/LOX LANDER WITH LANDING GEAR 

AL/LOX Engines 

15.9 MT Payload 
Delta V = 4.2 Km/Sec 

5% Landing Gear 
25% Added to Tanks and Engines 

Isp = 260 
OIF = 2.18 
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c -34  

APlLOX LANDER WITH LANDING GEAR 1/2 PAYLOAD 

ALLOX Engines 
Isp = 260 

7.95 MT Payload 
Delta V = 4.2 Km/Sec 

5% Landing Gear 
25% Added to Tanks and Engines 

OIF = 2.18 
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AULOX O N  (NO AEROBRAKE) 

ALILOX Engines 

15.9 MT Payload 
Delta V = 8.34 KmlSec 

No Aerobrake 
25% Added to Tanks and Engines 

IsP = 260 
OIF = 2.18 



C-38 

I 
I 
I 
1 
1 
I 
1 
1 
I 
I 
I 
1 
I 
1 
I 
I 
I 
1 
1 

. .  

ORIGINAL PAGE IS 
OF POOR QUALVTY 

,- 
c 

: I 

3 

d 

U 

W 
0 
a 
I- 
v) 

* 
cz 
4 
E 

3 
v) 

L1 
J 
U 
n 
I 
Ll 
w 

r 

* '  
c 
c 

V 
L" 
W) 

u - .  
W L U  
( 0 - I  
c c  

a 
W 
L 

. . U 
S 

cl 
w 
rr 
W 
> t L 

-f 
J 

0 

I- 
rl 
z 

- 
a 
W 
C 
=I 

W 
-I 
N 
N 
0 
2 

z 
0 
D-4 

v) 

J 
2 

0 
p: 
a 

a 

v) 
m 
.;I 

> 
I- 
z 
4 
-J 
-1 
W 

0 
rx 
a 

a. 

W 
2 
c 

0 
w 
L e 
hJ 

X 
W 

a 

-I 
V L J  

L') 
w o  

U 
0 
a 
n 

LJ 
-1 

U 
vl 
3 

m 

c 
W 
z 
a 

w 

0 
hl 
X 

U 
n 

0 
W 
J 
J 
LI 

X 
W 

n 

W 

0 
a 

I- 

o 
W 
3 

Id 
W 
4 
+ 
vl 

r - (I: 
U 

4 
D-4 

v) 
a 
c 
U 
a 

0 

0 
-I 
Y- 
4 

a 

a 

L 
lL 
LI 

a 
v) 
n 

W 
-1 
a> 
4 
v) 
13 



1 
1 
1 
I 
8 
I 
a 
I 
I 

I i I 

I i 
i 
I 
i 

I ! 
i 
i 
I 

I 

I 
I 

j 

i 
i 

n 
z 
0 
n 
t 
U 
3 
a 
c 

i 
I ! 

c-39 

4 
N 
0’ 

e 
0 

t 
u 
z 
W 

V 
I 

LL 
Y 
w 
A 
A 
4 

u 

a 

> 
0 

. 
OD 
Q) 
cu * 

. . . 
W 
V z 
4 
I: 

0 
LL 

W 

a 

a 
e . . 

N U A I L  
N L L  

U J  
Lv) 

I 

x $ v )  

m -  

. 
e . W 

1 . ,  

I 

I 

U I t-4 
0 z 
W I . I . I . . I 

e . . 



I C-40 

AL/LOX OTV WITH AEROBRAKE 

AULOX Engines 

15.9 MT Payload 
Delta V = 5.36 Krn/Sec 

15% Aerobrake 
25% Added to Tanks and Engines 

Isp = 260 
OIF = 2.18 
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c-43 

SINGLE STAGE TO MOON 

Aium/O Engines 

15.9 MT Payload 
Delta V = 20600 FWSec 

Lightweight Tanks and Englnes 

isp = 260 
OIF = 2.10 
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SINGLE STAGE TO MOON 

AUO Engines: High Thrust (1500 ibdengine) 
Isp = 260 

15.98 MT Payload 
Delta V = 19440 Ft/Sec 

Lightweight Tanks and Engines 

OIF = 2.18 
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c-49 

SECOND STAGE HAD 
DELTA V = 1.1 2 Km/Sec 

1ST STAGE HAD NO GUIDELINES 

H/O Engines 
O/F = 5.5 
IsP = 470 
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HIGH OIF O W  WITH AEROBRAKE (PRESSURE FED) 

H/O Engines (Pressure Fed) 
Isp = 381 

OIF = 11.17 
15.9 MT Payload 

Delta V = 5.36 Krn/sec 
15% Aerobrake 

25% Added to Tanks and Engines 
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OTV WITH AEROBRAKE (PRESSURE FED) 
COMPOSITE TANKS 

H/O Englnes (Pressure Fed) 

15.9 MT Payload 
Delta V= 5.36 Km/Sec 

15% Aerobrake 
25% Added to Tanks and Engines 

ISP = 466 
O/F = 5.81 
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APPENDIX D 

ENGINE/PERFORMANCE DATA 

D.l ASTROSIZE OUTPUT DATA 
D.2 SAMPLE ASTROFEST OUTPUT DATA 
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APPENDIX D.l 

ASTROSIZE OUTPUT DATA 
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w r d  
Enter- t h e  name o f  t h e  data f i l e  f o r  t h e  
veh ic ie  you wish t o  use:GSA.DAT 
En te r  s lope and Y- intercept of process ic r i c t ion :  .0015,25015 
A I  OTV .% Lander: Lunar p rope l l an ts  a v a i l a b l e  
B) 0 7 V  & Lander: Lunar p rope l l an ts  n o t  a v a i l a b l e  
C) In tegra ted  OTV/Lander: Lunar p r a p e l l z n t s  a v a i l a b l e  
D) I n teg ra ted  OTVILander: Lunar p rope l l an ts  not a v a i l a b l e  
Choose :.rhich type o f  con f i gu ra t i on  you :-:ill uc,e:A 
Enter t he  year w h i c h  you wish t o  d e l i v e r  equipment:l595 

D-4 

Y e a r :  1995 

Lunar F'ropel 1 ant : 89419.34 
Lunar LOX: 89414.34 
Lunar F:tel: 9 

Ear th  Prope l lan t :  53553.43 
Earth LGX: 3 1597 I &? 
Ear th  Fuel : 7175'5.81 

Number o i  F l i g h t s :  2 
t4urnber o f  Manned F1 igh ts :  0 

Addi ti cnal Purdened F'tass (i:g) : 2434.12? 
Mass D e l  i vered (kg ) : 25124.13 

Masis R q u i r e d  From Ear th  ( k g l :  78637.56 

Y e a r :  1446 

Lunar Prapel 1 ant: 876.76. e5 
Luna- LOX:  87645.85 
Lunar- Fuel: 0 

E a - t h  F' ropel l  ant: 49571.22 
Ear th  LOX: 2829 1.52 
Ear th  Fuel: 21079.7 

Number o f  F l i g h t s :  2 
thnber  of I.!anned F l i g h t s :  0 
Mass Del ivered ikg): 2283 1.47 
Add i t i ona l  Bzrdened Mass ( k g )  : 131.4707 
t h s 5  Required  From E a r t h  ( k g )  : 72302.69 

Y e i r  : 1497 

LQnar Fropel  1 a n t :  41375.a3 
Lur?ar LEX: 41395. ES 
Lcnar Fuel: 0 

E a r t h  Frope l lan t :  18457.8 
Earth LUX: 9672.62 
Ear th  Fuel: 92t35. r B 2  

Number -  ef F i  ightc,:  1 
Number of Planned F1 i q h t s :  0 

Rddi ti onal Eurdened Mass C kg i : b2. ijF375 
Mass Del i vered (ky) : @262.0?4 

Piass Required From Earkh C kg) : 37219.9 
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E a r t h  P r o p e l l a n t :  23196.58 
E a r t h  LUX: 1.%.173.0? 
E a r t h  F u e l :  8723.4BEr 

Idumber of F1 i g h t s :  1, 
t !umber  of Planned F?  i g h t s :  1 

Addi t i ona?. P w - d e n d  t h s s  ( k g j  : 5Q. Z5938 
Ptass D e l i v e r s d  (kg! : 6g5i:l. 2s 

Mass Required From E a r t h  ( k g )  : 30046 I 83 

Y e a r :  2004 

7-r, Luna- P r o p e l l a n t :  .-G-O&. 1 1  
Lwiar LUX: 33506.11 
Lunar F u e l :  0 

C T ,  

E a r t h  F r o p e l  1 a n t  : L.> 1?6.59 
E a r t h  LOX: 14473.09 
E a r t h  F u e l :  e723 I 485 

Number of Flights: 1 
Number of Planned F1 i ghts: 1 
Mass De?. i v e r e d  (kg) : 6850.26 
Oddi ti  onal Burdened  litass ( kg 1 : 50.25928 
Mass R e q u i r e d  Fram. E a r t h  ( k g )  : 30046. B3 

Y e a r  : L 3rJij5 

L u n a r  F'rapel 1 ant : A T13922.4 
Lunar LOX:  21S922.4 
Lunar F u e l :  0 

E a r t h  F ' r c p e l l  ant: 17 1037 I 5 
E a r t h  LOX: 1 1 !X!.S?. 8 
Ear th  F u e l :  60147.67 

I= 
KLirnher of F1 i gttts: J 

Number of Mannec Ff i ghts:  2 
Mass Doli ver t ld  (I:y? : 76129. BE 
A d d i t i c t n a l  Burdened i?ass (Lg) : 329.8828 
Mass Required From E a r t h  ( k g ) :  247 167.4 

D-5 
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00 you w i s h  to use a n o t h e r  v e h i c l e  a f t e r  2005? (Y/N):N 
Year : 2006 

Lunar Propel 1 ant:  120493.2 
Lunar LOX:  120493.2 
Lunar F u e l :  0 

E a r t h  Propel lant :  1 16720.4 

Earth F u e l :  36494.4 
E a r t h  LOX: 13~1226. UA! 

- 
Number af  F1 i g h t s :  .> 
Number o f  Manned F l i g h t s :  3 
Mass D e l i v e r e d  Ckq) : 4668CI. 74 
A d d i t i o n a l  Burdened  Plass  ( k g ) :  1813.7383 
Mss5 E e q u z r e d  From E a r t h  < ! : g ) :  1~33401.2 

Lunar Propel i a n t :  
Lunar LOX: 208038.9 
Lunar Fuel: 0 

208033.9 

E a r t h  P r o p e l l a n t :  165853.2 

E a r t h  Fuel: 57521. B& 
E a r t h  LOX: 108331. 3 

c Number o f  F1 i g h t s :  .J 

FlLImber oi Planned F l i g h t s :  .J 

Mass D e l i v e r e d  (kg): 69512. 06 
- 

A d d i t i z n a L  Burdened  Mass (kg)  : 
Plass R e q u i r s d  From Earth (kq!: 

Lucar Fropel 1 ant: 137207.4 
Lunar LOX:  137207.4 
Lunar Fuel: 0 

E a r t h  Prope l lan t :  97593.42 - Earth LOX:  530S6. / 
E a r t h  Fuel: 345E+.T3 

T Number of  F I  i g h t c , :  .i 

Mass E e l  i vergd (kg )  : 41905.91 
I;! Number af Planned F l  i 9:i t s :  

A d d i t i o n a l  Burdened Hass (k;): 
Wacs Required Frcm E ; . r t h  ! k g j :  

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



Year: 2009 

Lunar Propel 1 ant: 
Lunar LOX: 4c- &A90 
Lunar Fuel: 0 

453490 

Earth Propel lant :  3ijT82B. 3 
Earth LOX: - /  / L J l c J .  1 
Ear th Fuel: 13231B.2 

7" ~ 

Number of  F1 ights :  1 1  
Number of  Manned F l i gh ts :  9 
Mass D s l i v e r e d  (kg) : 169b8O I 2 
Addi t ional  Burdened Plass ( k g i :  680.2344 
M a s s  Required From Earth (kg): 578538.6 

Year: 2Ql i j  

Lunar Fropel lant :  474745.7 
Lunar LOX: 474745.7 
Lunar Feel: 0 

Earth Frope l  lant: 391417.2 
Ear th LOX: 258 15 1.4 
Earth  Fuel: 133255.8 

Number of  F l i gh ts :  1 1  
f\lurrtber of  Manned F i  i ghts: h 

Oddi t iondl  Surdend Mass li.gi: / 12.125 
M a s s  Del i v e r e d  ( i : g  5 : l b ' i 6 1 Z .  I 

Mass Required F r a i n  E a r t h  i k g ) :  561229.4 
- 

Lunar Propel 1 ant : - 1-3+c,13,9.7 
Lunar LOX: 24Ci131.7 
Lunar F u e l :  0 

Earth Prope l  1 ant: 2s 1443 
Earth LOX:  1 5699 I - E! 
Earth Fuei: 72551.16 

Number of  F l i gh ts :  t5 
Number of Planned F1 ~ g h t s :  b 
Mast, D e l  i vered (t.9 j : ?2253. "1 
Addi t ional  Burdened Mass (kg): 560.21 1 
Mass Required Frcm E a r t h  ( j .91:  3257ir3.2 

D- 7 
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Year: 1 3  

Lunar P r o p e l l a n t :  474745.7 
Lunar LDX: 474745.7 
Lunar F u e l :  0 

E a r t h  P r 3 p e l l a r . t :  3 1 4 1 7 . 2  - 
. E a r t h  L@T:: -3501bI. 4 
E a r t h  F t i e l :  13.2255.8 

11 r-lumber of: F1 i g h  ts: 
6 lilumber o f  Manned F l i g h t s :  

Mass L\ei:vered (1:s) : 16?812.1 
CidditicsRdl Yurdeneri I.!ass (kyj: 
Hass F:equired F r o m  Etirth i k y )  : 

Year: 2Cil.1 

233234-8 

E a r t h  F'ropel J a r l t :  2 1 4 9 1 5 . 1  

E a r t h  F ~ : e l :  68930.75 
E a r t h  LO?;: 145984.4 

Number c+ F l i g h t s :  6 
Number of  Planned F l i g h t s :  6 
M a s s  D ~ l l  i vered  i k g )  : 133149.71 
A d d i t i m a l  Burdened Mass ( k g ) :  
Mass Required F r o m  E a r t h  i k g ) :  

Year : 2 0 1 5  

Lunar F'rcpel l  cnt: c d134d73.7 -c- 

Lunar LDX: c dJ5373.7 -. 

Lunar F u e l :  0 

1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
1 
I 
I 
I 
I 
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T o t a i  Propel lant  from Moon: 33527& 
Tota l  LEX from Moon: 3352766 
Totai F c e l  from t'loon: 0 

Total F u e l  + o r  OTV + , o m  Moon: 
l o t a l  Fuel +or Lander from Moon: 

Total  Propel lant  f r o m  Earth:  
T o t a l  LOX from Earth: 29 158 17 
Tota l  Fuel from E a r t h :  930873.4 

Tota l  CjTV Fuel frcm Earth: 522047.8 
Total  Lander Fuel +ram E a r t h :  

Tota l  F'rnpelfant: b G 5 0 0 7 7 

Tota l  t-!:!mber of F1 i ghts: 79 
T a t a l  N u m b e r  Df Manned Fliqhts: 
Tots!. Mass Delivered ( ! : G I :  115332? 
T o t a l  k c i d i t i a ~ a l  Eclrdened Mass 0:~): 
T o t a l  Mass Required Frcm Earth  (kg):  

VeRicls Data F i l e :  A m .  DAT 
0 

2697S12 

4ue925 I 5 

411 
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APPENDIX D.2  

SAMPLE ASTROFEST OUTPUT DATA 

II 
I 
I 
I 
I 
1 
I 
I 
I 
1 
I 
I 
1 
I 
1 
1 
I 
I 
I 



BASELINE 

H I O  OTV & LANDER 

15% AEROBRAKE 

470 sec Isp 

15873 kg PAYLOAD (35000 Ibs) 

5.5 0 I F 

NO LUNAR PROPELLANT AVAILABLE 
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I I 

RL!F 
r.* -9cc ; : i s h  to create a data file? [Y]:Y 
What do y o u  wish to call the data file:BASE.DAT 
Do you wish to use a n  aerobrake? [Y]:Y 
Enter the aerobrake mass percent:15 
Do you wish to use 2 separate vehicles? [Y]:Y 
Enter Isp for'UTV and for Lander:470,470 
Enter OTV mass kg  (NOT including tanks):840 
Enter Lander mass kg (NOT including tanks and landing gear): 
ah0 
Enter the maximum payload--for OTV & for Lander:15873,8973 
Enter the O/F mixture ratio for the OTV & for the Lander:5.5,5.5 
Enter the number of engines & engine thrust for the OTV:2.33361 
Enter mass for each engine & its thrust structure for OTV:95 
Enter the number of engines & engine thrust for the Lander:2,33361 
Enter mass for each engine & its thrust structure for Lander:95 
A )  LOX - HYDROGEN 
B) LOX - ALUMINUM 
C) LOX - MMH 
D) LOX - SILANE 
Choose the type of engine to be used for the OTV & Lander:A,A 

Do you wish to use lunar propellants? [Y]:N 
Enter the maximum number of engines allowed for Lander:2 
=======C=I===I=PIIIP=-=-=P=I=II=I=L====*=============~===~ 

This 
Luna 
a Pa 
The 
the 
the 

is a two vehicle configuration which does not use 
r propellants. The OTV travels from LEO to LLO. carrying 
yload and all of the propellant needed by the Lander. 
Lander makes one round trip from LSB to LLO, carrying 
OTV payload to LSB and delivering a payload from LSB t o  
OTV. The OTV then returns to LEO. 

OTV ENGINE DATA 
Isp : 70 

Thrust per engine (N): 33361 
Mass of each engine & its thrust structure (kg): 

Number of engines: 2 

LOX - Hydrogen engine with MR: 5.5 

OTV MASS (kg): 

Dry Mass: 1030 
Aerobtake Mass: 
LOX Tank Mass: 
Fuel Tank Mass: 
Pressure Tank Mass: 

3410.811 
367.044 
1618.33 
0 

95 

Total H a s s :  6426.185 

OTV PROPELLAST CAPACITY (kg): 

ORIGINAL PAGE IS 
OF POOR QUALm 

I 
I 
I 
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Total LOA Capacity: 91/60.99 
LOX Carried for OTV: 70985.13 
LOX Carried for Lander: 20 77 5.86 
Additional LOX Storage Capability for Return Trip: 0 
Fuel Capacity for OTV: 12906.39 
Fuel Capacity Carried for Lander: 3777.43 

Total Propellant Capacity: 83891.52 

Percent of return trip LOX from LSB: 0 
Percent of return trip Fuel from LSB: 0 

Payload Capability to LSB: 15873 
Return Payload Capability: 15873 

-- 
Yass Fraction: .928a491 

LANDER ENGINE DATA: 

Isp: 4 70 
Number of engines: 2 
Thrust per engine (N): 33361 
Mass of each engine & its thrust structure (kg): 95 
LOX - Hydrogen engine with MR: 5.5 

LANDER MASS (kg): 

Dry Mass: 1030 
Landing Gear Mass: 1841.305 
LOX Tank Mass: 83.10345 
Fuel Tank Mass: 366.4107 
Pressure Tank Mass: 0 

Total Mass: 3320.819 

LANDER PROPELLANT CAPACITY (kg): 

LOX Capacity: 
Fuel Capacity: 

20775.86 
3777.43 

Total Propellant Capacity: 24553.29 

Percent of Lander LOX supplied from LSB: 0 
Percent of Lander Fuel supplied from LSB: 

Maximum Payload Capability: 
Liftoff Payload Capability: 

Mass Fraction: .a808637 

This data has been stored i n  a file called: 

a973 
a973 

0 

BASE. DAT 
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H I O  OTV & LANDER 

LLOX AVAJLABLE 

ISP = 470 

15.9 MT PAYLOAD 

15% AEROBRAKE 

1 
I 
I 
I 
I 
1 
I 
1 
1 
1 
1 
I 
1 
1 
1 
I 
1 
I 
1 



D-15 
RUN 
Do you wish t o  c r e a t e  a da ta  f i l e ?  CY3:Y 
What do you wish t o  c a l l  t h e  data file:ASA.DAT 
Do you wish t o  use an aerobrake? cY3:Y  
Ente r  t h e  aerobrake mass percent: lS 
Do you wish t o  use 2 separate veh ic les?  CY3:Y 
Ente r  I s p  f o r  OTV and f o r  Lander:470,470 
En te r  OTV mass kg (NOT i n c l u d i n g  tanks): lQ50 
En te r  Lander mass kg (NOT i n c l u d i n g  tanks  and land ing  gear ) :  
1033 
Enter  t h e  maximum payload f o r  %TV & f o r  Lander: 1587;. 15877 
Enter  t h e  O/F mix tu re  r a t i o  f o r  the  OTV .1* f o r  t h e  Lander:5.5.5.5 
En te r  t h e  number of engines SC engine t h r u s t  f o r  t h e  OTV:2.3;;61 
En te r  mass f o r  each eng ine  ti i t s  t h r u s t  s t r u c t u r e  f o r  OTV:95 
En te r  t h e  number of  engines L engine t h r u s t  f o r  t h e  L&nder:2,3:361 
En te r  mass f o r  each engine t i t s  t h r u s t  s t r u c t u r e  f o r  Lander:'?= 
k )  LOX - HYDE@GEFJ 
B) LOX - ALlJMINUM 
C )  LOX - MMH 
D) L O X  - SILANE 
Choose t h e  t ype  of engine t o  be used f o r  t h e  OTV and Lander:A,A 

Do you wish t o  use l una r  p rope l l an ts?  C Y 1 : Y  
Ente r  t h e  percent of  f u e l  L of o x i d i z e r  f rom Moon f o r  Lander: 

E n t e r  t h e  percent  of  f u e l  c4 of o x i d i z e r  f rom Moon f o r  O W :  
0,100 

0,100 

Should t h e  ammount o f  Lunar LOX re tu rned  be t h e  d r i v i n g  f a c t o r  
f o r  t h e  v e h i c l e  design? ( Y / N ) : N  
Ente r  t h e  maximum number o f  engines a l lowed f o r  t h e  Lander:2 

The Lander l i f t o f f  pavload c a p a b i l i t y  i s :  897s 
Do you wish t o  change t h e  engine c o n s t r a i n t  t o  a l l o w  a 
l a r g e r  payload? ( Y / N )  :N 
The Lander does n o t  have t h e  l i f t  c a p a b i l i t y  t o  r e t u r n  
a manned capsule and the  p rope l l an t  needed f o r  t h e  QTV. 
En te r  a 0 i f  you wish t o  inc rease t h e  number of Lrnder 
t r i p s .  Enter  a 1 i f  you wish t o  inc rease t h e  number o f  
Lander engines. 0 
=PE==================Z=========e2fi 

T h i s ' i s  a two v e h i c l e  c o n f i g u r a t i o n  which uses Lunar p rope l l an ts .  
The OTV t r a v e l s  t o  LLO c a r r y i n g  a payload and p r o p e l l e n t  
f o r  the  L a n d e r .  The Lander makes 2 r o u n d - t r i p ( s )  f rom LSB t o  
LLO. I t  c a r r i e s  t h e  OTV payload t o  LSR and d e l i v e r s  Lunrr 
p r o p e l l a n - t  t o  the  OTV. A f t e r  Z Lander t r i p ( s ) ,  t h e  OTV 
d e p a r t s  f o r  LEO, loaded w i t h  Lunar p r o p e l l a n t s .  

LIJNAF LOU LOADED ONTO OTV AT LSP: 17766.54 
LUNAF: LOX USED BY OTV: 4338.452 
LmaF: FUEL USEE BY OTV : C a  
LUNAS L @ X  RETURPIED= 1 xx. i 
L m - s a s m  L O X  PURNEI?: 37926.18 

OTV ENGINE EATA: 

Number of  engines: 

Mass of each engine Z. i t s  t h r u s t  s t r u c t u r e  O q ) :  

' I s p :  470 

Thrus t  per engine (1.1): _. _. 26 1 

LOX - Hydrogen engine w i t h  MF:: 5.5 

- - --- 
95 



- 

D-16 OTV MASS (kg) : 

Dry  Hiss:  1030 
Amrobrake Mass: 
L O X  Tank Mass: 
Fuel Tank Mass: 
P ressu re  Tank Hass: 

T o t a l  Nasi: 5248.27 

0 

OTV PROFELLANT CAPACITY (kg ) :  
- 

T o t a l  LOX Capacity: 33926.18 
LOX C a r r i e d  f o r  OTV: - 33926.18 
LOX C a r r i e d  f o r  Lander: 0 
G d d i t i o n a l  LOX Storage C a p a b i l i t y  f o r  Return T r i p :  1:1 

Fue l  tz .pac i ty  f o r  DTV: 6951.75 
Fue l  Capac i ty  Car r i ed  f o r  Lander: J , . O l .  547 c- , 

T o t a l  P r o p e l l a n t  Capacity: 40877.93 

Percent  o f  r e t u r n  t r i p  L O X  f rom LSP: 100 
Percent  o f  r e t u r n  t r i p  Fuel  from LSB: 0 

Pay load C a p a b i l i t y  t o  LSF: 15873 
Retu rn  Payload C a p a b i l i t y :  15873 

M a s s  F r a c t i o n :  . e a 6 x 9 z  

LANDER ENGINE DGTA: 

1sp: 470 
Number of engi  nss: 2 
Thrus t  per engine (N): b 4 . A  1 

LOX - Hydrogen engine w i t h  MR: 5 . 5  

-7- 

M a s s  o f  each engine L i t s  t h r u s t  s t r u c t u r e  ( kq ) :  

LANDEF MA6S (kg) : 

Dry  Ness: 1030 
Land ing  G r s r  Mass: 
LOX Tank Mass: 
Fue l  Tan). Mass: 
Fressure Tant Mass: 

---- T o t h l  tlasc: _ _ _  .:a~ 

1@46.20? 
Si. 4128 
Z67.7746 
0 

LANCER FROFELLANT CAPACITY (kq ) : 

L O X  capac i t y :  
Fue l  Capacity: 

208JJ. 2 
3791.19 

T o t a l  P r o p e l l a n t  Capacity: 24644.69 

Percent  of Lander L O X  supp l i ed  from LSB: 190 
Percent  o f  Lander Fue l  supp l i ed  f rom LSP: 

,Ma:: 1 m u m  Pay1 oad Capab 11 i t y :  
L i f t o f f  Payload C & p a b i l i t y :  
Tan1 S t r u c t u r e  f o r  Re fue l i n9  OTV: 

Mass- F r a c t i o n :  :sa I 046 i 

T h i s  da ta  has been s t o r e d  i n  a f i l e  ca l l ed :  
01 

15977 
8973 
69.72S99 

95 

A%. P A T  

d 
I 
1 
b 
1 
1 
1 
1 
I 
I 
I 
I 
1 
1 
I 
I 
1 
1 
1 
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H I O  OTV & LANDER 

LLOX AND LUNAR HYDROGEN AVAILABLE 

ISP = 470 

15.9 MT PAYLOAD 

15% AEROBRAKE 



' D-18 RUN 
Do you w i s h  t o  c rea te  a da ta  f i l e ?  CY3:Y 
What do you w i s h  t o  c a l l  t h o  da ta  file:AS.DAT 
Do you w i s h  t o  use an arrobrako? CY3:Y 
Ente r  t h e  aorobrake mass percent: lS 
Do you w i s h  to use 2 separate veh ic les?  CY3:Y 
Ente r  1sp f o r  O N  and f o r  Lander:479,479 
E n t e r  OTV m a s s  kg (NOT i n c l u d i n g  tanks) :  1930 
En te r  Lander mass kg (NOT i n c l u d i n g  tanks  and land ing  gear): 
1930 
En te r  t h e  maximum payload f o r  Q T V  k f o r  Lander: 1587:. 15873 
En te r  t h e  O/F mix ture  r a t i o  f o r  the  OTV t f o r  t h e  Lander:5.!5.S.S 
Enter t h e  number o f  engines SC engine t h r u s t  f o r  t h e  OTV:2.33561 
En te r  mass for  each-engine f i t s  t h r u s t  s t r u c t u r e  f o r  OTV:95 
En te r  t h e  number o f  engines f engine t h r u s t  f o r  t h e  Lander:2,3Z361 
E n t e r  mass f o r  each engine-& i t s  t h r u s t  s t r u c t u r e  f o r  Lander:95 
R )  L O X  - HYDROGEN 

C )  LOX - MRH 
D) LOX - SILANE 
Choose t h e  t ype  o f  engine t o  be used f o r  t h e  OTV and Lander:A,A 

B )  LOX - ALUMINUM 

Do you wish t o  use l una r  p rope l l an ts?  CY1:Y 
En te r  t h e  percent of f u e l  & o f  o x i d i z e r  f rom Moon f o r  Lander: 

En te r  t h e  percent o f  f u e l  & of  o x i d i z e r  f rom Moon f o r  OTV: 
190.190 

10c>,100 

Should t h e  ammount of Lunar LOX re tu rned  be t h e  d r i v i n g  f a c t o r  
f o r  t h e  v e h i c l e  design7 (Y/N):N 
E n t e r  the maximum number of engines al lowed f o r  t h e  Lander:= 

The Lander l i f t o f f  payload c a p a b i l i t y  i s :  8975 
Do you wish t o  change t h e  engine c o n s t r a i n t  t o  a l l o w  a 
l a r g e r  payload7 (Y/N):N 
The Lander does no t  have t h e  l i f t  c a p a b i l i t y  t o  r e t u r n  
a manned capsu le  and t h e  p r o p e l l a n t  needed f o r  t h e  OTV. 
E n t e r  a 0 i f  you wish to i nc rease t h e  number o f  Lender 
t r i p s .  Enter  a 1 i f  you w i s h  t o  inc rease t h e  number of 
Lander engines. 0 

---=5=f=PI=P---IPS----1E--------- --- ---- ------ 

T h i s ' i s  a two v e h i c l s  c o n f i g u r a t i a n  which usss Lunar p r o p e l l a n t s .  
The OTV t r a v e l s  t o  LLO c a r r y i n g  a payload and p r o p e l l a n t  
f o r  t h e  Lander. The Lander makes 2 r o u n d - t r i p t s )  f rom L S h  t o  
LLO. It c a r r i e s  t h e  OTV payload t o  LSB and d e l i v e r s  Lunar 
p r o p e l l a n t  t o  the  OTV. A f t e r  2 Lander t r i p ( s ) ,  t h e  OTV 
depar t s  f o r  LEO, loaded w i t h  Lunar p rope l l an ts .  

17037.78 LurmRi LOX LOADED ONTO OT~J AT  LSB: 
LUNAR LOX USED BY OTV: 4008.1'9 
LLINAF: FUEL USED BY OTV : 725.7518 
L U N A R  LOX RETURNED= 1 _i/:,y. 5" 
LEO-BASED LOX Bl-lRt.IED: 25 19 1. 55 

-----------------n~,.) nE9i~hl----------------- 

OTV ENGINE DATA: 
I sp :  470 
Number o f  engines: - 
Thrus t  per engine (N): 4 _. A 1 

LOX - Hydrogen engine w i t h  RE: 5.5 

--- 
Mass o f  each engine Q i t s  t h r u s t  s t r u c t u r e  (Pq): 95 

D r y  Mass: 1030 
Aerobral  e Mass: 2798.1 

d 
I 
1 
1 
I 
1 
1 
I 
1 
I 
I 
I 
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LOX Tank Mass: 
Fuel Tank Mass: 
Pressure Tank Mass: 

Total Mass: 4373.154 

ORIGINAL PAGE 1s 
OF POOR QUALITY 

Krg .7662 
444,287; 
0 .  

OTV PROPELLANT CAPACITY (kg):  

"C Total LOX Capacity: ~d191.55 
LOX Carried for OTV: 25191.53 
LOX Carried for Lzndcr: 0 

Fuel Capacity for OTV: 4589.28 1 
Additional LOX Storage Capability for Return Trip: 9 

Fuel Capscity Carried fortander: 0 

Total Propellant Capacity: 29771.83 

Percent of return trip LOX from LSB: 199 
Percent of return trip Fuel from LSB: 100 

Payload Capability to LSB: 1587: 
Return Payload Capability: 15873 

- 

Mass Fraction: .87 19241 

LANDER ENGINE DATA: 

Isp: 470 
Number of engines: - 
Thrust per engine (N): 3,361 
Mass of each engine & its thrust structure ( k g ) :  

-. 
LOX - Hydrogen engine with MR: 5.5 

LANDER MASS (Lg) : 

Dry Mass: 1939 
Landing Gear Mass: 
LOX TenC Mass: 
Fuel Tank Mass: 
Pressure Tank Mass: 

T o t a l  M a s s :  zz=17.3a8 

18A4.201 
83.4128 
de l .  7716 
9 
- . -  

LANDER PROPELLANT CAPACITY (kg): 

LOX Capacity: 
Fuel Capacity: 

20653.2 
3791.49 

Total Fropel lant Capacity: 24644.69 

Percent of Lander LOX supplied from LSB: 
Percent of Lander Fuel supplied from LSF: 

Max i m u m  Payl cad Capabi 1 1 ty: 
Liftoff Payl odd Capabili ty: 
Tan, Structure for Kefueling OTV: 

Mass Fraction: 73s 1 w o  1 

199 

95 

This data has been stored in a file called: 
Ob 

12873 
897, 
89.7"9$9 

625. V A T  
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H / 0 OTV & AI / LOX LANDER 

OTV Isp = 470 sec 

LANDER Isp = 260 sec 

NO LUNAR PROPELLANTS AVAILABLE 

15.9 MT PAYLOAD 

15% AEROBRAKE 

r 
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D-2 1 

RUN 
Do you wish to create a data file? [Y]:N 
Do you wish to use an aerobrake? [Y]:Y 
Enter the aerobrake mass percent:15 
Do you wish to use 2 separate vehicles? [Y]:Y 
Enter Isp for OTV and for Lander:470,260 
Enter OTV mass kg (NOT including tanks):840 
Enter Lander mass kg (NOT including tanks and landing gear): 
1414 
Enter the maximum payload for OTV & for Lander:15873,12973 
Enter the O/F mixture ratio for the OTV & for the Lander:5.5,2.18 
Enter the number of engines & engine thrust for the OTV:2,33361 
Enter mass for each engine & its thrust structure for OTV:95 
Enter the number of engines & engine thrust for the Lander:7,33361 
Enter mass for each engine & its thrust structure for Lander:190 
A) LOX - HYDROGEN 
B) LOX - ALUMINUM 
C) LOX - MMH 
D) LOX - SILANE 
E) LOX - ALUMINIZED HYDROGEN 
Choose the type of engine to be used for the OTV & Lander:A,B 

This is a two vehicle configuration which does not use 
Lunar propellants. The OTV travels from LEO to LLO, carrying 
a payload and all of the propellant needed by the Lander. 
The Lander makes one round trip from LSB to LLO, carrying 
the OTV payload to LSB and delivering a payload from LSB t o  
the OTV. The OTV then returns to LEO. 

OTV ENGINE DATA: 
Isp: 470 

Thrust per engine (N): 3336 1 
Mass of each engine & its thrust structure (kg): 

Number of engines: 2 

LOX - Hydrogen engine with MR: 5.5 

OTV MASS (kg): 

Dry !Mass: 1030 
Aerobrake Mass: 3908.108 
LOX Tank Mass: 1001.929 
Tank for OTV Fuel: 3138.565 
Tank for Lander Fuel: 99.801 54 
Pressure Tank Mass: 499.0077 

Total Mass: 9677.412 

OTV PROPELLANT CAPACITY (kg): 

95  



Total LOX Capacity: 250482.3  
LOX Carried for OTV: 1 7 7 9 5 9 . 9  

72522.46  LOX Carried for Lander: 

Fuel Capacity for OTV: 32356.34  
Fuel Capacity Carried for Lander: 33267.18  

Total Propellant Capacity: 210316.2  

D-22 
Additional LOX Storage Capability for Return Trip: 0 

Percent of return trip LOX from LSB: 0 
Percent of return trip Fuel from LSB: 0 

Payload to LSB: 15873 
Return Payload Capability: 15873 

Mass Fraction: .9560105 

LANDER ENGINE. DATA : 

Isp: 260 

Thrust per engine (N): 33361 
Mass of each engine & its thrust structure (kg): 
LOX - Aluminum engine with MR: 2.18  

Number of engines: 7 

Dry Mass: 2744 
Landing Gear Mass: 
LOX Tank Mass: 
Fuel Tank Mass: 
Pressure Tank Mass: 

6447.542 
471.396 
9 9 . 8 0 1  54 
499.0077 

Total Mass: 1 0 2 6 1 . 7 5  

LANDER PROPELLANT CAPACITY (kg): 

LOX Capacity: 
Fuel Capacity: 

72522.46  
33267.18  

Total Propellant Capacity: 105789.6  

.Percent of Lander LOX supplied from LSB: 0 
Percent of Lander Fuel supplied from LSB: 

Payload to LSB: 
Liftpff Payload: 

15873 
12973 

Mass Fraction: .9115759 

190 

0 

1 
I 
1 
I 
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H / 0 OTV & AI / LOX LANDER 

OTV Isp = 470 sec 

LANDER Isp = 260 sec 

LANDER 0 / F = 2.18 

LLOX & LUNAR AI AVAILABLE 

15.9 MT PAYLOAD 

15% AEROBRAKE 



- 

D-24 RUN 
Do you w ish  t o  c r e a t e  a da ta  f i l e ?  CYlrY 
What do you wish t o  c a l l  t h e  da ta  file:AlZ2.D6T 
Do you wish  t o  use an aerobrrke? tY3 :Y  
E n t e r  t h e  aerobrake mass perccn t : lS  
Do vou w i s h  t o  use 2 seoara te  veh ic les?  t Y 3 : Y  
E n t A  
En te r  
En te r  
1794 
En te r  
En te r  
Enter  
En te r  
En te r  
En t er 

I s p  f o r  OTV and f o r  Lander:470,260 
OTV mass kg (NOT i n c l u d i n g  tanks):1030 
Lander mass kg (NOT i n c l u d i n g  tanks and land ing  gear ) :  

t h e  maximum pay load f o r  DTV h f o r  Lander:15873,15875 
t h e  O / F  m i x t u r e  r a t i o  f o r  t h e  OTV L f o r  t h e  Lander:5.5.2.18 
t h e  number of  engines !r engine t h r u s t  f o r  t h e  OTV:2,3;;61 
m a s s  f o r  earn engine L i t s  thrust s t r u c t u r e  f o r  OTV:95 
t h e  number of engines h engine t h r u s t  f o r  t h e  Lsnderr2.33561 
m a s s  f o r  each e n g i m  b i t s  t h r u s t  s t r u c t u r e  f o r  Lander:19O 

A )  LOX - HYDF:OGEN 
8 )  LOX - ALUMINUM 
C )  LOX - MMH 
D)  LOX - SILANE 
Choose t h e  t y p e  o f  engine t o  be used f o r  t h e  OTV and Lander:fi,B 

Do you wish t o  use lunar prope l l an ts?  CY3:Y 
En te r  t h e  percent  o f  f u e l  Sr o f  o x i d i z e r  from Moon f o r  Lander: 

En te r  t h e  percent  o f  f u e l  & o f  o x i d i z e r  f rom Moon f o r  OTV: 
100,100 

0,100 

Should t h e  ammount o f  Lunar L O X  re tu rned be t h e  d r i v i n g  f a c t o r  
f o r  t h e  v e h i c l e  des ign? (Y/N):N 
Enter the maximum number o f  engines allowed far the Lander:7 

The Lander l i f t o f f  payload c a p a b i l i t y  is: 12975 
Do you wish t o  change t h e  engine c o n s t r a i n t  t o  a l l o w  a 
l a r g e r  payload? (Y/N):N 
=-------=I--------=--------==------------- ___-_-- ----_--- -------- -- _--_-__----_- 

T h i s  is a two v e h i c l e  c o n f i g u r a t i o n  whlch uses Lunar p r o p e l l e n t s .  
The OT'J t r a v e l s  t o  LLO c a r r y l n g  a payload and p r o p e l l a n t  
f o r  t h e  Lander. The Lander makes 1 r o u n d - t r i p ( s )  f rom LSB t o  
LLO. I t  c a r r i e s  t h e  OTV payload t o  LSB and d e l i v e r s  Lunar 
p r o p e l l a n t  t o  t h e  OTV. A f t s r  1 Lander t r i p ( s ) .  t h e  OTV 
dep+rts  f o r  LEO. loaded w i t h  Lunar p rope l l en ts .  

LUNAR LOX LOADED ONTO OTV AT LSB: 12815.27 

LUNAF. FUEL,USED BY OTV : 0 
LUNAR L O X  KETURNED= 9745.682 
LEO-BASED LOX BURNED: ,~(358.97 

LUNAR LOX USED BY OTV: 3097.587 

-c 

OTV ENGiNE DATA: 
xsp: 4iO 
? h t m h - r  n 4  enni np-: 2 --- T h r u s t  per engine (N): &..A 1 
Mass o f  each engine Tr i t s  t h r u s t  s t r u c t u r e  ( k g ) :  
LOX - Hydrogen engine w i t h  MR: J. -I 

= c  

OTV MASS O g ) :  

Dry  Mass: 1 K O  
Aerobrake Mass: 2076.588 
LOX Tan): Mess: 1 n0.2:59 
Tank fo r  OTV F u e l :  496.5794 
Tan). f o r  Lander Fuel :  0 
Frecsu re  Tan) Mass: 0 

95 
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Total Mass: 3703.403 - 

OTV PROPELLANT CAPACITY ( k q ) :  

Total LOX Capacity: 25058.97 
LOX Carried for OTV: 25058.97 
LOX Carried for Lander: 0 
Additional LOX Storage Capability for Return Trip: 
Fuel Capacity for OTV: 5119.375 
Fuel Capacity Carried for Lander: 0 

Total Propellant tapacity: 25058.97 

Percent of return trip LUX from LSB: 100 
Percent of return trip Fuel from LSF: 0 

Payload Capability to LSF: 1387Z 
Return Payload Capability: 15873 

Ma.ss Fraction: .8712414 

LANDER ENGINE DATA: 

Isp: 260 
Number of engines: 7 

LOX - Aluminum engine with MR: 2.18 

Thrust per engine (N): 33Z6 1 
Mass of each engine & its thrust structure (kg): 

LANDER MASS (kg): 

D r y  Mass: 2744 
Lsnding Gear Mass: 
L O X  Tan): +lass: 

Pressure Tank Mass: 

Total Mass: 19294.25 

. Fuel Tank Mass: 

6474.846 
473.6859 
109.2863 
501.4318 

LCINGER PROFELLANT CAFACITY Otq): 

LOX Capacitv: 
Fttel Canaci t v r  

72874.75 
X?TI?R. 7 R  

Total Propellant Capacity: 106303.5 

Percent of Lander LOX supplied from LSB: 100 
Percent of  Lander Fuel supplled from LSB: 

Maximum Payload Capabi 1 i ty: 19873 

Tan): Structure f o r  Refueling OTV: 129.7: 

mass Fraction: .9117114 

Liftoff Payload Capability: 12973 

This data has been s t o r e d  in r f i l e  called: 
0 It 

0 

190 

100 
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H / 0 OTV & LANDER 

0 / F = 10.6 

Isp = 384 sec 

NO LUNAR PROPELLANTS AVAILABLE 

15.9 MT PAYLOAD 

15% AEROBRAKE 



RUN 
Do y o u  wish to create a data file? [Y]: 

Y 
What do you wish to call the data file:Cl.DAT 
Do you wish to use an aerobrake? [Y]:Y 
Enter the aerobrake mass percent:15 
Do you wish to use 2 separate vehicles? [Y]:Y 
Enter Isp for OTV and for l,Bnder:384.384 
Enter OTV mass kg (NOT including tanks):955.955 
Enter Lander mass kg (NOT including tanks and landing gear): 
955845 
Enter Lander mass kg (NOT including tanks and landing gear): 
84 5 
Enter the?maximum payload for OTV & for Lander:15873,12173 
Enter the O/F mixture ratio for the OTV & for the Lander:10.6,10.6 
Enter the number of engines & engine thrust for the OTV:2,33361 
Enter mass for each engine & its thrust structure for OTV:110 
Enter the number of engines & engine thrust for the Lander:2,33361 
Enter mass for each engine & its thrust structure for Lander:llO 
A) LOX - HYDROGEN 
B) LOX - ALUMINUM 
C) LOX - MMH 
D) LOX - SILANE 
Choose the type of engine to be used for the OTV & Lander:A,A 

Do you wish to use lunar propellants? [Y]:N 
Enter the maximum number of engines allowed for Lander:3 
=====3==IPPZI=I==tP==-=PIPE==IE===PP=9==================== 

This is a two vehicle configuration which does not use 
Lunar propellants. The OTV travels from LEO to LLO, carrying 
a payload and all of the propellant needed by the Lander. 
The Lander makes one round trip from LSB to LLO, carrying 
the OTV payload to LSB and delivering a payload from LSB to 
the OTV. The OTV then returns to LEO. 

OTV ENGINE DATA: 
I s p  : 384 

Thrust per engine (N): 33361 
Mass of each engine & its thrust structure (kg): 
LOX - Hydrogen engine with MR: 

Number of engines: 2 

10.6 

OTV MASS (kg): 

D r y  Mass: 1065 
Aerobrake Mass: 
LOX Tank Mass: 
Fuel Tank Mass: 
Pressure Tank Mass: 

3481.878 
682.729 
1561.904 
0 

D-27 

110 



T o t a l  Mass: 6 7 9 1 . 5 1 1  D-28 - 

OTV PROPELLANT CAPACITY ( k g ) :  

T o t a l  LOX C a p a c i t y :  1 7 0 6 8 2 . 3  
LOX C a r r i e d  f o r  OTV: 1 3 5 2 2 3 . 2  
LOX C a r r i e d  f o r  L a n d e r :  3 5 4 5 9 . 0 6  

F u e l  C a p a c i t y  f o r  OTV: 1 2 7 5 6 . 9  
F u e l  C a p a c i t y . _ C _ a r r i e d  f o r  L a n d e r :  3 3 4 5 . 1 9 5  

T o t a l  P r o p e l l a n t  C a p a c i t y :  1 4 7 9 8 0 . 1  

A d d i t i o n a l  LOX S t o r a g e  C a p a b i l i t y  f o r  R e t u r n  T r i p :  0 

P e r c e n t  o f  r e t u r n  t r i p  L O X - f r o m  LSB: 0 
P e r c e n t  o f  r e t u r n  t r i p  F u e l  f r o m  LSB: 0 

P a y l o a d  C a p a b i l i t y  t o  LSB:  1 5 8 7 3  
R e t u r n  P a y l o a d  C a p a b i l i t y :  1 5 8 7 3  

Mass F r a c t i o n :  . 9 5 6 1 1 9 2  

LANDER ENGINE DATA: 

I s p :  3 8 4  

T h r u s t  p e r  e n g i n e  (N): 3 3 3 6 1  
Mass o f  e a c h  e n g i n e  & i t s  t h r u s t  s t r u c t u r e  ( k g ) :  
LOX - H y d r o g e n  e n g i n e  w i t h  MR: 1 0 . 6  

N u m b e r  o f  e n g i n e s :  3 

LANDER MASS ( k g ) :  

D r y  Mass: 1 1 7 5  
L a n d i n g  Gear Mass: 
LOX T a n k  Mass: 
F u e l  T a n k  Mass: 
P r e s s u r e  T a n k  Mass: 

T o t a l  Mass: 4 4 0 9 . 0 5 7  

2 7 6 7 . 7 3 7  
1 4 1 . 8 3 6 2  
3 2 4 . 4 8 4  
0 

LANDER PROPELLANT CAPACITY ( k g ) :  

LOX C a p a c i t y :  
F u e l  C a p a c i t y :  

3 5 4 5 9 . 0 6  
3 3 4 5 . 1 9 5  

T o t a l  P r o p e l l a n t  C a p a c i t y :  3 8 8 0 4 . 2 5  

P e r c e n t  o f  L a n d e r  LOX s u p p l i e d  f r o m  LSB: 
P e r c e n t  o f  L a n d e r  F u e l  s u p p l i e d  f r o m  LSB: 

0 

1 1 0  

0 

Maximum P a y l o a d  C a p a b i l i t y :  
L i f t o f f  P a y l o a d  C a p a b i l i t y :  

Mass F r a c t i o n :  . 8 9 7 9 6 9 9  

1 2 1 7 3  
1 2 1 7 3  

T h i s  d a t a  h a s  b e e n  s t o r e d  i n  a f i l e  c a l l e d :  C1 .DAT 

ORIGINAL PAdE IS 
OF POOR QUALtTY 
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H I O  OTV & LANDER 

0 / F = 10.6 

Isp = 384 sec 

LLOX AVAILABLE 

15.9 MT PAYLOAD 

15% AEROBRAKE 
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0-30 RUN 
Do you wish to create a data file? L Y 3 : Y  
What do you wish to call the data file:CZ.DAT 
Do you wish to use an awobrake? CY3:Y 
Enter the aerobrake mass percent: 15 
Do you wish to use 2 separate vehicles? CY3:Y 
Enter I sp  for OTV and for Lander:470,260Z84,384 
Enter OTV mass kg (NOT including tanks):1065 
Enter Lander mass kg (NOT including tanks and landing gear): 
1065 
Enter the maximum payload fori3TV L for Lander: 15873.1587; 
Enter the O i F  mixture ratio for the OTV L for the Lander:10.6.10.6 
Enter the number ofsngines ti engine thrust for the OTV:2.3;361 
Enter mass for cach cngine &I its thrust structure for 0TV:llO 
Enter the number of engines & engine thrust for the Lander:Z.S;361 
Enter mass for each engine L its thrust structure for Lander:llO 
4 )  LOX - HYDROGEN 
B) LOX - GLUMINUM 
C) LOX - MMH 
D) LOX - SILANE 
Choose the type of engine to be used for the 

Do you wish to use lunar propellants? CV1:Y 
Enter the percent of fuel b of oxidizer from 

Enter the percent of fuel b of oxidizer from 
0,100 

0,100 

OTV and Landcr:.CI.A 

Moon f o r  Lander: 

Moon for OTV: 

Should the ammount o+ Lunar LOX returned be the driving factor 
for the v@hicle design? (Y/N):N 
Enter the maximum number of engines allowed for the Lander:3 

The Lander liftoff payload capability is: 13173 
Do you wish to change the engine constraint to allow a 
larger payload? (Y/N) :N 
=L==5==E=I=PPEtPP=IIP===f3=PPI5=IPPt=PP======= 

This is a two vehicle configuration whlch uses Lunar propellants. 
The OTV travels to LLO carrying a payload end propellant 
for the Lander. The Lander makes 1 ruund-trip(s) from LSB to 
LLO. It ca-rics the OTV payload to LSP and delivers Lunar 
propellant to the OT'J. CIfter 1 Lander trip(s). the OTV 
departs for LEO. loaded with Lunar propellsnts. 

LUNAR LOX LOADED ONTO OTV AT LSB: 12051.27 
LUNAR LOX USED BY OTV: 5798.745 
LUNAK FUEL USED BY OTV : 0 
LLlFlGR LOX F:ETUF.NED= 8252.525 
LEO-BASED LOX BURNED: 43473.9 

OT'J ENGINE DATd: 
Isp: 384 

Thrust par engine (N): 4aa61 
Mass of each engine D its thrust strueture ( k g ) :  
LOX - Hydrogen engine ulth MR: 1 0 .  6 

P l u m b e r  19 ~ n g i n e 5 :  2 
---, 

OTV mass (Lg): 

Dry Mass: 1065 
FIerobrahe Mass: 
LOX Tan). Mass: 
Fuel Tank Mass: 
Pressure Tank Mass: 

Totel MSCE: :e78.9e~,  

1881.986 
17;. 7436 
758.2567 
0 

1 1 0  

ORIGINAL PAGE IS 
OF POOR QUALrrY 
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OTV PROPELLFINT CAPACITY (kgjr 

Total LOX Capacity: 43435.9 
LOX Carried fo r  OTV: 43435. 9 
LOX Carried f o r  Lander: 0 
Additional LOX Storage Capability f o r  Return Trip: 0 
Fuel Capacity f o r  OTV: 4456.1 
Fuel Capacity Carried f o r  Lander: ZZ60.979 

Total Propellant Capacity: 47892 

Percent of return trip LOX from LSB: 100 
Percent of  return t-r-ip Fuel f r o m  LSB: 0 

Payload Capability to LSB: 1587; 
Return Payload Capability:- 15873 

Mass Fraction: .Q30742  

LANDER ENGINE DATA: 

ISP:  384 
Number of engines: 3 
Thrust per engine (N ) :  3S56 1 
Mass of each engine & its thrust structure (kg): 
LOX - Hydrogen engine with MR: 10.6 

LANDER MASS (kg) : 

D r y  Mass: 1175 
Landing Gear Masc-: 
LOX Tank Mass: 
Fuel Tanka Mass: 
Pressure Tank Mass: 

Total Mass: 4421.005 

LANDER FROFELLfiNT CAFXITY 

LOX Capacity: 
Fuel Capacity: 

T o t a l  Propellant Capacity: 

2777.484 
142.5055 
3L6.0151 
0 

-- 

(Lg) : 

Z5hZ6.?..3 
_. ,5(5 . $8 1 

38987.36 

-- 

Forcent of Lander LOX supplied from LSB: 100 
Percent of Lander Fuel supplied from LSB: 

Maximum Payload Capability: 
Liftoff Payload Capability: 
Tank Structure for Refueling OTV: 

Mass Fraction: .E98 1572 

This data has been stored in a fils called: 
GI - 

15877 
12177 
121.71: 

110 

0 

C2. E F T  
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H I O  OTV & LANDER 

0 I F = 8.73 

Isp = 421 sec 

NO LUNAR PROPELLANTS AVAILABLE 

15.9 MT PAYLOAD 

15% AEROBRAKE 
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D-33 

RUN 
Do you wish to create a data file? [Y]:Y 
What do you wish to call the data file:Dl.DAT 
Do you wish to use an aerobrake? [Y]:Y 
Enter the aerobrake mass percent:15 
Do you wish to use 2 separate vehicles? [Y]:Y 
Enter Isp for OTV and for Lander:421,421 
Enter OTV mass kg (NOT including tanks):840, 
Enter Lander mass kg (NOT including tanks and landing gear): 
840 
Enter the maximum payload for OTV & for Lander:15873,15873 
Enter the O/F mixture ratio for the OTV & for the Lander:8.73,8.73 
Enter the number of engines & engine thrust for the OTV:2,33361 
Enter mass f o r  each engine & its thrust structure for OTV:95 
Enter the number of engines & engine thrust for the Lander:2,33361 
Enter mass for each engine & its thrust structure for Lander:95 
A) LOX - HYDROGEN 
B) LOX - ALUMINUM 
C) LOX - MMH 
D) LOX - SILANE 
E) LOX - ALUMINIZED HYDROGEN 
Choose the type of engine to be used for the OTV & Lander:A,A 

This is a two vehicle configuration which.does not use 
Lunar propellants. The OTV travels from LEO to LLO, carrying 
a payload and all of the propellant needed by the Lander. 
The Lander makes one round trip from LSB to LLO, carrying 
the OTV payload to LSB and delivering a payload from LSB to 
the OTV. The OTV then returns to LEO. 

OTV ENGINE DATA: 
Isp : 42 1 

Thrust per engine (N): 33361 

LOX - Hydrogen engine with MR: 8.729999 

Number of engines: 2 

Mass of each engine & its thrust structure (kg): 95 

OTV MASS (kg): 

Dry Mgss: 1030 
Aerobrake Mass: 
LOX Tank Mass: 
Fuel Tank Mass: 
Pressure Tank Mass: 

Total Mass: 6587.445 

OTV PROPELLANT CAPACITY (kg): 

3443.29 
559.6293 
1554.526 
0 

. L /  /- 

L. 



Total LOX Capacity: 139907.3 
LOX Carried for OTV: 107958.1  
LOX Carried for Lander: 31949.27 
Additional LOX Storage Capability for Return Trip: 
Fuel Capacity for OTV: 12366.33 
Fuel Capacity Carried for Lander: 3659.709 

D-34 

Total Propellant Capacity: 120324.4 

Percent of return trip LOX from LSB: 0 
Percent of return trip Fuel from LSB: 0 

Payload to LSB: 1587 3 
Return Payload Capability: 15873 

Mass Fraction: .9480943 

LANDER ENGINE DATA: 

Isp: 4 2 1  

Thrust per engine (N): 3 3 3 6 1  
Mass of each engine & its thrust structure (kg): 
LOX - Hydrogen engine with MR: 8.729999 

Number of engines: 3 

LANDER MASS (kg): 

Dry Mass: 1125 
Landing Gear Mass: 
LOX Tank Mass: 
Fuel Tank Mass: 
Pressure Tank Mass: 

2780.816 
1 2 7 . 7 9 7 1  
354.9918 
0 

Total Mass: 4388.605 

LANDER PROPELLANT CAPACITY (kg): 

LOX Capacity: 
Fuel Capacity: 

31949.27  
3659.709 

Total Propellant Capacity: 35608.98  

Percent of Lander LOX supplied from LSB: 0 
Percent o f  Lander Fuel supplied from LSB: 

Payload to LSB: 
Liftoff Payload: 

15873 
15650.45 

Mass Fraction: .8902782 

This data has been stored in a file called: 

0 

95 

0 

D1 .DAT 
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H / 0 OTV & LANDER 

0 I F = 0.73 

Isp = 421 sec 

LLOX AVAILABLE 

15.9 MT PAYLOAD 

15% AEROBRAKE 



D-36 RUN 
Do you wish to create a data file? [Y]:Y 
What do you wish to call the data file:D2.DAT 
Do you wish to use an aerobrake? [Y]:Y 
Enter the aerobrake mass percent:l5 
Do you wish to use 2 separate vehicles? [Y]:Y 
Enter Isp for OTV and for Lander:421,421 
Enter OTV mass kg (NOT including tanks):840 
Enter Lander mass kg (NOT including tanks and landing gear): 
840 
Enter the maximum payload for OTV & for Lander:15873,15873 
Enter the O/F mixture ratio for the OTV & for the Lander:8.73,8.73 
Enter the number of engines & engine thrust for the OTV:2,33361 
Enter mass for each engine & its thrust structure for OTV:95 
Enter the number of engines & engine thrust for the Lander:2,33361 
Enter mass for each engine & its thrust structure for Lander:95 
A) LOX - HYDROGEN 
B )  LOX - ALUMINUM 
C) LOX - MMH 
D) LOX - SILANE 
E) LOX - ALUMINIZED HYDROGEN 
Choose the type of engine to be used for the OTV & Lander:A,A 

Do you wish to use lunar propellants? [Y]:Y] 
Enter the percent of fuel & of oxidizer from Moon for Lander: 
0,100 
Enter the percent of fuel & of oxidizer from Moon for OTV: 
0.100 

Should the ammount of Lunar LOX returned be the driving factor 
for the vehicle design? (Y/N):N 
Enter the maximum number of engines allowed for the Lander:3 

The Lander liftoff payload capability is: 15545.07 
Do you wish to change the engine constraint to allow a 
larger payload? (Y/N):N 
===I======P==PE=t===PPE=P====3==P=E==I======== 

This is a two vehicle configuration which uses Lunar propellants. 
The OTV travels to LLO carrying a payload and propellant 
for the Lander. The Lander makes 1 round-trip(s) from LSB to 
LiO. It carries the OTV payload to LSB and delivers Lunar 
propellant to the OTV. After 1 Lander trip(s), the OTV 
departs for LEO, loaded with Lunar propellants. 

LUNAR LOX LOADED ONTO OTV AT LSB: 15389.62 
LUNAR LOX USED BY OTV: 4291.386 
LUNAR FUEL USED BY OTV : 0 
LUNAR 8LOX RETURNED= 11098.24 
LEO-BASED LOX BURNED: 38271.77 

OTV ENGINE DATA: 
Isp: 42 1 
Number of engines: 
Thrust per engine ( N ) .  

2 
33361 



Mass of each engine & its thrust structure (kg): 9 5  
LOX - Hydrogen engine with MR: 8.729999 

OTV MASS (kg): 

Dry Mass: 1 0 3 0  
Aerobrake Mass: 2401.317 
LOX Tank Mass: 153.087 1 
Fuel Tank Mass: 828.9523 
Pressure Tank Mass: 0 

Total Mass: 4413.356 

OTV PROPELLANT CAPACITY (kg): 

Total LOX Capacity: 38271.77 
LOX Carried for OTV: 38271.77 
LOX Carried for Lander: 0 
Additional LOX Storage Capability for Return Trip: 
Fuel Capacity for OTV: 4875.505 
Fuel Capacity Carried for Lander: 3670.395 

Total Propellant Capacity: 43147.27 

Percent of return trip LOX from LSB: 100 
Percent of return trip Fuel from LSB: 0 

Payload to LSB: 15873 
Return Payload Capability: 15873 

0 

Mass Fraction: .907 2057 

LANDER ENGINE DATA: 

I s p :  4 2 1  
Number of engines: 3 
Thrust per engine (N): 3 3 3 6 1  
Mass o f  each engine & its thrust structure (kg): 9 5  
LOX - Hydrogen engine with MR: 8.729999 

LANDER MASS (kg): 

Dry Mass: 1125 
Landing Gear Mass: 
LOX Tank Mass: 
Fuel Tank Mass: 
Pressure Tank Mass: 

2780.816 
128.1702 
356.0283 
0 

Total Mass: 4390.015 

LANDER PROPELLANT CAPACITY (kg): 

D-37 

LOX Capacity: 
Fuel Capacity: 

32042.54 
3670.395 



Tota 1 Ptopsllant Capacity : 

P e r c e n t  o f  Lander LOX s u p p l i e d  from LSB: 100 
P e r c e n t  o f  Lander F u e l  s u p p l i e d  from LSB: 

P a y l o a d  t o  LSB: 15873 
L i f t o f f  P a y l o a d :  15545 .07  
Tank S t r u c t u r e  f o r  R e f u e l i n g  O T V :  1 5 5 . 4 5 0 8  

Mass F r a c t i o n :  . 8905314  

3912.94 

D-38 

This d a t a  has been s t o r e d  i n  a f i l e  c a l l e d :  

0 

D2. DAT 
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H / 0 OTV & LANDER 

Isp = 460 sec 

N O  LUNAR PROPELLANTS AVAILABLE 

15.9 MT PAYLOAD 

15% AEROBRAKE 



D-40 RUN 
Do you wish to create a data file? [Y]:Y 
What do you wish to call the data file:A5LIl.DAT 
Do you wish to use an aerobrake? [Y]:Y 
Enter the aerobrake mass percent:15 
Do you wish to use 2 separate vehicles? [Y]:Y 
Enter Isp for OTV and for Lander:460,460 
Enter OTV mass kg (NOT including tanks):840 
Enter Lander mass kg (NOT including tanks and landing gear): 
840 
Enter the maximum payload for OTV & for Lander:15873,15873 
Enter the O / F  mixture ratio for the OTV & for the Lander:5.5,5.5 
Enter the number of engines & engine thrust for the OTV:2,33361 
Enter mass for each engine & its thrust structure for OTV:95 
Enter the number of engines & engine thrust for the Lander:2,33361 
Enter mass for each engine 8 its thrust structure for Lander:95 
A) LOX - HYDROGEN 
B) LOX - ALUMINUM 
C) LOX - MMH 
D) LOX - SILANE 
E) LOX - ALUMINIZED HYDROGEN 
Choose the type of engine to be used for the OTV & Lander:A,A 

This is a two vehicle configuration which does not use 
Lunar propellants. The OTV travels from LEO to LLO, carrying 
a payload and all of the propellant needed by the Lander. 
The Lander makes one round trip from LSB to LLO, carrying 
the OTV payload to LSB and delivering a payload from LSB to 
the OTV. The OTV then returns to LEO. 

OTV ENGINE DATA: 
Isp: 460 

Thrust per engine (N): 33361 
Mass of each engine & its thrust structure (kg): 

Number of engines: 2 

LOX - Hydrogen engine with MR: 5.5 

OTV MASS (kg): 

Dry’ Mass: 1030 
Aerobrake Mass: 3428.453 
LOX Tank Mass: 383.3489 
Fuel Tank Mass: 1690.22 
Pressure Tank Mass: 0 

Total Mass: 6532.022 

OTV PROPELLANT CAPACITY (kg): 

Total LOX Capacity: 95837.21 

95 



ORIGINAL PAGE 
Lox Carried for OTV: 74520.29 OF  QUAL^,, 
LOX Carried for Lander: 21316.92 
Additional LOX Storage Capability for Return Trip: 0 
Fuel Capacity for OTV: 13549.14  
Fuel Capacity Carried for Lander: 3875.803 

Total Propellant Capacity: 88069.43  

Percent of return trip LOX from LSB: 0 
Percent of return trip Fuel from LSB: 0 

Payload to LSB: 15873 
Return Payload Capability: 15873 

Mass Fraction: .930952 2 

LANDER ENGINE DATA: 

Isp: 460 

Thrust per engine (N): 3 3 3 6 1  
Mass of each engine & its thrust structure (kg): 

Number of engines: 2 

LOX - Hydrogen engine with MR: 5.5 

LANDER MASS (kg): 

Dry Mass: 1 0 3 0  
Landing Gear Mass: 
LOX Tank Mass: 
Fuel Tank Mass: 
Pressure Tank Mass: 

1853.883 
85.26769 
375.9529 
0 

Total Mass: 3345.103 

LANDER PROPELLANT CAPACITY ( k g ) :  

LOX Capacity: 
Fuel Capacity: 

21316.92 
3875.803 

Total Propellant Capacity: 25192.72  

Percent of Lander LOX supplied from LSB: 
Percent of Lander Fuel supplied from LSB: 

Payload t o  LSB: 
Liftoff Payload: 

Mass Fraction: 

15873 
8560.916 

.a827836 

This data has been stored in a file called: 

95 

0 
0 

ASLI 1. DAT 

D-4 1 
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H I O  OTV & LANDER 

Isp = 460 sec 

LLOX AVAILABLE 

15.9 MT PAYLOAD 

15% AEROBRAKE 

I 
I 
I 
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..; . 
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S A V E "RUN 
Do you wish to create a data file? [Y]:Y 
What do you wish to call the data file:ASLI2.DAT 
Do you wish to use an aerobrake? [Y]:Y 
Enter the aerobrake mass percent:15 
Do you wish to use 2 separate vehicles? [Y]:Y 
Enter Isp for OTV and for Lander:460,460 
Enter OTV mass kg (NOT including tanks):840 
Enter Lander mass kg (NOT including tanks and landing gear): 
840 
Enter the maximum payload for OTV & for Lander:15873,15873 
Enter the O / F  mixture ratio for the OTV & for the Lander:5.5,5.5 
Enter the number of engines & engine thrust for the OTV:2,33361 
Enter mass for each engine & its thrust structure for OTV:95 
Enter the number of engines & engine thrust for the Lander:2,33361 
Enter mass for each engine & its thrust structure for Lander:95 
A) LOX - HYDROGEN 
B) LOX - ALUMINUM 
C) LOX - MMH 
D) LOX - SILANE 
E) LOX - ALUMINIZED HYDROGEN 
Choose the type of engine to be used for the OTV & Lander:A,A 

Do you wish to use lunar propellants? [Y]:Y 
Enter the percent of fuel & of oxidizer from Moon for Lander: 
0,100 
Enter the percent of fuel & of oxidizer from Moon for OTV: 
0,100 

Should the ammount of Lunar LOX returned be the driving factor 
for the vehicle design? (Y/N):N 
Enter the maximum number of engines allowed for the Lander:2 

The Lander liftoff payload capability is: 8509.004 
Do you wish to change the engine constraint to allow a 
larger payload? (Y/N):N 
The Lander does not have the lift capability to return 
a manned capsule and the propellant needed for the OTV. 
Enter a 0 if you wish to increase the number of Lander 
trips. Enter a 1 if you wish to increase the number o f  
Lander engines.O 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

This is a two vehicle configuration which uses Lunar propellants. 
The OTV travels to LLO carrying a payload and propellant 
for the Lander. The Lander makes 2 round-trip(s) from LSB to 
LLO. It carries the OTV payload to LSB and delivers Lunar 
propellant to the OTV. After 2 Lander trip(s), the OTV 
departs for LEO, loaded with Lunar propellants. 

LUNAR LOX LOADED ONTO OTV AT LSB: 16847.83 
LUNAR LOX USED BY OTV: 4197.74 
LUNAR FUEL USED BY OTV : 0 
LUNAR LOX RETURNED- 12650.09 
LEO-BASED LOX BURNED: 35022.09 

D-43 



D-44 
OTV ENGINE DATA: 

4 6 0  Isp: 
Number of engines: 
Thrust per engine (N): 3 3 3 6 1  
Mass of each engine & its thrust structure (kg): 
LOX 

I 

2 

- Hydrogen engine with MR: 5 . 5  

OTV MASS (kg): 

Dry Mass: 1 0 3 0  
Aerobrake Mass: 
LOX Tank Mass: 
Fuel Tank Mass: 
Pressure Tank Mass: 

Total Mass: 5 1 3 9 . 3 5 6  2 

2 7 4 7 . 6 9 7  
1 4 0 . 0 8 8 4  
1 2 2 1 . 5 7  
0 

9 5  

OTV PROPELLANT CAPACITY (kg): 

Total LOX Capacity: 3 5 0 2 2 . 0 9  
LOX Carried for OTV: 3 5 0 2 2 . 0 9  
LOX Carried for Lander: 

0 Additional LOX Storage Capability for Return Trip: 
Fuel Capacity for OTV: 
Fuel Capacity Carried for Lander: 

Total Propellant Capacity: 4 2 1 5 2 . 9 7  

Percent of return trip Fuel from LSB: 

Payload to LSB: 1 5 8 7 3  
Return Payload Capability: 1 5 8 7 3  

Mass Fraction: . 8 9 1 3 2 7 9  

0 

7 1 3 0 . 8 7 9  
5 4 6 2 . 6 2 7  

Percent of return trip LOX from LSB: 1 0 0  
0 

LANDER ENGINE DATA: 

Isp: 4 6 0  
Number of engines: 
Thrust per engine (N): 3 3 3 6 1  
Mass of each engine & its thrust structure (kg): 
LOX - Hydrogen engine with MR: 

2 

95  
5 . 5  

LANDER ‘MASS (kg) : 

Dry Mass: 1 0 3 0  
Landing Gear Mass: 
LOX Tank Mass: 
Fuel Tank Mass: 
Pressure Tank Mass: 

Total Mass: 3 3 4 6 . 0 3 7  

1 8 5 3 . 8 8 3  
8 5 . 4 4 0 2 3  
3 7 6 . 7 1 3 7  
0 



LANDER PROPELLANT CAPACITY (kg): 

LOX Capacity: 
Fuel Capacity: 

21360.06 
3883.647 

Total Propellant Capacity: 25243.7 

Percent of Lander LOX supplied from LSB: 100 
Percent of Lander Fuel supplied from LSB: 

Payload to LSB: 15873 
Liftoff Payload: 8509.004 
Tank Structure for Refueling OTV: 85.09004 

Mass Fraction: .8829637 

This data has been stored in a file called: A5LI2 .DAT 

D-45 
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H / 0 OTV & LANDER 

Isp = 490 sec 

NO LUNAR PROPELLANT AVAILABLE 

15.9 MT PAYLOAD 

15% AEROBRAKE 



D-4 7 

RUN 
Do you wish to create a data file? [Y]:Y 
What do you wish to call the data file:A5HIl.DAT 
Do you wish t o  use an aerobrake? [Y]:Y 
Enter the aerobrake mass percent:15 
Do you wish to use 2 separate vehicles? [Y]:Y 
Enter Isp for OTV and for Lander:490,490 
Enter OTV mass kg (NOT including tanks):840 
Enter Lander mass kg (NOT including tanks and landing gear): 
840 
Enter the maximum payload for OTV & for Lander:15873,15873 
Enter the O/F mixture ratio for the OTV & f o r  the Lander:5.5,5.5 
Enter the number of engines & engine thrust f o r  the OTV:2,33361 
Enter mass for each engine & its thrust structure f o r  OTV:95 
Enter the number of engines & engine thrust f o r  the Lander:2,33361 
Enter mass for each engine & its thrust structure for Lander:95 
A )  LOX - HYDROGEN 
B) LOX - ALUMINUM 
C) LOX - MMH 
D) LOX - SILANE 
E) LOX - ALUMINIZED HYDROGEN 
Choose the type of  engine to be used for the OTV & Lander:A,A 

This is a two vehicle configuration which does not use 
Lunar propellants. The OTV travels from LEO to LLO, carrying 
a payload and all of the propellant needed by the Lander. 
The Lander makes one round trip from LSB to LLO, carrying 
the OTV payload to LSB and delivering a payload from LSB to 
the OTV. The OTV then returns to LEO. 

OTV ENGINE DATA: 
I s p :  490 

Thrust per engine (N): 33361 
Mass of each engine & its thrust structure (kg): 

Number of engines: 2 

LOX - Hydrogen engine with MR: 5.5 

OTV MASS (kg): 

Dry Mass: 1030 
Aerobrake Mass: 
LOX Tank Mass: 
Fuel Tank Mass: 
Pressure Tank Mass: 

3381.473 
340.266 
1500.263 
0 

Total Mass: 6252.002 

OTV PROPELLANT CAPACITY (kg): 

95 



Total LOX Capacity: 85066.49  
LOX Carried for OTV: 65059.87  

~ - 4 8  Lox Carried for Lander: 20006.62  

Fuel Capacity for OTV: 11829.07  
Fuel Capacity Carried for Lander: 3637.567 

Total Propellant Capacity: 7 6 8 8 8 . 9 4  

Additional LOX Storage Capability for Return Trip: 0 

Percent of return trip LOX from LSB: 0 
Percent of return trip Fuel from LSB: 0 

i 
Payload to LSB: 15873 
Return Payload Capability: 15873 

I Mass Fraction: .9248023 

, 

” 

LANDER ENGINE DATA: 

Isp: 490 

Thrust per engine (N): 33361 
Mass of each engine & its thrust structure (kg): 

Number of  engines: 2 

LOX - Hydrogen engine with MR: 5.5 

LANDER MASS ( k g ) :  

Dry Mass: 1030 
Landing Gear Mass: 1853.878 
LOX Tank Mass: 8 0 . 0 2 6 4 9  
Fuel Tank Mass: 352.8439 
Pressure Tank Mass: 0 

Total Mass: 33 1 6 . 7 4 9  

LANDER PROPELLANT CAPACITY (kg): 

LOX Capacity: 
Fuel Capacity: 

20006.62  
3637.567 

Total Propellant Capacity: 23644.19  

Percent of Lander LOX supplied from LSB: 0 
Pe‘rcent of Lander Fuel supplied from LSB: 

Payload t o  LSB: 
Liftoff Payload: 

Mass Fraction: 

15873 
10137.77  

.8769795 

This data has been stored in a file called: 

95 

0 

ASHI 1 .  DAT 
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H I O  OTV & LANDER 

Isp = 490 sec 

LLOX AVAILABLE 

15.9 MT PAYLOAD 

15% AEROBRAKE 



RUN 

What do you wish to call the data file:ASHI2.DAT 
Do you wish to use an aerobrake? [Y]:Y 
Enter the aerobrake mass percent:15 
Do you wish to use 2 separate vehicles? [Y]:Y 
Enter Isp for OTV and for Lander:490,490 
Enter OTV mass kg (NOT including tanks):840 
Enter Lander mass k g  (NOT including tanks and landing gear): 
840 
Enter the maximum payload for OTV & for Lander:15873,15873 
Enter the O / F  mixture ratio for the OTV & for the Lander:5.5,5.5, 
Enter the number of engines & engine thrust for the OTV:2,33361 
Enter mass for each engine & its thrust structure for OTV:95 
Enter the number of engines & engine thrust for the Lander:2,33361 
Enter mass for each engine & its thrust structure for Lander:95 ' 

D-50 Do you wish to create a data file? [Y]:Y 

A) LOX - HYDROGEN 
B) LOX - ALUMINUM 
C) LOX - MMH 
D) LOX - SILANE 
E) LOX - ALUMINIZED HYDROGEN 
Choose the type of engine to be used for the OTV & Lander:A,A 

Do you wish to use lunar propellants? [Y]:Y 
Enter the percent of fuel & of oxidizer from Moon for Lander: 
0,100 
Enter the percent of fuel & of oxidizer from Moon for OTV: 
0,100 

Should the ammount of Lunar LOX returned be the driving factor 
for the vehicle design? (Y/N):N 
Enter the maximum number of engines allowed for the Lander:2 

The Lander liftoff payload capability is: 10080.95 
Do you wish to change the engine constraint to allow a 
larger payload? (Y/N):N 
o======o=p=o==p==============Dp=I=p================= 

This is a two vehicle configuration which uses Lunar propellants. 
The OTV travels t o  LLO carrying a payload and propellznt 
for the Lander. The Lander makes 1 round-trip(s) from LSB to 
LLO. It carries the OTV payload to LSB and delivers Lunar 
propellant to the OTV. After 1 Lander trip(s), the OTV 
departs for LEO, loaded with Lunar propellants. 

LUNAR LOX LOADED ONTO OTV AT LSB: 9980.144 
LUNAR LOX USED BY OTV: 2476.671 
LUNAR FUEL USED BY OTV : 0 
LUNAR LOX RETURNED= 7503.474 
LEO-QASED LOX BURNED: 27733.43 

OTV ENGINE DATA: 
Isp: 490 

Thrust per engine (N): 33361 
Mass o f  each engine & its thrust structure (kg): 

Number of engines: 2 

95 
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LOX - Hydrogen engine with MR: 5 . 5  

OTV MASS (kg): 

Dry Mass: 1 0 3 0  
Aerobrake Mass: 
LOX Tank Mass: 
Fuel Tank Mass: 
Pressure Tank Mass: 

Total Mass: 3 7 6 4 . 6 9 8  

D-5 1 

1 7 3 7 . 2 9 2  
1 1 0 . 9 3 3 7  
8 8 6 . 4 7 2 9  
0 

OTV PROPELLANT CAPACITY (kg): 

Total LOX Capacity: 2 7 7 3 3 . 4 3  
LOX Carried f o r  OTV: 2 7 7 3 3 . 4 3  
LOX Carried f o r  Lander: 0 
Additional LOX Storage Capability f o r  Return Trip: 
F u e l  Capacity f o r  OTV: 5 4 9 2 . 7 4 6  
Fuel Capacity Carried f o r  Lander: 3 6 4 6 . 1 5 1  

Total Propellant Capacity: 3 3 2 2 6 . 1 8  

Percent o f  return trip LOX from LSB: 100 
Percent o f  return trip Fuel f r o m  LSB: 0 

Payload to L S B :  1 5 8 7 3  
Return Payload Capability: 1 5 8 7 3  

Mass Fraction: . a 9 8 2 2 6 2  

LANDER ENGINE DATA: 

Isp: 4 9 0  

Thrust per engine (N): 3 3 3 6 1  
Mass o f  each engine & its thrust structure (kg): 

Number o f  engines: 2 

LOX - Hydrogen engine with MR: 5 . 5  

LANDER MASS ( k g ) :  

Dry Mass: 1 0 3 0  
Landing Gear Mass: 
LOX Tank Mass: 
Fuel Tank Mass: 
Pressure Tank Mass: 

Total Mass: 3 3 1 7 . 7 7 1  

LANDER PROPELLANT CAPACITY 

LOX Capacity: 
Fuel Capacity: 

Total Propellant Capacity: 

1 8 5 3 . 8 7 9  
8 0 . 2 1 5 3 3  
3 5 3 . 6 7 6 6  
0 

2 0 0 5 3 . 8 3  
3 6 4 6 . 1 5 1  

2 3 6 9 9 . 9 8  

0 

9 5  



Percent of Lander LOX supplied from LSB: 
Percent of Lander Fuel supplied from LSB: 

D-52 
Payload to LSB: 15873 
Liftoff Payload: 10080.95 
T a n k  Structure for Refueling OTV: 

Mass Fraction: .a772003 

T h i s  data has been stored in a file called: 

100 

100.8095 

A5HI2. DAT 
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H / 0 OTV & LANDER 

Isp = 470 sec 

NO LUNAR PROPELLANTS AVAILABLE 

10 MT PAYLOAD 

15% AEROBRAKE 



RUN 
Do you wish to create a data file? [Y]:Y 
What do you wish to call the data file:El.DAT 
Do you wish to use an aerobrake? [Y]:Y 
Enter the aerobrake mass percent:15 
Do you wish to use 2 separate vehicles? [Y]:Y 
Enter Isp for OTV and for Lander:470,470 
Enter OTV mass kg (NOT including tanks):840 
Enter Lander mass kg (NOT including tanks and landing gear): 
840 
Enter the maximum payload for OTV & for Lander:10000,10000 
Enter the O/F mixture ratio for the OTV & for the Lander:5.5,5.5 
Enter the number of engines & engine thrust for the OTV:2,33361 
Enter mass for each engine & its thrust structure € o r  OTV:95 
Enter the number of engines & engine thrust for the Lander:2,33361 
Enter mass for each engine & its thrust structure for Lander:95 

D-54 

A) LOX - HYDROGEN 
B) LOX - ALUMINUM 
C) LOX - MMH 
D) LOX - SILANE 
E) LOX - ALUMINIZED HYDROGEN 
Choose the type of engine to be used for the OTV & Lander:A,A 

This is 
Lunar p 
a paylo 
The Lan 
the OTV 
the OTV 

a two vehicle configuration which does not use 
ropellants. The OTV travels from LEO to LLO, carrying 
ad and all of the propellant needed by the Lander. 
der makes one round trip from LSB to LLO, carrying 

. The OTV then returns to LEO. 
payload to LSB and delivering a payload from LSB to 

OTV ENGINE DATA: 
Isp: 4 70 

Thrust per engine (N): 33361 
Mass of each engine & its thrust structure (kg): 

Number of engines: 2 

LOX - Hydrogen engine with MR: 5.5 

.OTV MASS (kg): 

Dry Mass: 1030 
Aerobrake Mass: 
LOX Tank Mass: 
Fuel' Tank Mass: 
Pressure Tank Mass: 

2253.996 
268.4688 
1183.703 
0 

Total Mass: 4736.168 

OTV PROPELLANT CAPACITY (kg): 

Total LOX Capacity: 67117.19 
LOX Carried for OTV: 50765.56 

95 
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LOX Carried tor Lander: 16351.63 
Additional LOX Storage Capability for Return Trip: 0 
Fuel Capacity for OTV: 9 2 3 0 . 1 0 2  
Fuel Capacity Carried for Lander: 2 9 7 3 . 0 2 4  

Total Propellant Capacity: 59995 .66  

Percent of return trip LOX from LSB: 0 
Percent of return trip Fuel from LSB: 0 

Payload to LSB: 10000 
Return Payload Capability: 10000 

Mass Fraction: . 926834  

LANDER ENGINE DATA: 

Isp: 470  

Thrust per engine (N): 33361  
Mass of each engine & its thrust structure (kg): 

Number of engines: 2 

LOX - Hydrogen engine with MR: 5 . 5  

D-55 

95 

LANDER MASS (kg): 

Dry Mass: 1 0 3 0  
Landing Gear Mass: 
LOX Tank Mass: 
Fuel Tank Mass: 
Pressure Tank Mass: 

16 1 5 . 2 6 4  
6 5 . 4 0 6 5 2  
2 8 8 . 3 8 3 3  
0 

Total Mass: 2 9 9 9 . 0 5 4  

LANDER PROPELLANT CAPACITY (kg): 

LOX Capacity: 
Fuel Capacity: 

1 6 3 5 1 . 6 3  
2 9 7 3 . 0 2 4  

Total Propellant Capacity: 19324 .65  

Percent of Lander LOX supplied from LSB: 0 
Percent of Lander Fuel supplied from LSB: 

.Payload to LSB: 
Liftoff Payload: 

10000 
1 0 0 0 0  

Mass Fraction: . 8 6 5 6 5 6 1  

This data has been stored in a file called: 

0 

El. DAT 



~ 
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H I O  OTV & LANDER 

~ s p  = 470. sec 

LLOX AVAILABLE 

10 MT PAYLOAD 

15% AEROBRAKE 
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RUN 
Do you wish to create a data file? [Y]:Y 
What do you wish to call the data file:E2.DAT 
Do you wish to use an aerobrake? [Y]:Y 
Enter the aerobrake mass percent:15 
Do you wish to use 2 separate vehicles? [Y]:Y 
Enter Isp for OTV and for Lander:470,470 
Enter OTV mass kg (NOT including tanks):840 
Enter Lander mass kg (NOT including tanks and landing gear): 
840 
Enter the maximum payload for OTV & for Lander:10000,10000 
Enter the O/F mixture ratio for the OTV & for the Lander:5.5,5.5 
Enter the number of engines & engine thrust for the OTV:2,33361 
Enter mass for each engine & its thrust structure for OTV:95 
Enter the number of engines & engine thrust for the Lander:2,33361 
Enter mass for each engine & its thrust structure for Lander:95 
A) LOX - HYDROGEN 
B) LOX - ALUMINUM 
C) LOX - MMH 
D) LOX - SILANE 
E) LOX - ALUMINIZED HYDROGEN 
Choose the type of engine to be used for the OTV & Lander:A,A 

Do you wish to use lunar propellants? [Y]:Y 
Enter the percent of fuel & of oxidizer from Moon for Lander: 
0,100 
Enter the percent of fuel & of oxidizer from Moon f o r  OTV: 
0,100 

Should the ammount o f  Lunar LOX returned be the driving factor 
for the vehicle design? (Y/N):N 
Enter the maximum number of engines allowed for the Lander:2 

The Lander liftoff payload capability is: .10000 ____________________-------------------------- _______-_--________----------------_---------- 

This is a two vehicle configuration which u s e s  Lunar propellants. 
The OTV travels to LLO carrying a payload and propellant 
for the Lander. The Lander makes 1 round-trip(s) from LSB to 
LLO. It carries the OTV payload to LSB and delivers Lunar 
propellant to the OTV. After 1 Lander trip(s), the OTV 
departs for LEO, loaded with Lunar propellants. 

LUNAR LOX LOADED ONTO OTV AT LSB: 9900 
LUNAR LOX USED BY OTV: 2508.797 
LUNAR FUEL USED BY OTV : 0 
LUNAR LOX RETURNED= 7391.203 
LEO-BASED LOX BURNED: 21085.68 

OTV ENGINE DATA: 
Isp: 470 
Number of engines: 
Thrust per engine (N): 

2 
33361 
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Mass of each engine & its thrust structure (kg): 
LOX - Hydrogen engine with MR: 5.5 

95 

OTV MASS (kg): 

Dry Mass: 1030 
Aerobrake Mass: 
LOX Tank Mass: 
Fuel Tank Mass: 
Pressure Tank Mass: 

Total Mass: 3501.476 

1681.109 
84.34272 
706.0241 
0 

OTV PROPELLANT CAPACITY (kg): 

Total LOX Capacity: 21085.68 
LOX Carried for OTV: 21085.68 
LOX Carried for Lander: 0 
Additional LOX Storage Capability for Return Trip: 
Fuel Capacity for OTV: 4289.905 
Fuel Capacity Carried €or Lander: 

0 

2988.693 

Total Propellant Capacity: 25375.59 

100 
0 

Percent of return trip L O X  from LSB: 
Percent of return trip Fuel from LSB: 

Payload to LSB: 10000 
Return Payload Capability: 10000 

Mass Fraction: .8787454 

LANDER ENGINE DATA: 

Isp: 470 

Thrust per engine (N): 33361 
Mass of each engine & its thrust structure ( k g ) :  

Number of engines: 2 

LOX - Hydrogen engine with MR: 5 . 5  

LANDER MASS (kg): 

'Dry Mass: 1030 
Landing Gear Mass: 1620.72 
LOX Tank Mass: 65.75126 
Fuel Tank Mass: 289.9033 
Pressure Tank Mass: 0 

Total Mass: 3006.374 

LANDER PROPELLANT CAPACITY (kg): 

LOX Capacity: 
Fuel Capacity: 

16437.82 
2988.693 

Total Propellant Capacity: 19426.51 

95 
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Percent of Lander LOX supplied f r o m  LSB: 100 
Percent of Lander Fuel supplied from LSB: 

Payload to LSB: 10000 
Liftoff Payload: 10000 
Tank Structure for Refueling OTV: 100 

Mass Fraction: . 8 6 5 9 8 3 6  

This data has been stored i n  a file called: 

0 

E 2 .  DAT 
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H / 0 OTV & LANDER 

Isp = 470 sec 

NO LUNAR PROPELLANTS AVAILABLE 

20 MT PAYLOAD 

15% AEROBRAKE 
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RUN 
Do you wish to create a data file? [Y]:Y 
What do you wish to call the data file:Fl.DAT 
Do you wish to use an aerobrake? [Y]:Y 
Enter the aerobrake mass percent:15 
Do you wish to use 2 separate vehicles? [Y]:Y 
Enter Isp f o r  OTV and for Lander:470,470 
Enter OTV mass kg (NOT including tanks):840, 
Enter Lander mass kg (NOT including tanks and landing gear): 
840 
Enter the maximum payload for OTV & for Lander:20000,20000 
Enter the O/F mixture ratio € o r  the OTV & for the Lander:5.5,5.5 
Enter the number of engines & engine thrust for the OTV:2,33361 
Enter mass f o r  each engine & its thrust structure f o r  OTV:95 
Enter the number of engines & engine thrust for the Lander:2,33361 
Enter mass for each engine & its thrust structure f o r  Lander:95 
A) LOX - HYDROGEN 
B) LOX - ALUMINUM 
C) LOX - MMH 
D) LOX - SILANE 
E) LOX - ALUMINIZED HYDROGEN 
Choose the type of engine to be used for the OTV & Lander:A,A 

This is a two vehicle configuration which does not use 
Lunar propellants. The OTV travels f r O Q  LEO t o  LLO, carrying 
a payload and all of the propellant needed by the Lander. 
The Lander makes one round trip from LSB to LLO, carrying 
the OTV payload to LSB and delivering a payload from LSB to 
the OTV. The OTV then returns to LEO. 

OTV ENGINE DATA: 
Isp: 470 

Thrust per engine (N): 33361 
Mass o f  each engine & its thrust structure (kg): 

Xumber of engines: 2 

LOX - Hydrogen engine with MR: 5.5 

OTV MASS (kg): 

Dry Mass: 1030 
Aerabrake Mass: 
LOX Tank Mass: 
Fuel Tank Mass: 
Pressure Tank Mass: 

4277.554 
491.4358 
2166.785 
0 

Total Mass: 7965.775 

OTV PROPELLANT CAPACITY (kg): 

95 
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Total LOX Capacity. 1228SQ 
LOX Carried for OTV: 93654.44  
LOX Carried for Lander: 29204.52 
Additional LOX Storage Capability for Return Trip: 0 
Fuel Capacity for OTV: 17028.08  
Fuel Capacity Carried for Lander: 5309.91  2 

Total Propellant Capacity: 110682.5  

Percent of return trip LOX from LSB: 0 
Percent of return trip Fuel from LSB: 0 

Payload to LSB: 20000 
Return Payload Capability: 20000 

Mass Fraction: .9328623 

LANDER ENGINE DATA: 

Isp: 470 

Thrust per engine (N): 33361 
Mass of each engine & its thrust structure (kg): 

Number of engines: 3 

LOX - Hydrogen engine with MR: 5.5 

LANDER MASS (kg): 

Dry Mass: 1125 
Landing Gear Mess: 2780.818 
LOX Tank Mass: 1 1 6 . 8 1 8 1  
Fuel Tank Mass: 51 5 . 0 6 1  5 
Pressure Tank Mass: 0 

Total Mass: 4537.698 

LANDER PROPELLANT CAPACITY (kg): 

LOX Capacity: 
Fuel Capacity: 

29204.52 
5 3 0 9 . 9  12 

Total Propellant Capacity: 34514.43  

Percent of Lander LOX supplied from LSB: 0 
Percent of Lander Fuel supplied from LSB: 

Payload to LSB: 
Liftoff Payload: 

20000 
16595.92  

Mass Fraction: .8838041 

This data has been stored in a file called: 

95 

0 

F1. DAT 

~ 
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H I O  OTV & LANDER 

Isp = 470 sec 

LLOX AVAILABLE 

20 MT PAYLOAD 

15% AEROBRAKE 
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RUN 
Do you wish to create a data file? [Y]:Y 
What do you wish to call the data file:F2.DAT 
Do you wish to use an aerobrake? [Y]:Y 
Enter the aerobrake mass percent:15 
Do you wish to use 2 separate vehicles? [Y]:Y 
Enter Isp for OTV and for Lander:470,470 
Enter OTV mass kg (NOT including tanks):840 
Enter Lander mass kg (NOT including tanks and landing gear): 
840 
Enter the maximum payload for OTV & for Lander:20000,20000 
Enter the O/F mixture ratio for the OTV & for the Lander:5.5,5.5 
Enter the number of engines & engine thrust for the OTV:2,33361 
Enter mass for each engine & its thrust structure for OTV:95 
Enter the number of engines & engine thrust for the Lander:2,33361 
Enter mass for each engine & its thrust structure for Lander:95 
A) LOX - HYDROGEN - 
B) LOX - ALUMINUM 
C) LOX - MMH 
D) LOX - SILANE 
E) LOX - ALUMINIZED HYDROGEN 
Choose the type of engine to be used for the OTV & Lander:A,A 

Do you wish to use lunar propellants? [Y]:Y 
Enter the percent o f  fuel & of o x i d i z e r  from Moon €or Lander: 
0,100 
Enter the percent of fuel & of oxidizer from Moon for OTV: 
0,100 

Should the ammount of Lunar LOX returned be the driving factor 
for the vehicle design? (Y/N):N 
Enter the maximum number of engines allowed for the Lander:3 

The Lander liftoff payload capability is: 16497.96 
Do you wish to change the engine constraint to allow a 
larger payload? (Y/N):N 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

This is a two vehicle configuration which uses Lunar propellants. 
The OTV travels to LLO carrying a payload and propellant 
for the Lander. The Lander makes 1 round-trip(s) from LSB to 
LLO. It carries the OTV payload to LSB and delivers Lunar 

departs for LEO, loaded with Lunar propellants. 
. propellant to the OTV. After 1 Lander trip(s), the OTV 

LUNAR LOX LOADED ONTO OTV AT LSB: 16332.9'8 
LUNAR LOX USED BY OTV: 4022.366 
LUNAR FUEL USED BY OTV : 0 
LUNAR LOX RETURNED= 12310.6 1 
LEO-BASED LOX BURNED: 38833.12 

OTV ENGINE DATA: 
Isp: 470 

I 
I 
I 
I 
I 
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Number of engines: 2 

LOX - Hydrogen engine with MR: 5.5  

Thrust per engine (N): 33361 
Mass of each engine & its thrust structure (kg): 95 

OTV MASS (kg): 

Dry Mass: 1030 
Aerobrake Mass: 
LOX Tank Mass: 
Fuel Tank Mass: 
Pressure Tank Mass: 

2696.027 
155.3325 
1272.312 
0 

Total Mass: 5153.672 

OTV PROPELLANT CAPACITY (kg): 

Total LOX Capacity: 38833.12 
LOX Carried for OTV: 38833.12 
LOX Carried for Lande.r: 0 

Fuel Capacity for OTV: 7791.907 
Fuel Capacity Carried for Lander: 5324.71 1 

Total Propellant Capacity: 46625.03 

Additional LOX Storage Capability f o r  Return Trip: 0 

Percent of return trip LOX from LSB: 100 
Percent of return trip Fuel from LSB: 0 

Payload to LSB: 20000 
Return Payload Capability: 20000 

Mass Fraction: .9004673 

LANDER ENGINE DATA: 

I s p :  470 

Thrust per engine (N): 33361 
Mass of each engine & its thrust structure (kg): 

Number of engines: 3 

LOX - Hydrogen engine with MR: 5.5 

LANDER MASS (kg): 

Dry Mass: 1125 
Landing Gear Mass: 
LOX Tank Mass: 
Fuel Tank Mass: 
Pressure Tank Mass: 

Total Mass: 4539.459 

LANDER PROPELLANT CAPACITY 

LOX Capacity: 
Fuel Capacity: 

2780.818 
117.1437 
516.497 
0 

(kg): 

29285.92 
5324.71 1 

D-65 
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Total Propellant Capacity: 34610.63 
D-66 

Percent of Lander LOX supplied from LSB: 100 
Percent of Lander Fuel supplied from LSB: 

Payload to LSB: 20000 
Liftoff Payload: 16497.96 
Tank Structure for Refueling OTV: 164.9796 

Mass Fraction: ,8840498 

This data has been stored in a file called: 

0 

F 2 .  DAT 
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H / 0 OTV & LANDER 

Isp = 470 sec 

NO LUNAR PROPELLANTS AVAILABLE 

15.9 MT PAYLOAD 

NO AEROBRAKE 

D-67 



C:\basprog>RUN 
Do you wish to create a data file? [YJ:Y 
What do you wish to call the data file:NOBRK.DAT 
Do you wish to use an aerobrake? [Y]:N 
Do you wish to use 2 segarate vehicles? [Y]:Y 
Enter Isp f o r  OTV and for Lander:470,470 
Enter OTV mass kg (NOT including tanks):840 
Enter Lander mass k g  (NOT including tanks and landing gear): 
840 
Enter the maximum payload f o r  OTV & for Lander:15873,8973 
Enter the O / F  mixture ratio for the OTV & for the Lander:5.5,5.5 
Enter the number o f  engines & engine thrust for the OTV:2,33361 
Enter mass f o r  each engine & its thrust structure for OTV:95 
Enter the number of engines & engine thrust € o r  the Lander:2,33361 
Enter mass f o r  each engine & its thrust structure for Lander:95 
A) LOX - HYDROGEN 
B) LOX - ALUMINUM 
C) LOX - MMH 
D) LOX - SILANE 
Choose the type o f  engine to be used for the OTV & Lander:A,A 

This is s two vehicle configuration which does not use 
Lunar propellants. The OTV travels f rom LEO to LLO, carrying 
a paylcad and all of the propellant needed by the Lander. 
The Lander makes one round trip from LSB to LLO, carrying 
the OTV payload to LSB and delivering a payload from LSB to 
the OTV. The OTV then returns to LEO. 

OTV ENGINE DATA: 
I s p :  470 

Thrust per engine (N): 33361 
Mass’of each engine & its thrust structure (kg): 

Number of engines: 2 

LOX - Hydrogen engine with N R :  5.5 

OTV N A S S  , (kg): 

D r y  Kass: 1030 
Xerobrake Nass :  
LOX Tank Mass: 
Fuel Tank Flass:  
Pressure Tank ) l a s s :  

T o t a l  Mass: 3996.981 

0 
548.5174 
2418.463 
0 

95 
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OTV PROPELLANT CAPACITY (kg): 

Total LOX Capacity: 137129.4  
LOX Carried for OTV: 116353.5  
LOX Carried for Lander: 20775.86 
Additional LOX Storage Capability for Return Trip: 0 
Fuel Capacity for OTV: 21 155.18  
Fuel Capacity Carried f o r  Lander: 3777.43  

Total Propellant Capacity: 137508.7 

Percent o f  return trip LOX f r o m  LSB: 0 
Percent of return trip Fuel from LSB: 0 

Payload Capability to LSB: ' E 8 7 3  
Return Payload Capability: 15873 

>lass Fraction: . 97  17539 

LANDER ENGINE DATA: 

Isp: 470 

Thrust per engine (N): 33361 
Mass o f  each engine & its thrust structure (kg): 

Number of engines: 2 

LOX - Hydrogen engine with MR: 5 . 5  

LANDER MASS (kg): 

Dry Mass: 1030 
Landing Gear Mass: 1841.305 
LOX Tank Mass: 83.10345 
Fuel Tank Mass: 366.4  107 
Pressure Tank Mass: 0 

Total Mass: 3320 .819  

LANDER PROPELLANT CAPACITY (kg): 

LOX Capacity: 
Fuel Capacity: 

20775.86 
3777.43 

Total Propellant Capacity: 24553.29 

Percent of Lander LOX supplied from LSB: 0 
Percent of Lander Fuel supplied from LSB: 

Maximum Payload Capability: 
Liftoff Payload Capability: 

Mass  Fraction: . a808637 

This data has been stored i n  a file called: 

8973 
a973  

95  

0 

N O B R K  . DAT 
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H / 0 OTV & LANDER 

ISP = 470 sec 

LLOX AVAILABLE 

15.9 MT PAYLOAD 

NO AEROBRAKE 
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LIST RUN 
DO YOU wish t o  c r e a t e  a d a t a  f i l e ?  LY3:Y 
What do you w i s h  t o  c a l l  t h e  da ta  file:NOEFKZ.DAT 
Do You u i s h  t o  use an aerobrake? CY3:N 
DO You w ish  t o  use 2 separa te  veh ic les?  CY3:Y 
E n t e r  I s p  f o r  OTV and f o r  Lander:479,470 
En te r  OTV mass kg (NOT i n c l u d i n g  tanks):849 
En te r  Lander mass kg (NOT i n c l u d i n g  tanks  and l a n d i n g  g e a r ) :  
840 
Ente r  t h e  maximum payloed f o r  OTV f f o r  Lander:i;a73.9$77 
En te r  t h e  O / F  m i x t u r e  r a t i o  f o r  t h e  OTV b f c r  t h e  Lander:5.5,5.; 
Ente r  t h e  number of engices : e n g i n e  thruft f o r  t h e  OTL'::. 35:.-;1 
E n t z r  mass f o r  each engine tr i t s  t h r u s t  s t r u c t u r e  f o r  0 T ; ' : q g  
Ente r  t h e  number of-engines & engine t h r u s t  f o r  t h e  Lander:Z.Z:7bl 
E n t e r  mass f o r  each engine t i t s  t h r u s t  s t r u c t u r e  f o r  Lander:SS 

P) LOX - kLUMINUM 
C i  LCX - MMH 
0, LO% - SILr;l.IE 
E)  LOX - ALuHIrdI;Eij HYCRC;EN 
Chooss t h e  t y p e  o f  eng ins  t o  be uasd f a r  t h e  OTV .% Lander:&?R 

A )  LOX - HYDROGEN - 

Do you wish t o  uze l u n a r  p r o p e l l m t r ?  CY1:Y  
En te r  t h e  percent  o f  f u e l  L o f  o x i d i z e r  f rom MGi jn  f o r  Landzr:  
CI , 11:rr:1 
En ts r  t h e  pe rcen t  o f  f u e l  t c  o f  o x i d i z e r  f rom Moon f o r  OTV: 
9 ?  100 
E n t e r  t h e  maximum number of engines a l lowed f o r  t h e  Landar:Z 

The Lander l i f t o f f  payload c a p a b i l i t y  i s :  8973 
The Landar does n o t  have t h e  l i f t  c a p a b i l i t y  t o  r e t u r n  
a manned capsu le  and t h a  p r o p e l l a n t  needed f o r  t h e  OTV. 
E n t e r  a !> i f  you wish t o  i nc reeas  t h e  number o f  Lsndsr 
t r i p s .  En ta r  a 1 i f  ycu wish t o  inc reasa t h e  nunbar o f  
Lander engines.O _____________________-----------------------_- _____________________------------------------- 

T h i s  i s  a two v e h i c l e  c o n f i g u r a t i o n  which LISPS Lunar p r o p e l l a n t s .  
The OTV t r a v e l s  t o  LLO c a r r y i n g  a payload and p r o p e l l a n t  
f c r  t h e  Lsnder.  The Lander maLes T r o u n d - t r i p ( s )  f rom LSH t o  
L L O .  I t  c a r r i e s  t h e  OTV payload t o  LSH and d e l i v e r s  Lunar 
p r o p e l l a n t  t o  t h e  OTV. A f t a r  2 Lander t r i p ( s ) .  t h e  OTV 
d e p s r t s  f o r  LEO. loaded w i t h  Lunar p r o p n l l a n t a .  

L U I G R  L O X  L@ADE3 ONTO OT:' AT LS3: 25633.31 
LUPI;IG LCX USEE 6'; GTV: 1 &r:176.Q& 
LUNAR FUEL USE@ BY GTV : 0 
LUCGF LO% KETUFPIED= i 06 12. a; -_ LEO-ZASED LOX PUKNEC.: ..J~X. 17 

OTV nASS 0 9 ) :  

Dry Mass: 1 I>-.l> 

AerGbrek e Mass: 
LGX Tan1 Ma5s: 
Fue l  Tan). Mass: 
Pressure  Tank Mass: 

T o t a l  Mass: Z7!51.8$ 

0 
131.741; 
1580. 146 
i:l 

OHieiNAL PAGE IS 
OF POOR QUALrY 
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OTV PPOPELLANT C;IPACITY (kg) : 

To ta l  LOX Capacity: ~a-46.17 
LOX Car r i ed  f o r  OTV: aA36.17 

- 
-* I-7 

-c 

LOX Car r i ed  fo r  Lander: a 

Fuel  Capaci ty f o r  OT'J: 9T58.751 
Add i t i ona l  LOX Storage Capab i l i t y  f o r  Return Tr ip :  

Fuel Capaci ty Carr ied f o r  Lander: 695 1.408 

To ta l  P rope l l an t  Capacity: 41794.92 

Percent of  r e t u r n  t r i p  LOX from LSP: 
Percent o f  r e t u r n  t r i p  Fuel from LSB: 

Pavloarl t o  LSB: 15s;: 
Rst i t rn Fegload Capab i l i t y :  15673 

Mass Frac t i on :  .9421221 

.- 

- 
100 
0 

LGNDER ENGINE DATA: 

Isp: 470 
Number o f  engines: A 

L O X  - Hydrogen engine w i t h  MR: 5.5 

c) 

Thrust per engine (N): 3336 1 
M a 5 3  o+ each engine % i t s  t h r u s t  s t r u c t u r e  (kg): 

LANDER MASS (kq): 

Dry Mess: 1050 
Landing Gear Mass: 
LOX .Tank Mace: 
Fuel Tank Mass: 
P r e s s u r e  Tan1 Mass: 

To ta l  Ma7s: 3 x 7 .  zsa 

LG~.II?ER PROFELLANT C~?FAC I TY 

LOX Cs.paci t y :  
Fuel  Capacity: 

To ta l  P rope l l an t  Capacit. i: 

Fercent o f  Lander Fuol suppl ied from LSB: 

Payload t o  LSB: ' 15873 
L i f t o f f  Payload: 8973 
Tank S t r u c t u r e  f o r  Rc fue l i ng  OTV: 89.72999 

Mass Fract ion:  .Sa1046 1 

This  data has been s to red  i n  a f i l e  ca l l ed :  
0 L 

0 

95 

t.(OPR).:'=l. DAT 
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D-73 

H / 0 OTV & LANDER 

Isp = 470 sec 

NO LUNAR PROPELLANTS AVAILABLE 

15.9 MT PAYLOAD 

18% AEROBRAKE 
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I 
I 

RUN 
Do you wish to create a data file? [Y]:Y 
What do you wish to call the data file:18BRK.DAT 
Do you wish to use an aerobrake? [Y]:Y 
Enter the aerobrake mass percent:18 
Do you wish to use 2 separate vehicles? [ Y ] : Y  
Enter Isp for OTV and for Lander:470,470 
Enter OTV mass k g  (NOT including tanks):840, 
Enter Lander mass kg (NOT including tanks and landing gear): 
840 
Enter the maximum payload f o r  OTV & f o r  Lander:l5873,8973 
Enter the O/F mixture ratio for the OTV & f o r  the Lander:5.5,5.5 
Enter the number of engines & engine thrust for the OTV:2,33361 
Enter mass for each engine & its thrust structure f o r  OTV:95 
Enter the number of engines & engine thrust for the Lander:?,33361 
Enter mass for each engine & its thrust structure for Lander:gj 

- 

A )  LOX - HYDROGEN 
B) LOX - ALUMINU:4 
C) LOX - X:MH 
D) LOX - SILANE 
Choose the type of engine to be used f o r  the OTV & Lander:A,A 

This is a two vehicle configuration which does not use 
Lunar propellants. The OTV travels from LEO to LLO, carrying 
a payload and all of the propellant needed by the Lander. 
The Lander makes one round trip from LSB to LLO, carrying 
the OTV payload to LSB and delivering a payload from LSB to 
the OTV. The OTV then returns to LEO. 

OTV ENGINE DATA: 
Isp: 470 
Number of engines: 2 
Thrust per engine ( N ) :  33361 
Mass of each engine & its thrust structure (kg): 
LOX - Hydrogen engine with F I R :  5.5 

OTV HASS (kg): 

D r y  t l ass :  8 1030 
Aerobrake >lass: 
LOX Tank >lass: 
Fuel Tank > l a s s :  
Pressure Tank )lass: 

4254.073 
373.4099 
1646.398 
0 

Total Mass: 7303.881 

OTV PROPELLAST CAPACITY ( k g ) :  

9 5  
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ORlGLNWL PAGE IS 
OF POOR QUALITY 

T o t a l  LOX C a p a c i t y :  93352.47  
LOX C a r r i e d  f o r  O T V :  72576.61 
LOX C a r r i e d  f o r  L a n d e r :  20775.86 
A d d i t i o n a l  LOX S t o r a g e  C a p a b i l i t y  f o r  R e t u r n  T r i p :  
F u e l  C a p a c i t y  f o r  O T V :  13195.75  
F u e l  C a p a c i t y  C a r r i e d  f o r  Lande r :  3777.43  

T o t a l  P r o p e l l a n t  C a p a c i t y :  85772.36 

P e r c e n t  o f  r e t u r n  t r i p  LOX from LSB: 0 
P e r c e n t  o f  r e t u r n  t r i p  F u e l  from L S B :  0 

P a y l o a d  C a p a b i l i t y  t o  LSBT 15873 
R e t u r n  P a y l o a d  C a p a b i l i t y :  15873 - 

? la s s  F r a c t i o n :  .9215281 

L A N D E R  E N G I N E  D A T A :  

I s p :  470 

T h r u s t  per  e n g i n e  ( N ) :  33361 
Nzss of  e a c h  e n g i n e  & i t s  t h r u s t  s t r u c t u r e  ( k g ) :  

Number o f  e n g i n e s :  2 

LOX - Hydrogen  e n g i n e  w i t h  M R :  5 . 5  

L A N D E R  MASS ( k g ) :  

D r y  Mass :  1030 
L a n d i n g  Gear  Mass:  1841 .305  
L O X  Tank Mass:  83 .10345  
F u e l  Tank Y a s s :  366.4107 
P r e s s u r e  Tank Mass: 0 

T o t a l  Mass:  3320 .819  

L A N D E R  PROPELLANT C A P A C I T Y  (kg): 

L O X  C a p a c i t y :  
F u e l  C a p a c i t y :  

20775.86  
3777.43  

T o t a l  P r o p e l l a n t  C a p a c i t y :  2k553.29 

P e r c e n t  of  Lande r  LOX s u p p l i e d  from LSB: 0 
P e r c e n t  o f  Lande r  F u e l  s u p p l i e d  from L S B :  

Naximum P a y l o a d  C a p a b i l i t y :  
L i f t o f f  P a y l o a d  C a p a b i l i t y :  

?!ass  F r a c t i o n :  .8808637 

T h i s  d a t a  h a s  been s t o r e d  i n  a f i l e  c a l l e d :  

8973  
6973 

D-75 
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H / 0 OTV & LANDER 

Isp = 470 sec 

LLOX AVAILABLE 

15.9 MT PAYLOAD 

18% AEROBRAKE 

Ammautics CCWORATKN -AMERICA - T E C H N O L O G Y  C E N T E R  
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OF PGOR QVALKY 

RUN 
Do YGU w i s h  t o  c r e a t e  a d a t a  f i l e '  L Y 3 : Y  
What do  y o u  w i s h  t o  c a l l  t h e  d a t a  f i le: lBBRYZ.DAT 
Do YOU w i s h  t o  use  an ae rob rake?  C Y 1 : Y  
E n t e r  t h e  a e r o b r a k e  m a s s  p e r c e n t :  18 
Do y o u  w i s h  t o  use  2 s e p a r a t e  v e h i c l e s '  C Y 1 : Y  
E n t e r  
E n t e r  
E n t e -  
1o:o 
E n t e r  
E n t e -  
En+?- 
E n t e r  
En t e- 
E n t e -  

I + p  for OTV and f o r  Lander :  lOyO4iO. 179 
OTV mass kg (NOT i n c l u d i n g  tanks) : lo :n  
Lander  mass bg (NOT i n c l u d i n g  t e n k s  and l a n d i n g  g e a r ) :  

t h e  maximum p a y l o a d  f o r  -BTV ', f c r  Lender :  1537:. 1'87: 
t h e  O / F  m i j t u r e  r a t i o  f o r  t h e  OTS *. fo r  t h e  Lander :Z.Z.Z.5 
t h e  number o f  eng ines  1- e n g i n e  t h r u s t  f o r  t h e  OTV:2.:::6! 
mass f o r  eacb e n g i n e  5 i t s  t h r u s t  s t r u c t u r e  f o r  OTV:95 
t h e  number 04 e n g i n e s  L eng ine  t h r u s t  f o r  t h e  Lander::.T;:bl 
mass f o r  each eng ine  *, I t s  thrust  s t r u c t u r e  f o r  Lander :95 

A )  LSX - HYDFOEEN 
P )  L Z X  - f i L i m : r J m  
C: Lft - MMH 
D )  - Z Z  - SILANE 
C h C ~ s z  t h e  t y p e  o+ eng ine  t o  b e  used &or t h e  OTV and L:ncer:p,-A 

D= y = u  w i s h  t o  USE l u n a r  p r = g e l l e n t c '  : v : : y  
En's- t h e  p e r c e n t  o i  f u e l  P. o i  o x : d ~ z e r  f r o m  Roon f o r  Lander :  
I:]. i < I c >  

E n t e r  t h e  p e r c e n t  o f  f u e l  :, o f  o x i d i z e r  f r o m  Moon f o r  O W :  
0.190 

S h c u l d  t h e  ammount o f  Lunsr L O X  r e t u r n e d  b e  t h e  d r i v i n g  f a c t o r  
i c r  t h e  v e h i c l e  design' (Y/N):N 
E n t e r  t h e  maximum number o f  eng ines  e l l c w e d  f o r  t h e  Lander:: 

The L s n d e r  l i f t o f f  p a y l o a d  c a p a b i l i t y  1s: 897: 
Dc y o u  w i s h  t o  chanqe t h e  e n g i n e  c o n s t r a i n t  t o  e l l o w  2 
l z r g e r  pay load '  ( Y / N )  :N 
The Lander  does n o t  have t h e  l i f t  c a p a b i l i t v  t o  r e t u r n  
a manned capsiu le  and t h e  p r o p e l l a n t  needed f o r  t h e  OTV. 
E n c e r  a 0 i f  you  w i E h  t o  i n c r e P s z  t h e  number o f  Lander 
t r i p s .  E n t e r  5 1 I f  y o u  w i s h  t o  i n c r e a s e  t h e  number of 
L a n d e r  e n g i n e s .  0 _____________________--__------_____-----__--- __--____________________________________--_--_ 

T h i s  ic a t w o  v e h i c l e  c o n f i g u r a t i o n  wh ich  USES Lun5.r p r o p o ! l a n t s .  
The OTV t r a v e l s  t o  L L O  c a r r y i n g  a p a y l o a d  and p r o p e l l a n t  
f c r  t h e  L a n d e r .  The Lander m i k e s  2 r o u n d - t r i p ( s >  f rom LSR t o  
L L O .  I t  c s r r i e s  t h e  OTV p s y l o a d  t o  L5P and d e l i v e r s  Lunar  
p r o p e l l a n t  t o  t h e  OTV. A f t e r  2 Lander  t r i p ( s ) .  t h e  OTV 
d e i c r t s  f o r  LEO. l oaded  w i t h  Lunar  p r o p e l l a n t s .  

LLlhiLF LO:! LWiDED ONTO DTV A T  LSR:  17766.54 
LL"F=.  L O X  USE3 B'f OT'V: 344Cr. T67 
LIJI.i:.F; FUEL USED B Y  OTV : 1:1 

L L!: i A;. L 0 X RETU F: i.lE D = 1:::A. 1 -  
LE,Y-?'SEP LOX BIJF.NE2: 72.8;:. z g  

OT'J EPJEINE GATA:  
I S D :  4 7 0 

, N c ' ? = 9 r  of eng lnes :  
- - --- 

 TI-,--=^ p e r  e n c i n e  ( E l ) :  - - -61 
Mass of each eng ine  % i t s  t h r u s t  s t r u c t u r e  O g ) :  
L O X  - Hydrogen eng ine  w i th  I I F :  

c c  -( . i 

D-7 7 



I D-78 
L O X  Tank Mass: 
Fue l  Tank Mass: 
Pressure  Tank Mass: 

T o t a l  Mass: 5952.985 

W9.ZT15 
1212.698 
0 

QTV FROPELLANT CAfACITY (kg): 

T o t a l  L O X  Capacl ty:  54832.88 
L O X  C a r r i e d  f o r  OTV: 348X. 88 
LOX C a r r i e d  f o r  Lander: 0 
A d d i t i o n a l  LOX S t o r a g e  C a p a b i l i t y  f o r  Fe tu rn  T r i p :  0 
Fue l  Capac i t y  f o r  OW: 71 40.589 
Fue l  Capac i ty  Car r i ed  f o r  Lander: 5Z61.419 

T o t a l  P r o p e l l a n t  tepacl l ty:  4197T.27 
- 

Fercent  o i  r e t u r n  t r i p  LOY from LCT-: 1 r w : 1  

Fercent  o f  r e t u r n  t r i p  Fuel f r o m  LSE: rJ 

Payload Capability t o  LSF: 1Ea71 
Ke tu rn  FayIDad Capab l l l t y :  1'37; 

Mass F r a c t i o n :  . E7'7651 

LANDER ENGINE DATA: 

95 

I sp :  470 
Number c f  engines: 
Th rus t  per engine (N): X-61 
Mass of each enqlne .r* i t s  t h r u s t  s t r u c t u r e  ( l q ) :  

-. - 

c c  L O X  - Hydrogen enqlne w l t h  MR: -2. J 

LANDER MASS 0:g > : 

Dry M a s s :  1o.xl 
Land inq  Gear mass: leab. 201 
L O X  Tank Mass: 8.Z.11Z9 
Fue l  Tan) MaSs: Z57.7746 
Fressu re  Tank Mass: 

T o t a l  MSSP: _I_.& / . 363 ---.- 

LANDER PROPELLANT C A F A C I T Y  (kq): 

LOX Capsci t y :  
Fue l  Capac i ty :  

T o t a l  F rope l  l a n t  Capacl t y :  Z1644.67 

Fercent  of Lander LOX supp l i ed  f r o m  LSEI: 100 
Percent of Lander Fuel supp l l ed  f r o m  LSF: 

Ma::imcim Fayload Capab l l l t y :  
L 1 f t of  f f a y  1 oad Ce p ab 1 1 1 t Y : 
Tan1 S t r u c t u r e  fo r  K e f u e l l n g  OTV: 

Mans F r a c t i o n :  ;g.? 1 I - ,"= 1 

T h i s  da ta  has been s to red  1n a  ill^ c a l l s d :  
0 L 

ORIGINAL PAGE IS 
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H / 0 OTV & LANDER 

Isp = 470 sec 

NO LUNAR PROPELLANTS AVAILABLE 

15.9 MT PAYLOAD 

20% AEROBRAKE 
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RUN 
Do you wish to create a data file? (Y]:Y 
What do you wish to call the data file:20BRK.DAT 
Do you wish to use an aerobrake? [Y]:Y 
Enter the aerobrake mass percent:20 
Do you wish to use 2 separate vehicles? [Y]:Y 
Enter Isp for OTV and f o r  Lander:470,470 
Enter OTV mass kg (NOT including tanks):840 
Enter Lander mass kg (NOT including tanks and landing gear): 
840 - 
Enter the maximum payload f o r  OTV & f o r  Lander:15873,8973 
Enter the O/F nixture ratio f o r  the OTV & f o r  the Lander:5.5,5.5 
Enter the number o f  engines & engine thrust for the 0TV:92,33361 
Enter mass f o r  each engine & its thrust structure f o r  OTV:95 
Enter the number o f  engines €i engine thrust for the Lander:2,33361 
Enter mass f o r  each engine & its thrust structure f o r  Lander:95 
A) LOX - HYDROGEN 
B) LOX - ALUElISUM 
C) LOX - MNH 
D) LOX - SILANE 
Choose the type of engine to be used for the OTV & Lander:A,A 

This is a two vehicle configuration which does not use 
Lunar propellants. The OTV travels from LEO to LLO, carrying 
a payload and all o f  the propellant needed by the Lander. 
The Lander makes one round trip from LSB to LLO, carrying 
the OTV payload to LSB and delivering a payload from LSB to 
the OTV. The OTV then returns to LEO. 

OTV ENGINE DATA: 
Isp: 470 

Thrust per engine (N): 33361 
Yass o f  each engine & its thrust structure (kg): 

Number o f  engines: 2 

LOX - Hydrogen engine with MR: 5 . 5  

.OTV MASS (kg) : 

Dry !lass: 1030 
Aerobrake Mass: 
LOX Tank Mass: 
Fuel Tank Mass: 
Pressure Tank Mass: 

4854.119 
377.9398 
1666.371 
0 

95 

I 
1 
I 
I 
1 
1 
I 
I 
1 
1 
I 
I 
I 
s 
I 
I 
I 
1 
1 

Total Plass: 7928.43 

OTV PROPELLAST CAPACITY (kg): 



- Total LOX Capacity: 9 4 4 8 4 . 9 6  
LOX Carried for OTV: 7 3 7 0 9 . 1  
LOX Carried for Lander: 2 0 7 7 5 . 8 6  
Additional LOX Storage Capability for Return Trip: 
Fuel Capacity. f o r  OTV: 1 3 4 0 1 . 6 5  

Fuel Capacity Carried €or Lander: 3 7  7A3 U Total Propellant Capacity: 8 7 1 1 0 . 7 5  

Percent of return trip LOX from LSB: 0 
Percent of return trip Fuel from LSB: 0 

Payload Capability to LSB-: 1 5 8 7 3  
Return Payload Capability: 1 5 8 7 3  

Mass Fraction: . 9 1 6 5 7 7 2  
- 

k 

Isp: 4 7 0  

Thrust per engine (N): 33361  
Mass of each engine & its thrust structure (kg): 

Number of engines: 2 

LOX - Hydrogen engine with MR: 5 . 5  I 
LANDER MASS (kg): 

Drv Mass: 1 0 3 0  
Landing Gear Mass: 
LOX Tank Mass: 
Fuel Tank Mass: 
Pressure Tank Nass: 

1 8 4 1 . 3 0 5  
8 3 . 1 0 3 4 5  
3 6 6 . 4 1 0 7  
0 

Total Mass: 3 3 2 0 . 8 1 9  I 
LANDER PROPELLANT CAPACITY (kg): 

I LOX Capacity: 
Fuel Capacity: 

2 0 7 7 5 . 8 6  
3 7 7 7 . 4 3  

Total Propellant Capacity: 2 4 5 5 3 . 2 9  

Percent of Lander LOX supplied from LSB: 0 
Percent of Lander Fuel supplied from LSB: 

I 
I -  Maximum Payload Capability: 

Liftoff Payload Capability: 

Mass Fraction: 

8 9 7 3  
a 9 7 3  

. 8 8 0 8 6 3 7  

0 

9 5  

This data has been stored in a file called: e 2 0 B R K .  DAT 

D-8 1 
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H / 0 OTV 81 LANDER 

Isp = 470 sec 

LLOX AVAILABLE 

15.9 MT PAYLOAD 

20% AEROBRAKE 
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ORIGINAL PAGE IS 
OF POOR QUALm 

RUN 
Do you wish 
What do you 
Do YOU wish 

t o  c rea te  a data f i l e ?  C Y I r Y  
wish t o  c a l l  t h e  da ta  file:20BRKZ.FDAT 
t o  use an acrobrake? EY3:Y 

Ente r  t h e  aerobrake mass psrcent:ZO 
Do you wish t o  use 2 separate veh ic les?  CY3:Y 
E n t e r  I s p  f o r  OTV and f o r  Lander:470,470 
E n t e r  OTV mass kg (NOT i n c l u d i n g  tanks):1030 
En te r  Lander mass kg (NOT i n c l u d i n g  tanks and land ing  gear ) :  
1030 
En te r  t h e  maximum payload forQTV L f o r  Lander:15873.1507; 
En te r  t h e  O / F  mix ture  r a t i o  f o r  t he  OTV L f o r  t h e  Lander:5.5,5.5 
E n t e r  t h e  number-of engines t engine t h r u s t  f o r  the  OTV:2.33561 
E n t e r  mass f o r  each engine L i t s  t h r u s t  s t r u c t u r e  f o r  OTV:9J 
En te r  t h e  number of engLnes t engine t h r u s t  f o r  t h e  Lander:2.35=61 
E n t e r  mass f o r  each engine L i t s  t h r u s t  s t r u c t u r e  f o r  Lander:9J 
PI) LOX - HYDFOGEN 
E )  LOX - ALUMINUM 
C) LOX - MMH 
D)  LOX - SILANE 
Choose t h e  type  of engine t o  be used f o r  t h e  OTV and Lander:A.P 

Do you w i s h  t o  use l una r  p rope l l an ts?  CY1:Y 
E n t e r  t h e  percent o f  f u e l  L o f  o x i d i z e r  f rom Moon f o r  Lander: 
0,100 
En te r  t h e  percent of f u e l  k of o x i d i z e r  f rom Moon f o r  OTV: 
0.100 

Should t h e  ammount o f  Lunar LOX re tu rned be t h e  d r i v i n g  f a c t o r  
f o r  t h e  v e h i c l e  design? (Y/N):N 
En te r  t h e  maximum number o f  engines al lowed f o r  t h e  Lander:Z 

The Lander l i f t o f f  payload c a p a b i l i t y  i s :  5973 
Do you wish t o  change the  engine c o n s t r a i n t  t o  a l l o u  a 
1 a r g e r  pay1 odd? ( Y / N )  : N 
The Lander does no t  have t h e  l i f t  c a p a b i l i t y  t o  r e t u r n  
a manned capsule and t h e  p r o p e l l a n t  needed f o r  t h e  OTV. 
E n t e r  a 0 i f  you wish t o  inc rease t h e  number o f  Lander 
t r i p s .  Enter  a 1 i f  you wish t o  inc rease t h e  number o f  
Lander engines. 0 
I I IP==DP=======II==PEPIIPP===CP==P=IP================== 

T h i s ’ i s  a two v e h i c l e  c o n f i g u r a t i o n  which uses Lunar p rope l l an ts .  
The OTV t r a v e l s  to.LLO c a r r y i n g  a payload and p r o p e l l a n t  
f o r  t h e  Lander. The Lander makes 2 r o u n d - t r i p ( s )  f rom LSP t o  
LLO. It c a r r i e s  t h e  OTV payload t o  LSB and d e l i v e r s  Lunar 
p r o p e l l a n t  t o  the  OTV. a f t e r  2 Lander tripes), t h e  OTV 
depar t s  f o r  LEO, loaded w i t h  Lunar p rope l l an ts .  

LUNaR LOX LOADED ONTO OTV AT LSR: 17766.54 
LUNAR LOX USED BY OTV: 4532.855 
LiJrIaR FUEL USED BY OTV : 0 
L u r a F :  LOX RETURNED= 13273.68 
LEO-BGSED LDX PURNED: -8d465.53 -.= 

OTV ENGINE DATA: 
I sp :  470 
Number of engines: 
Thrus t  per englne (N) :  3Y.6 1 
Mass of  each englne % 1 t s  t h r u s t  s t r u c t u r e  ( l g ) :  

- - 
c c  L O X  - Hydrogen englne w l t h  MF.: a. J 

95 
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OTV MASS (Lg): 

Dry  Mass: 1930 
Cercbrab e Msss: 



D-84 LOX Tank Mass: 
Fuel Tank Mass: 
P ressu re  Tank Mass: 

T o t a l  Mass: 6447.038 

191.874 1 
1225.54 
0 

OTV PROFELLANT CAPACITY O r g ) :  

T o t a l  L O X  Capaci ty:  Z5468. JZ 
L O X  C a r r i e d  f o r  OTV: ,,4468.5; 
L O X  C a r r i e d  f o r  Lander: 0 
A d d i t i o n a l  L O X  Storage C a p a b i l i t y  f o r  Return T r i p :  
F u e l  Capac i t y  f o r  OTV: 727". 979 

-e 

e- Fue l  Capac i t y  Car r i ed  f o r  Lander: l. 449 - 
T o t a l  P r o p e l l a n t  Capaci ty:  42721.51 

Fercon t  o f  r e t u r n  t r i p  L O X  f rom LSF: 
Fe rcen t  o f  r e t u r n  t r i p  Fue l  f rom LSB: 

Fay load Capabx l l t y  t o  LSF: 1587; 
F.eturn Fayload Capsbi 1 i t y :  1587; 

Mass F r a c t i o n :  . e689721 

11:v:, 

0 

LANDER ENGINE DCITA: 

15p: 470 

T h r u s t  p e r  engine (N): r. -. 26 1 

" 
7-- 
- Number o f  engines: 

M a s s  b f  each engine ?* its t h r u s t  s t r u c t u r @  ( t g ) :  
L O X  - Hydrogen engine w i t h  MR: 5.3 

LANDER MASS (kg): 

D r y  Mass: 19S0 
Land ing  Gear Masc: 
LOX Tank Mass: 
Fue l  Tsnk Mass: 
P ressu re  Tank Mass: 

-.7"-. T o t a l  Mass :  %..A* I . 388 

1846.201 
8:. 4128 
r67.7746 
0 

LANDER FROFELLANT CAPACITY (kg): 

L O X  Capac i ty :  
F u e l  Capac i ty :  

0 

93 

T o t a l  P r o p e l l a n t  Capaci ty:  24644.69 

Fercen t  o f  Lander L O X  supp l i ed  f rom LSB: 100 
Percent  o f  Lander Fuel  supp l i ed  f rom LSP: 1 3  

17s.x i mum Fay1 odd Capab i 1 i ty: 
L i f t o f f  Payload C a p a b i l i t y :  
Tan) S t r u c t u r e  f o r  Re fue l i ng  OTV: 

Flags F r a c t i o n :  :m 1 Ws5 1 

T h i s  d a t a  has been s t o r e d  i n  a f i l e  c a l l e d :  
01. 

15873 
8975 
69.7399 

2OPF:t 2. @ A T  

ORiGlNdL PAGE 1s 
OF POOR QUALrrY 
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H / 0 OTV & LANDER 

Isp = 470 sec 

NO LUNAR PROPELLANTS AVAILABLE 

15.9 MT PAYLOAD 

25% AEROBRAKE 



- 
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RUN 
Do you wish to create a data file? [Y]:Y 
What do you wish to call the data file:25BRK.DAT 
Do you wish to use an aerobrake? [Y]:Y 
Enter the aerobrake mass percent:25 
Do you wish to use 2 separate vehicles? [Y]:Y 
Enter Isp f o r  OTV and f o r  Lander:470,470 
Enter OTV mass kg (NOT-including tanks):840 
Enter Lander mass kg (NOT including tanks and landing gear): 
840 - 
Enter the maximum payload f o r  OTV & f o r  Lander:15873,8973 
Enter the O / F  mixture ratio f o r  the OTV & f o r  the Lander:5.5,5.5 
Enter the number o f  engines & engine thrust f o r  the OTV:2,33361 
Enter mass for each engine & its thrust structure f o r  OTV:95 
Enter the number of  engines & engine thrust f o r  the Lander:2,33361 
Enter mass f o r  each engine & its thrust structure f o r  Lander:95 
A )  LOX - HYDROGEN 
B) LOX - ALUMINUM 
C) LOX - M!4H 
D) LOX - SILANE 
Choose the type o f  engine to be used f o r  the OTV & Lander:,AA,A 

This is a two vehicle configuration which does not use 
Lunar propellants. The OTV travels from LEO to LLO, carrying 
a payload and all of the propellant needed by the Lander. 
The Lander makes one round trip from LSB to LLO, carrying 
the OTV payload to LSB and delivering a payload from LSB to 
the OTV. The OTV then returns to LEO. 

OTV ENGINE DATA: 
Isp: 470 

Thrust per engine (N): 33361 
>lass o f  each engine & its thrust structure (kg): 

Number o f  engines: 2 

LOX - Hydrogen engine with MR: 5.5 
95 

OTV MASS (kg): 

Dry Mass: 1030 
Aerobrake Xass: 6505.939 
LOX Tank ?lass: 390.4098 
Fuel Tack ?lass: 1721.352 
Pressure Tank Mass: 0 

Total Mass:  9647.701 

OTV PROPELLANT CAPACITY (kg): 

I 
1 
1 
1 
I 
1 
I 
1 
1 
I 
I 
I 
1 
1 
1 
1 
I 
I 
I 



- Total LOX Capacity: 
LOX Carried for OTV: 
LOX Carried for Lander: 
Additional LOX Storage Capab 
Fuel Capacity for OTV: 
Fuel Capacity Carried €or La 

Total Propellant Capacity: 

I 
97602.46 
76826.6 
20775.86 

13968.47 
sility for Return Trip: 

nder: 3777.43 

90795.06 

Percent of return trip LOX from LSB: 0 
Percent of return trip Fuel from LSB: 0 

Payload Capability ta-LSB: 15873 
Return Payload Capability: 15873 

Mass Fraction: .go39482 
- 

--------------- LANDER DESIGN---------------- 

LANDER ENGINE DATA: 

Isp: 470 

Thrust per engine (N): 33361 
Mass of each engine & its thrust structure (kg): 

Number of engines: 2 

LOX - Hydrogen engine with MR: 5 . 5  

LANDER MASS (kg): 

Dry Mass: 1030 
Landing Gear Mass: 
LOX Tank Mass: 
Fuel Tank Mass: 
Pressure Tank Mass: 

1841.305 
83.10345 
366.4107 
0 

Total Mass: 3320.819 

LANDER PROPELLANT CAPACITY (kg): 

LOX Capacity: 
Fuel Capacity: 

20775.86 
3777.43 

Total Propellant Capacity: 24553.29 

Percent of Lander LOX supplied from LSB: 0 
Percent of Lander Fuel supplied from LSB: 

Maximum Payload Capability: 
Liftoff Payload Capability: 

Mass Fraction: .8808637 

8973 
8973 

D-87 
0 

95 

0 

This data has been stored in a file called: I 25BRK. DAT 
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H / 0 OTV & LANDER 

Isp = 470 sec 

LLOX AVAILABLE 

15.9 MT PAYLOAD 

25% AEROBRAKE 



RUN 
Do you w i % h  t o  C r e r t c  a da ta  f i l m ?  C Y I r Y  
What do you wish t o  call t h m  da ta  file:2SBRKZ.DAT 
Do you wish  t o  use an a ~ o b r a k c ?  CY3:Y 
Ente r  t h e  asrobrake mass percent:25 
Do you w i s h  t o  use 2 separate Vehic le%? CY3:Y 
Ente r  I s p  f o r  O W  and f o r  Lander:470,470 
En te r  OTV mass kg  (NOT i n c l u d i n g  tanks):1030 
En te r  Lander mass kq (NOT i n c l u d i n g  tanks  and l a n d i n q  gear) :  
1030 
En te r  t h e  maximum payload f o r X T V  F f o r  Landcr:15873.l;a7; 
En te r  t h e  O / F  m i x t u r e  r a t i o  f o r  t h e  OTV C f o r  t h e  Lander:S.S.S.5 
Enter  t h e  number of engines ..1 cn91ne thrust f o r  t h e  OTV:2.3;;61 
En te r  mass f o r . zach  eng ine  C i t s  thrust s t r u c t u r e  f o r  OTV:95 
En te r  t h e  number of engines f engine thrust f o r  t h e  Lander:Z.33361 
En te r  mass f o r  each enprne L i t s  t h r u s t  s t r u c t u r e  f o r  Lander:95 
A )  LOX - HYDROGEN 
8 )  L O X  - ALURINlJM 
C )  LOX - RRH 
D) LOX - SILANE 
Choose t h e  t ype  of eng ine  t o  be used f o r  t h e  OTV and L2nder:A.A 

Do you w i s h  t o  use l u n a r  p r o p e l l a n t s ?  CY1:Y 
Ente r  t h e  percent  o f  f u e l  f of o x i d i z e r  f rom Noon f o r  Lander: 

En te r  t h e  percent  o f  f u e l  & o f  o x i d i z e r  f rom Moon f o r  OTV: 
0,100 

or 100 

Should t h e  ammount of Lunar LOX re tu rned  be  t h e  d r i v i n g  f a c t o r  
f o r  t h e  v e h i c l e  design? (Y/N):N 
Ente r  t h e  maximum number o f  engines al lowed f o r  t h e  Landrr :? 

The Lander l i f t o f f  payload c a p a b i l i t y  i s :  8973 
Do you w ish  t o  chanqe t h e  engine c o n s t r a i n t  t o  a l l o w  a 
l a r g e r  payload? ( Y / N ) : N  
The Lander does n o t  have t h e  l i f t  c a p a b i l i t y  t o  r e t u r n  
a manned capsule and t h e  p r o p e l l a n t  needed f o r  t h e  OTV. 
En te r  a 0 i f  you w i s h  t o  i nc rease  t h e  number of Lander 
t r i p s .  Enter  a 1 i f  you w i s h  t o  i nc rease  t h e  number of 
Lander engines.O 
S==P==========PPIE=P====LL=lft====l=-l==~=== 

T h i s ’ i e  a t w o  v e h i c l e  c o n f i g u r a t i o n  which uses Lunar p r c p e l l + n t s .  
The OTV t r a v e l s  t o  L L O  c a r r y i n g  a payload and p r o p e l l a n t  
f o r  t h e  Lander. The Lander makes 2 r o u n d - t r i p ( s )  f rom LSB t o  
LLO. It c a r r i e s  t h e  OTV payload t o  LSH and d e l i v e r s  Lunar 
propel1an.t t o  the  OTV. A f t e r  2 Lander t r i p ( s )  ~ t h e  OTV 
depar t s  f o r  LEO. loaded w i t h  Lunzr p r a p e l l e n t s .  

LUNAR LOX LC)AI?EQ ONTO OTV AT LSH: 17766.54 
LUNAR LOX USED PY OTV: 478 1.688 
LQNGH FUEL USE5 EY OTV : 1:) 

LUNAR LO? EETUiWE3= 12vq.s ;  
LEO-BGSED LOX PlJFrJEI?: z7i;a. 72 

OTV ENGINE DATA: 
I s p :  470 

Thrus t  per  eng ln r  (N): X-61 
, Number cf engines: 2 

Mass o f  each engine 3 i t s  t h r u s t  s t r u c t u r e  0 9 ) :  
LOX - Hydrogen sngine w i t h  MF’: 5 . 5  

95 
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LOX Tank Mams: 
Fuo l  Tank Has.: 
Pressure Tank moss: 

T o t a l  Mass: 7776.253 

n8.7149 
1260.09 
0 

OTV PROPELLANT CAPACITY (kg): 

T o t a l  LOX Capaci ty:  37 178.72 
L O X  C a r r i e d  f o r  O W :  37178.72 
LOX Car r i ed  f o r  Lander: 0 
A d d i t i o n a l  LOX Storage C a p a b i l i t y  f o r  Return T r i p :  
Fue l  Capac i ty  for-OTV: 7629.165 
Fuel  Capac i ty  Car r i ed  f o r  Lander: 5 3  1.449 - 
T o t a l  P r o p e l l a n t  Capaci ty:  44807.89 

Percent  of r e t u r n  t r i p  LOX from LSF: 1 l?c:, 

Percent  o f  r e t u r n  t r i p  Fuel  f rom LSH: 0 

Payload C a p a b i l i t y  t o  LSF: 15877 
Retu rn  Payload C a p a b i l i t y :  15873 

M a s s  F r a c t i o n :  .E521 179 

LANDER ENGINE DATG: 

lsp: 470 
Number o f  engines: 2 

L O X  - Hydrogen engine w i t h  HR: 5 . 5  

T h r u s t  per  engine ( N ) :  37561 
Mass 'o f  each engine t-. i t s  thrust s t r u c t u r e  (kg ) :  

0 

95 

LANDER H X S  (kg)  : 

D r y  Mass: l o x  
Landing Gear Mass: 
L O X  Tank. Mass: 
Fue l  Tank Mass: 
Pressure  Tank Mass: 

--3 T o t i l  M s 5 5 :  2 2A7. ,88 

1e46.2C1 
83.4128 
367.7740 
0 

LANDER PROPELLANT CAPACITY (kg): 

LOX Capaci ty:  
Fue l  Capaci ty:  

20853.2 
3701.49 

T o t a l  P r o p e l l a n t  Cepacity: 24644.6° 

F e r c o n t  o f  Lander L O X  supp l i ed  from LSB: 100 
Percent  o f  Lander Fuel  supp l i ed  f rom LSB: 0 

Ma:cimum Payload C a p e b i l i t y :  
L i f t o + f  Fayload C a p a b i l i t y :  
TanI: S t r n c t u r e  f nr F:ef uel 1 ng OTV: 

Ma55 F r a c t i o n :  . s s 1 0 4 & 1  

T h i s  da ta  has been s t o r e d  i n  a f i l e  c a l l e d :  
Ok 

1587J 
8973 
89.72999 

1 
1 
I 
1 
I 
1 
I 
I 
1 
I 

1 
I 
1 
I 
1 
I 
I 
I 
4 
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H / 0 OTV & LANDER 

Isp = 470 sec 

NO LUNAR PROPELLANTS AVAILABLE 

15.9 MT PAYLOAD 

30% AEROBRAKE 
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RUN 
Do you wish to create a data file? [Y]:Y 
What do you wish t o  call the data file:30BRK.DAT 
Do you wish t o  use an aerobrake? [Y]:Y 
Enter the aerobrake mass percent:30 
Do you wish to use 2 separate vehicles? [Y]:Y 
Enter Isp for OTV and for Lander:470,470 
Enter OTV mass kg (NOT-including tanks):840 
Enter Lander mass kg (NOT including tanks and landing gear): 
840 
Enter the maximum payload for OTV & f o r  Lander:15873,8973 
Enter the O/F mixture ratio for the OTV & for the Lander:5.5,5.5 
Enter the number of engines & engine thrust for the OTV:2,33361 
Enter mass for each engine & its thrust structure for OTV:95 
Enter the number of engines & engine thrust for the Lander:2,33361 
Enter mass for each engine & its thrust structure for Lander:95 

- 

A) LOX - HYDROGEN 
B) LOX - ALUMINUM 
C )  L.OX - M M H  
D) LOX - SILANE 
Choose the type of engine t o  be used for the OTV & Lander:A,A 

This is a two vehicle configuration which does not use 
Lunar propellants. The OTV travels from LEO to LLO, carrying 
a payload and all of the propellant needed by the Lander. 
The Lander makes one round trip from LSB to LLO, carrying 
the OTV payload to LSB and delivering a payload from LSB to 
the OTV. The OTV then returns to LEO. 

OTV ENGINE DATA: 
Isp: 470 

Thrust per engine (N): 33361 
Mass of each engine & its thrust structure ( k g ) :  

Number o f  engines: 2 

LOX - Hydrogen engine with PiR:  5.5 

OTV MASS (kg): 

Dry Mass: 1030 
Aerobrake ?lass: 8414.974 
LOX Tank Mass: 404.8216 
Fuel Tank Mass: 1784.895 
Pressure Tank Mass: 0 

Total >lass: 11634.69 

OTV P R O P E L L A R T  CAPACITY (kg): 

95 



I 
P 
I 
I 

T o t a l  LOX C a p a c i t y :  1 0 1 2 0 5 . 4  
LOX C a r r i e d  f o r  OTV: 8 0 4 2 9 . 5 3  

A d d i t i o n a l  LOX S t o r a g e  C a p a b i l i t y  f o r  R e t u r n  T r i p :  
F u e l  C a p a c i t y  f o r  OTV: 1 4 6 2 3 . 5 5  

LOX C a r r i e d  f o r  L a n d e r :  2 0 7 7 5 . 8 6  

F u e l  C a p a c i t y  C a r r i e d  f o r  L a n d e r :  3 7 7 7 . 4 3  

0 

T o t a l  P r o p e l l a n t  C a p a c i t y :  9 5 0 5 3 . 0 8  

P e r c e n t  o f  r e t u r n  t r i p  LOX f r o m  LSB: 0 
P e r c e n t  o f  r e t u r n  t r i p  F u e l  f r o m  LSB: 0 

P a y l o a d  C a p a b i l i t y  t o  LSB: 1 5 8 7 3  
R e t u r n  P a y l o a d  C a p a b i l i t y :  1 5 8 7 3  

Mass F r a c t i o n :  . 8 9 0 9 4 6 3  

- 

LANDER E N G I N E  DATA: 

I s p :  4 7 0  

T h r u s t  p e r  e n g i n e  ( N ) :  33361 
Number  o f  e n g i n e s :  2 

Mass o f  e a c h  e n g i n e  & i t s  t h r u s t  s t r u c t u r e  ( k g ) :  9 5  
L O X  - H y d r o g e n  e n g i n e  w i t h  M R :  5 . 5  

LANDER MASS (kg): 

D r y  Mass: 1030 
L a n d i n g  Gear Mass: 
LOX T a n k  Mass: 
F u e l  T a n k  Mass: 
P r e s s u r e  T a n k  Mass: 

1 8 4 1 . 3 0 5  
8 3 . 1 0 3 4 5  
3 6 6 . 4 1 0 7  
0 

T o t a l  Mass: 3 3 2 0 . 8 1 9  

LANDER PROPELLANT CAPACITY (kg): 

LOX C a p a c i t y :  
F u e l  C a p a c i t y :  

2 0 7 7 5 .  a6 
3 7 7 7 . 4 3  

T o t a l  P r o p e l l a n t  C a p a c i t y :  2 4 5 5 3 . 2 9  

P e r c e n t  o f  L a n d e r  LOX s u p p l i e d  f r o m  LSB: 0 
P e r c e n t  o f  L a n d e r  F u e l  s u p p l i e d  f r o m  LSB: 

Maximum P a y l o a d  C a p a b i l i t y :  8 9 7 3  
L i f t o f f  P a y l o a d  C a p a b i l i t y :  8 9 7 3  

Mass F r a c t i o n :  , 8 8 0 8 6 3 7  

T h i s  d a t a  h a s  b e e n  s t o r e d  i n  a f i l e  c a l l e d :  30BRR. DAT 

D-9 3 

0 
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H / 0 OTV & LANDER 

Isp = 470 sec 

LLOX AVAILABLE 

15.9 MT PAYLOAD 

30% AEROBRAKE 

1 
P 
I 
1 
I 
1 
I 
I 
1 
1 
1 
I 
I 
I 
I 
I 
I 
I 
1 

I 
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RUN 
Do you wish t o  c r e a t e  a da ta  f i l e ?  CY3:Y 
What do you wish t o  c a l l  t h e  da ta  file:SOBRKZ.DAT 
Do you wish t o  use an aerobrake? CY3:Y 
E n t e r  t h e  re robrake mass percent:30 
Do you wish t o  use 2 separate veh ic les?  C Y 3 : Y  
E n t e r  I s p  f o r  OTV and f o r  Lander:470.470 
E n t e r  OTV mass kg (NOT i n c l u d i n g  tanks):1030 
En te r  Lander mass )?g (NOT i n c l u d i n g  tanks and land ing  gear ) :  
101.0 
Ente r  t h e  maximum payload f o r  QT'J t f o r  Lander: 15f73.1:?73 
Ente r  t h e  O/F mix tu re  r a t i o  f o r  t h e  OT'J h f o r  t h e  Lander:Z.Z.J.Z 
En te r  t h e  number 0% engines L engine t h r u s t  f o r  t h e  OTV:Z.3;361 
E n t e r  mass f o r  each engine L i t s  t h r u s t  s t r u c t u r e  f o r  OTV:95 
E n t e r  t h e  number of engines f enqine t h r u s t  f o r  t h e  Lander:2.33361 
En te r  mass f o r  each engine f i t s  t h r u s t  s t r u c t u r e  f o r  Lander:95 
E )  LOX - HYDFGGEN 
6 )  LOX - PLlJMINUM 
C )  LOX - MMH 
D )  LOX - SILANE 
Choose t h e  type  of  engine t o  be used f o r  t h e  OTlJ and Lander:A.A 

Do you wish t o  use l unar  p rope l l an ts?  C Y 3 : Y  
Ente r  t h e  percent o f  f u e l  t, o f  o x i d i z e r  f r cm Moon f u r  Lander: 
0,lrJrJ 
Ente r  t h e  percent o f  f u e l  c4 of o x i d i i e r  f rom Moon f o r  OTV: 
O !  100 

Should t h e  ammount of Lunar LOX re tu rned  be t h e  d r i v i n g  f a c t o r  
f o r  t h e  v e h i c l e  design? (Y/N):N 
E n t e r  t h e  maximum number o f  engines a l lowed +or t h e  Lcnder:Z 

The Lander l i f t o f f  payload c a p a b i l i t y  i s :  997: 
Do you wish t o  change t h e  engine c o n s t r s i n t  t o  a l l o w  a 
l a r g e r  payload? (Y/N):N 
The Lander does n o t  have t h e  l i f t  c a p a b i l i t y  t o  r e t u r n  
a manned capsule and t h e  p r o p e l l a n t  needed f o r  t h e  OTV. 
En te r  a 0 i f  you wish t o  inc rease t h e  number o f  Lander 
t r i p s .  Enter a 1 i f  you wish t o  inc rease t h e  number o f  
Lander engines.O 
=PtPSI=II I=P=====I=If l=IP==a======~=~==~======~== 

T h i s ' i s  a t w o  vehicl.  con f l gu re t i on  which uses Lunar p r o p e l l a n t s .  
The OTV t r a v e l s  t o  LLO c a r r y i n g  a payload and p r o p e l l a n t  
f o r  t h e  Lander. The Lander makes 2 r o u n d - t r i p i s )  frclm LCH t o  
LLO. It c a r r i e s  t h e  OTV payload t o  LSB and d e l i v e r s  Lunar 
p r o p e l l a n t  t o  the  OTV. A f t e r  2 Lander t r i p t s ) .  t he  O W  
depar t s  f o r  LEO, loaded w i t h  Lunar p r o p e l l a n t s .  

LUNAF. L O X  LOAI?ED ONTO C)TV AT LSF: 17766.54 
LUNAF LOX USED BY OTL': ,t.ILQ. 157 
LUrlAF FIJEL USED BY C)TV : 1:1 

LLINAF L O X  F:ETUFPIED= 1 y4:,-. :e 
LED-P;~SET! LOX BURNED: -*.%Y. 7: 

c - c  

--. 

OTV mss  (kg) : 

Dry  Mass: 1050 
Fsrr,br?\ e Mass: 6771.479 



D-96 LOX Tank MASS: 1%. s429 
Fue l  Tank Mass: 1298.616 
F r c r s u r c  Tank Mass: 0 

T o t a l  Mass: 9258.438 

OTV PROPELLANT CAPCICITY (kg) :  

T o t a l  LOX Capacity: 39085.72 
L O X  Car r i ed  f o r  OTV: 39085.72 
LOX C a r r i e d  for Lander: 0 
A d d i t i o n a l  LOX Storage C a p a b i l i t y  f o r  Return T r i p :  0 
Fue l  Capac i ty  f o r  OTV: 8 0 2 6 . 3 2  
Furl Capac i ty  Car r ied  for-Lander: ad6 1.449 I- 

T o t a l  Prope l  1 ant Capac i t y : 47 1 12.07 

Percent o f  r e t u r n  t r i p  LOX from LSA: 1 X I  

Percent  o f  r e t u r n  t r i p  Fuel  from LSB: 0 

Fayload C a p a b i l i t y  t o  LSB: 15873 
Return  Payload Capabi 1 i t y :  158TS 

Mass F rac t i on :  .8357574 

LANDER ENGINE DATA: 

-. Isp :  470 
Number o f  engines: i 

T h r u s t  per engine (N): 33361 
Mass'of each engine k its thrust s t r u c t u r e  (kg) :  
LOX - Hydrogen engine w i t h  MR: 5.5 

LANDER MGSS (kg) : 

Dry Mas5: 1030 
Land1 ng Gear Mass: 
LOX Tank Mass: 
Fuel  Tank Mass: 
Pressure Tank Mass: 

T o t a l  Mass: a,,?. T88 --- 

18a6.201 
8;. 41 28 
367.7746 
0 

LANDER PROPELLCiNT CAPCICITY (kg):  

LOX Capacity: 
Fue l  Capacity: 

20853.2 
3791.49 

T o t a l  P rope l l an t  Czpacity: 21644.69 

Percent of Lander LOX supp l ied  from LS.3: 100 
Percent of Lander Fuel supp l i ed  f r o m  LSA: 

ITaximurn Payload Capab i l i t y :  
L i f t o f f  Payload Capab i l i t y :  
Tan) S t r u c t u r e  f o r  f e f u e l l n g  OTV: 

Mags F r s c t i o n :  .431'v& 1 

Th is  da ta  has been s to red  i n  a f i l e  ca l l ed :  
0 k 

1387: 
897; 
89.725'99 

$5 

1 
1 
I 
1 
1 
I 
I 
I 
1 
d 
I 

- I  
I 
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SILANE / 0 OTV & LANDER 

Isp =366 sec 

0 I F = 0.78 

NO LUNAR PROPELLANTS AVAILABLE 

15.9 MT PAYLOAD 

15% AEROBRAKE 



D-98 

RUN 
Do you wish to create a data file? [Y]:Y 
What do you wish to call the data file:sILANEl.DAT 
Do you wish to use an aerobrake? [Y]:Y 
Enter the aerobrake mass percent:15 
Do you wish to use 2 separate vehicles? [Y]:Y 
Enter Isp for OTV and for Lander:366,366 
Enter OTV mass kg (NOT including tanks):840 
Enter Lander mass kg (NOT including tanks and landing gear): 
8340 
Enter the maximum payload for OTV & f o r  Lander:15873,15873 
Enter the O/F mixture ratio for the OTV & for the Lander:.78,.78 
Enter the number of engines & engine thrust for the OTV:2,33361 
Enter mass for each engine & its thrust structure for OTV:100 
Enter the number of engines & engine thrust for the Lander:2,33361 
Enter mass for each engine & its thrust structure for Lander:100 
A )  LOX - HYDROGEN 
B) LOX - ALUMINUM 
C) LOX - MMH 
D) LOX - SILANE 
E) LOX - ALUMINIZED HYDROGEN 
Choose the type of engine to be used for the OTV & Lander:D,D 

This is a two vehicle configuration which does not use 
Lunar propellants. The OTV travels from LEO to LLO, carrying 
a payload and all of the propellant needed by the Lander. 
The Lander makes one round trip from LSB to LLO, carrying 
the OTV payload to LSB and delivering a payload from LSB to 
the OTV. The OTV then returns to LEO. 

OTV ENGINE DATA: 
Isp: 366 

Thrust per engine (N): 33361 
Mass of each engine & its thrust structure (kg): 
LOX - Silane engine with MR: .78 

Number of engines: 2 

OTV MASS (kg): 

Dry ‘Mass: 1 0 4 0  
Aerobrake Mass: 
LOX Tank Mass: 
Fuel Tank Mass: 
Pressure Tank Mass: 

3345.651 
355.1737 
1138.377 
0 

Total Mass: 5879.202 

OTV PROPELLANT CAPACITY (kg): 

100 

I 
I 
I 
I 
I 
I 
I 
I 
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I 
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I 
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I 
1 
1 
I 
1 
1 



Total LOX Capacity: 88 793.4 2 
LOX Carried for OTV: 70998.24 
LOX Carried for Lander: 17795.19 D-99 

Fuel Capacity for OTV: 91023.39 
Fuel Capacity Carried for Lander: 22814.35 

Additional LOX Storage Capability for Return Trip: 0 

Total Propellant Capacity: 162021.6 

Percent of return trip LOX from LSB: 0 
Percent of return trip Fuel from LSB: 0 

Payload to LSB: 15873 
Return Payload Capability: 15873 

Mass Fraction: .964984 1 

LANDER ENGINE DATA: 

Isp: 3 6 6  

Thrust per engine (N): 3 3 3 6 1  
Mass of each engine & its thrust structure (kg): 

Number of engines: 3 

LOX - Silane engine with MR: .78  

LANDER MASS (kg): 

Dry Mass: 1 1 4 0  
Landing Gear Mass: 2780.538 
LOX Tank Mass: 71.18077 
Fuel Tank Mass: 228.1435 
Pressure Tank Mass: 0 

Total Mass: 4219.862 

LANDER PROPELLANT CAPACITY (kg): 

LOX Capacity: 
Fuel Capacity: 

17795.19 
22814.35 

Total Propellant Capacity: 40609.54 

. Percent of Lander LOX supplied from LSB: 0 
Percent of Lander Fuel supplied from LSB: 

Payload to LSB: 
Liftoff Payload: 

15873 
10815.26  

Mass Fraction: .9058684 

This data has been stored in a file called: 

100 

0 

SILANE1.DAT 
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SILANE / 0 O W  & LANDER 

Isp =366 sec 

0 I F = 0.78 

LLOX AND LUNAR Si AVAILABLE 

15.9 MT PAYLOAD 

15% AEROBRAKE 

I 

1 

I 

I 



ORIGINAL PAGE IS 
OF POOR QUALITY D-101 

RUN 
Do you wish to create a data file? [Y]:Y 
What do you wish- to call the data file:SILANE2.DAT 
Do you wish to use an aerobrake? [Y]:Y 
Enter the aerobrake mass percent:15 
Do you wish to use 2 separate vehicles? [Y]:Y 
Enter Isp for OTV and for Lander:366,366 
Enter OTV mass k g  (NOT including tanks):840 
Enter Lander mass kg  (NOT including tanks and landing gear): 
840 
Enter the maximum payload for OTV & for Lander:15873,215873 
Enter the O/F mixture ratio for the OTV & for the Lander:.78,.78 
Enter the number of engines & engine thrust for the OTV:2,33361 
Enter mass for each engine & its thrust structure for OTV:9100 
Enter the number of engines & engine thrust for the Lander:2,33361 
Enter mass for each engine & its thrust structure f o r  Lander:100 
A) LOX - HYDROGEN 
B) LOX - ALUMINUM 
C) LOX - MMH 
D) LOX - SILANE 
E) LOX - ALUMINIZED HYDROGEN 
Choose the type of engine to be used f o r  the OTV & Lander:D,D 

Do you wish to use lunar propellants? [Y]:Y 
Enter the percent of fuel & of  oxidizer from Moon for Lander: 
87.5,lOO 
Enter the percent of fuel & of oxidizer from Moon for OTV: 
87.5,lOO 

Should the ammount of  Lunar LOX returned be the driving factor 
for the vehicle design? (Y/N):N 
Enter the maximum number o f  engines allowed for the Lander:3 

The Lander liftoff payload capability is: 10729.06 
Do you wish to change the engine constraint to allow a 
larger p a y l o a d ?  ( Y / , U ) : N  _________-_______-__-------------------------- _________________-_--------------------------- 

This is a two vehicle configuration which uses Lunar propellants. 
The OTV travels to LLO carrying a payload and propellant 
f o r  the Lander. The Lander makes 1 round-trip(s) from LSB to 
LLO. It carries the OTV payload to LSB and delivers Lunar 
propellant to the OTV. After 1 Lander trip(s), the OTV 
departs for LEO, loaded with Lunar propellants. 

LCN,$R LOX LOADED ONTO OTV AT LSB: 8762.836 
LUNAR LOX USED BY OTV: 1657.103 
LCNAR FUEL USED BY OTV : 1858.93 
LCSAR LOX RETURNED= 7105.734 
LEO-BASED LOX BURNED: 21471.91 

OTV ENGINE DATA: 



Isp: 3 6 6  

Mass of each engine & its thrust structure (kg): 
LOX - Silane engine with MR: .78 

Number of engines: 2 
D- 102 Thrust per engine (N): 3 3 3 6 1  

100 

OTV MASS (kg): 

Dry Mass: 1050 
Aerobrake Mass: 1900.469 
LOX Tank Mass: 85.88765 
Fuel Tank Mass: 3 0 6 . 5 1 4 1  
Pressure Tank Mass: 0 

Total Mass: 3332.871 

OTV PROPELLANT CAPACITY (kg): 

Total LOX Capacity: 21471.91 
LOX Carried for OTV: 21471.91 
LOX Carried for Lander: 0 
Additional LOX Storage Capability f o r  Return Trip: 0 
Fuel Capacity for OTV: 27793.66 
Fuel Capacity Carried f o r  Lander: 2857.757 

Total Propellant Capacity: 49265.57 

Percent of return trip LOX from LSB: 100 
Percent of return trip Fuel from LSB: 87.5 

Payload to LSB: 15873 
Return Payload Capability: 15873 

Mass Fraction: .9366356 

LANDER ENGINE DATA: 

Isp: 3 6 6  

Thrust per engine (N): 3 3 3 6 1  
Nass of  each engine & its thrust structure (kg): 
LOX - Silane engine with MR: .78 

Number of engines: 3 

LANDER MASS (kg): 

D r y  Mass: 1 1 4 0  
Landing Gear Mass: 
LOX Tank Mass: 
Fuel Tank Mass: 
Pressure Tank Mass: 

Total Mass: 4220.403 

2780.453 
71.32962 
228.6206 
0 

LANDER PROPELLANT CAPACITY (kg): 

LOX Capacity.: 17832.4 

100 
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Fuel Capacity: 22862.06 

Total Propellant Capacity: 40694.46 

Percent of Lander LOX supplied from LSB: 100 
Percent of Lander Fuel supplied from LSB: 

Payload to LSB: 15873 
Liftoff Payload: 10729.06 
Tank Structure for Refueling OTV: 

Mass Fraction: .go60355 

This data has been stored in a file called: 

107.2906 

D-103 

87.5 

SILANE2.DAT 
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AI - H2 / 0 OTV & LANDER 

Isp =400 sec 

0 / F = 3.1 

N O  LUNAR PROPELLANTS AVAILABLE 

15.9 MT PAYLOAD 

15% AEROBRAKE 
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RUN 
Do you wish to create a data file? [Y]:Y 
What do you wish to call the data file:ALUMHl.DAT 
Do you wish to use an aerobrake? [Y]:Y 
Enter the aerobrake mass percent:15 
Do you wish to u s e  2 separate vehicles? [Y]:Y 
Enter Isp for OTV and for Lander:400,400 
Enter OTV mass kg (NOT including tanks):840 
Enter Lander mass kg (NOT including tanks and landing gear): 
840 
Enter the maximum payload for OTV ti for Lander:15873,15873 
Enter the O/F mixture ratio for the OTV & for the Lander:3.1,3.1 
Enter the number of engines & engine thrust for the OTV:2,33361 
Enter mass for each engine & its thrust structure for OTV:140 
Enter the number of engines & engine thrust for the Lander:2,33361 
Enter mass for each engine & its thrust structure for Lander:l40 
A) LOX - HYDROGEN 
B) LOX - ALUHINUN 
C) LOX - MMH 
D) LOX - SILANE 
E) LOX - ALUMINIZED HYDROGEN 
Choose the type of engine to be used for the OTV & Lander:E,E 

Do you wish t o  use lunar propellants? [Y]:N 
Enter the maximum number of engines allowed for Lander:3 
E = r = D E = r = = 0 = 3 3 E = = = = = E e = = = = = = = = r = = l = = = ~ E = =  

This is a two vehicle configuration which does not use 
Lunar propellants. The OTV travels from LEO to LLO, carrying 
a payload and all of the propellant needed by the Lander. 
The Lander makes one round t r i p  from LSB t o  LLO, carrying 
the OTV payload to LSB and delivering a payload from LSB t o  
the OTV. The OTV then returns to LEO. 

OTV ESGINE DATA: 
I s p :  400 

Thrust per engine ( N ) :  33361 

LOX - Aluminized Hydrogen engine with ? l R :  3.1 

Sumber of engines: 2 

.Mass of each engine & its thrust structure (kg): , 

OTV N A S S  (kg): 

Aerobrake Mass: 3645,597 
LOX Tank Mass: 533.3873 
Fuel Tank Mass: 2580.907 
Pressure. Tank Mass: 0 

Dry Plass: 1120 

140  

Total ?lass: 7879.891 



OTV PROPELLANT CAPACITY ( k g ) :  

Total LOX Capacity: 1 3 3 3 4 6 . 8  
1 0 4 8 9 7 . 9  LOX Carried for OTV: 

LOX Carried for Lander: 2 8 4 4 8 . 9 2  
Additional LOX Storage Capability for Return Trip: 
Fuel Capacity for OTV: 3 3 8 3 8 . 0 4  
Fuel Capacity Carried for Lander: 9 1 7 7 . 0 7 2  

D- 106 

Total Propellant Capacity: 1 3 8 7 3 5 . 9  

Percent of return trip LOX from LSB: 0 
Percent of return trip Fuel from LSB: 0 

Payload to LSB: 1 5 8 7 3  
Return Payload Capability: 1 5 8 7 3  

Mass Fraction: . 9 4 6 2 5 4 9  

LANDER ENGINE DATA: 

rsp: 4 0 0  
Number of engines: 3 
Thrust per engine (N): 3 3 3 6 1  
Mass of each engine & its thrust struc'ture ( k g ) :  
LOX - Aluminized Hydrogen engine with MR: 3 . 1  

LANDER MASS (kg): 

Dry Mass: 1 2 6 0  
Landing Gear Mass: 
LOX Tank Mass: 
Fuel Tank Mass: 
Pressure Tank Mass: 

2 7 8 0 . 8 0 2  
1 1 3 . 7 9 5 7  
5 5 0 . 6 2 4 3  
0 

Total Mass: 4 7 0 5 . 2 2 2  

LANDER PROPELLANT CAPACITY ( k g ) :  

LOX Capacity: 
Fuel Capacity: 

2 8 4 4 8 . 9 2  
9 1 7 7 . 0 7 2  

Total Propellant Capacity: 3 7 6 2 5 . 9 9  

Percent of Lander LOX supplied from LSB: 0 
Percent of Lander Fuel supplied from LSB: 

Payload to LSB: 
Liftoff Payload: 

15873  
1 3 3 1 6 . 4 1  

Mass Fraction: . 8 8 8 8 4 7 5  

This data has been stored in a file called: 

0 

140 

0 

ALUMH1.DAT 
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AI - H2 / 0 OTV & LANDER 

Isp =400 sec 

0 / F = 3.1 

LLOX AND LUNAR AI AVAILABLE 

15.9 MT PAYLOAD 

15% AEROBRAKE 
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RUN 
Do you wish to create a data file? [Y]:Y 
What do you wish to call the data file:ALUMH2.DAT 
Do you wish to use an aerobrake? [Y]:Y 
Enter the aerobrake mass percent:15 
Do you wish to use 2 separate vehicles? [Y]:Y 
Enter Isp for OTV and for Lander:400,400 
Enter OTV mass kg (NOT including tanks):840 
Enter Lander mass kg (NOT including tanks and landing gear): 
840 
Enter the maximum payload for OTV & for Lander:15873,15873 
Enter the O/F mixture ratio for the OTV & for the Lander:3.1,3.1 
Enter the number of engines & engine thrust for the OTV:2,33361 
Enter mass for each engine & its thrust structure for OTV:140 
Enter the number of engines & engine thrust for the Lander:2,33361 
Enter mass for each engine & its thrust structure for Lander:140 
A) LOX - HYDROGEN 
B) LOX - ALUMINUM 
C) LOX - MMH 
D) LOX - SILANE 
E) LOX - ALUMINIZED HYDROGEN 
Choose the type of engine to be used for the OTV & Lander:E,E 

Do you wish to use l u n a r  propellants? [Y]:Y 
Enter the percent of fuel & of oxidizer from Moon for Lander: 
40,100 
Enter the percent of fuel & of oxidizer from Moon for OTV: 
40,100 

Should the ammount of Lunar LOX returned be the driving factor 
for the vehicle design? (Y/N):N 
Enter the maximum number of engines allowed for the Lander:3 

The Lander liftoff payload capability is: 13219.93 
Do you wish to change the engine constraint to allow a 
larger payload? (Y/N):N 
PIPeP=31P==Z=IPPIPLIPESDP=P13tPIPPPPIIIPa===== 

This is a two vehicle configuration which uses Lunar propellants. 
The OTV travels to LLO carrying a payload and propellant 
for the Lander. The Lander makes 1 round-trip(s) from LSB to 
LLO. It carries the 0TV.payload t o  LSB and delivers Lunar 
propellant to the OTV. After 1 Lander trip(s), the OTV 
departs for LEO, loaded with Lunar propellants. 

LUNAR LOX LOADED ONTO OTV AT LSB: 12646.93 
LUNAlR LOX USED BY OTV: 3416.214 
LUNAR FUEL USED BY OTV : 440.8018 
LUNAR LOX RETURNED= 9230.715 
LEO-BASED LOX BURNED: 38157.57 

OTV ENGINE DATA: 
Lap 400 



Number of engines: 2 
Thrust per engine (N): 33361 
Mass o f  each engine & its thrust structure (kg): 
LOX - Aluminized Hydrogen engine with MR: 3.1 

OTV MASS (kg): 

Dry Mass: 1120 
Aerobrake Mass: 
LOX Tank Mass: 
Fuel Tank Mass: 
Pressure Tank Mass: 

2207.01 
152.6303 
1109.41 2 
0 

Total Mass: 4589.052 

OTV PROPELLANT CAPACITY (kg): 

Total LOX Capacity: 381 57.57 
LOX Carried for OTV: 38157.57 
LOX Carried for Lander: 0 
Additional LOX Storage Capability for Return Trip: 
Fuel Capacity for OTV: 12970.1 
Fuel Capacity Carried f o r  Lander: 5520.098 

Total Propellant Capacity: 51127.67 

Percent of return trip LOX from LSB: 100 
Percent of return trip Fuel from LSB: 40 

Payload to LSB: 15873 
Return Payload Capability: 15873 

Mass Fraction: .9176359 

LANDER ENGINE DATA: 

Isp: 400 

Thrust per engine (N): 33361 
Mass of each engine & its thrust structure (kg): 
LOX - Aluminized Hydrogen engine with MR: 3.1  

Number of engines: 3 

LANDER MASS (kg): 

Dry Mass: 1260 
Landing Gear Mass: 
LOX' Tank Mass: 
Fuel Tank Mass: 
Pressure Tank Mass: 

2780.794 
114.082 
552.0097 
0 

Total Mass: 4 7 0 6 . 8 8 6  

LANDER PROPELLANT CAPACITY (kg): 

LOX Capacity: 28520.5 

140 

0 

140 

D-109 



Fuel C a p a c i t y :  9200.162 

Total Propellant Capacity: 37720.67 

Percent o f  Lander LOX supplied from LSB: 
Percent of Lander Fuel supplied from LSB: 

Payload to LSB: 15873 
Liftoff Payload: 13219.93 
Tank Structure for Refueling OTV: 

Mass Fraction: .8890606 

D-110 

This data h a s  b e e n  stored in a file called: 

I 

1 

100 

132.1993 

ORIGINAL PAGE IS 
OF POOR QUALKY 

40  

A L U > ! H 2 .  DAT 
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H I O  OTV & LANDER 

k p  =470 sec 

LLOX AVAILABLE 

15.9 M7 PAYLOAD 

15% AER08RAKE 
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RUN 
Do you wish to create a data file? [Y]:Y 
What do you wish to call the data file:]LLLOXR.DAT 
Do you wish to use an aerobrake? [Y]:Y 
Enter the aerobrake mass percent:15 
Do you wish to use 2 separate vehicles? [Y]:Y 
Enter Isp for OTV and for Lander:470,470 
Enter OTV mass kg (NOT including tanks):840 
Enter Lander mass kg (NOT including tanks and landing gear): 
840 
Enter the maximum payload for OTV & for Lander:15873,15873 
Enter the O/F mixture ratio for the OTV & for the Lander:5.5,5.5 
Enter the number of engines & engine thrust for the OTV:2,33361 
Enter mass for each engine & its thrust structure for OTV:95 
Enter the number of engines & engine thrust for the Lander:2,33361 
Enter mass for each engine & its thrust structure for Lander:95 
A) LOX - HYDROGEN 
B) LOX - ALUMINUM 
C) LOX - MMH 
D) LOX - SILANE 
E) LOX - ALUMINIZED HYDROGEN 
Choose the type of engine to be used for the OTV & Lander:A,A 

Do you wish to use lunar propellants? [Y]:Y 
Enter the percent of fuel & of oxidizer from Moon for Lander: 
0,100 
Enter the percent of fuel & of oxidizer from Moon for OTV: 
0,100 

Should the ammount of Lunar LOX returned be the driving factor 
for the vehicle design? (Y/N):Y 
Enter the minimal ammount of Lunar LOX you wish to return as 
a percent of the LEO-based LOX which is burned:100 
Enter the maximum number of engines allowed for the Lander:2 

The Lander liftoff payload capability is: 9056.048 
Do you wish to change the engine constraint to allow a 
larger payload? (Y/N):N 
No. of Lander Trips: 2 
No. of Lander Trips: 3 
No. of Lander Trips: 4 
No. of Lander Trips: 5 

No. of Lander Trips: 7 

No. of Lander Trips: 9 
No. of Lander Trips: 10 

No, of Lander Trips: 6 

No. of Lander Trips: 8 

==-_----------- -_ , - - - , - - - - - - I= tPDP=I IP1SI I=S IEDPDI= I IPP===~  

This i s  a two vehicle configuration which uses Lunar propellants. 
The OTV travels to LLO carrying a payload and propellant 
for the Lander. The Lander makes 10 round-trip(s) from LSB to 
LLO. It carries the OTV payload to LSB and delivers Lunar 
propellant to the OTV. After 10 Lander trip(s), the OTV 
departs for LEO, loaded with Lunar propellants. 
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ORIGINAL PAGE IS 
OF POOR QUALITY 

8 
B 

LUNAR LOX LOADED ONTO OTV AT LSB: 89654.88 
LUNAR LOX USED BY OTV: 20190.58 
LUNAR FUEL USED BY OTV : 0 
LUNAR LOX RETURNED= 69464.3 
LEO-BASED LOX BURNED: 69379.13 

OTV EXGINE DATA: 
Isp: 470 

Thrust per engine ( N ) :  33361 
Mass of each engine & its thrust structure (kg): 

Number of engines: 2 

LOX - Hydrogen engine with MR: 5.5 

OTV MASS (kg): 

Dry ?lass: 1030 
Aerobrake Mass: 13544.54 
LOX Tank Yass: 297.2478 
Fuel Tank Mass: 3327.25 
Pressure Tank >lass: 0 

Total ?lass: 18199.04 

OTV PROPELLAXT CAPACITY (kg): 

Total LOX Capacity: 7431 1.93 
LOX Carried for OTV: 69379.13 
LOX Carried for Lander: 0 
Additional LOX Storage Capability for Return Trip: 
Fuel Capacity for OTV: 16285.4 
Fuel Capacity Carried for Lander: 18016.15 

Total Propellant Capecity: 85664.53 

Percent of return trip LOX from LSB: 100 
Percent o f  return t r i p  Fuel from LSB: 13 

Payload to LSB: 15873 
Return Payload Capability: 15873 

?lass Fraction: .8247794 

LANDER ENGINE DATA: 

Isp: 470 

Thrust per engine ( 5 ) :  33361 
Nass o f  each engine & its thrust structure (kg): 

Xunber of engines: 2 

LOX - Hydrogen engine with YR: 5.5 

95 

4932.797 

95 
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L.ASDE? N h S S  ( k g )  : 

D r y  )\ass*. 1030 
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L a n d i n g  Gear  Mass:  
LOX T a n k  Mass: 
F u e l  T a n k  Mass: 
Pressure T a n k  Mass :  

1 8 5 3 . 8 8 1  
8 3 . 6 2 1 9 3  
3 6 8 . 6 9 6 6  
0 

T o t a l  Mass :  3 3 3 6 . 2  

LANDER PROPELLANT CAPACITY ( k g ) :  

LOX C a p a c i t y :  
F u e l  C a p a c i t y :  

2 0 9 0 5 . 4 8  
3 8 0 0 . 9 9 6  

T o t a l  P r o p e l l a n t  C a p a c i t y :  2 4 7 0 6 . 4 8  

P e r c e n t  o f  L a n d e r  L O X  s u p p l i e d  f r o m  L S B :  100 
P e r c e n t  o f  L a n d e r  F u e l  s u p p l i e d  from L S B :  

P a y l o a d  t o  L S B :  1 5 8 7 3  
L i f t o f f  P a y l o a d :  9 0 5 6 . 0 4 8  
T a n k  S t r u c t u r e  f o r  R e f u e l i n g  OTY: 9 0 . 5 6 0 h 8  

Nzss F r a c t i o n :  . 8 8 1 0 3 1 3  

T h i s  d a t a  h a s  b e e n  s t o r e d  in a f i l e  c a l l e d :  

0 

L L O S R .  BAT 

ORIGINAL PAGE IS 
OF POOR QUALtlY 
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APPENDIX E 

VEHICLE PERFORMANCE AND TUNSPORTATION XODELING 

E.1 ASTBOSIZE 

H.2 ASTROFEST 
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E. 1 ASTROSIZE 

A VEHICLE SIZING PROGRAM 

DECEMBER 8 ,  1986 
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The ASTROSIZE Program i s  an in-house computer a n a l y s i s  t o o l  deve loped  a t  

A s t r o n a u t i c s  C o i p o i a t i o n  of  America which a l lows  t h e  u s e r  t o  q u i c k l y  s i z e  a 

space  v e h i c l e  and e s t i m a t e  t h e  p r o p e l l a n t  r equ i r emen t s  f o r  a r o u n d - t r i p  mis s ion  

t o  any d e s t i n a t i o n .  When p l a n n i n g  a m i s s i o n ,  i t  i s  o f t e n  d i f f i c u l t  EO d e f i n e  

t h e  e f f e c t s  of t r a n s p o r t a t i o n  sys t em pa rame te r s  on t h e  a c t u a l  s i z e  of  a v e h i c l e  

when t h e  v e h i c l e  i s  adap ted  t o  t h e  mis s ion .  ASTROSIZE a l l o w s  the  u s e r  t o  see 

t h e  e f f e c t s  of t h e s e  p a r a m e t e i s  on t h e  v e h i c l e  s i z e  and t h e  p r e l i m i n a r y  pro-  

p e l l a n t  requi rement .  es t imate .  F i g u r e  1 i s  a f low d iagram of  t h e  piogiam. 

The major i n p u t s ,  a sample o u t p u t ,  as w e l l  as f u t u i e  piogiam development  

p l a n s  are d i s c u s s e d  i n  t h e  f o l l o w i n g  pages.  

Major I n p u t s  

The major  i n p u t s  f o r  ASTROSIZE c o n s i s t  o f  v e h i c l e  pa rame te r s  and e n g i n e  

p a r a m e t e r s .  The v e h i c l e  p a r a m e t e i s  d e f i n e  t h e  v e h i c l e  d e s i g n ,  e x c l u d i n g  t h e  

e n g i n e s .  They i n c l u d e ,  v e h i c l e  subsys tem mass, payload  c a p a b i l i t y ,  t a n k  mass 

p a r a m e t e r s ,  a e i o b i a k e  p e i c e n t  of  r e e n t i y  mass and l a n d i n g  g e a r  p e r c e n t  of  

l a n d i n g  mass. The v e h i c l e  subsys t ems  mass i s  t h e  mass of  t h e  v e h i c l e  w i t h o u t  

t a n k s  , e n g i n e s  , and e n g i n e  t h r u s t  s t r u c t u r e s .  The payload  c a p a b i l i t y  i s  s i m p l y ,  

t h e  maximum payload  which t h e  v e h i c l e  can  c a r i y .  A t a n k  pa rame te r  i s  t h e  mass 

of t h e  t a n k  d i v i d e d  by t h e  mass of  t h e  p r o p e l l a n t  which t h e  t ank  h o l d s .  T h i s  

r a t i o  i s  c u r r e n t l y  assumed to be' l i n e a r  and t h e  program c o n t a i n s  8 small d a t a  

. b a s e  of  v a l u e s  f o r  some commonly used  p r o p e l l a n t s .  The u s e r  s imply  s p e c i f i e s  

t h e  type  of  p i o p e l l a n t  t o  be  used  and t h e  t a n k  pa rame te r  w i l l  be a s s i g n e d  a c c o i -  

d i n g l y .  The ae robrake  mass i s  de te rmined  a s  a p e i c e n t  o f  t h e  v e h i c l e  mass upon 

r e e n t e i i n g  t h e  a tmospheie .  
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Propellant Requirements for Stages b Tanks 
Landing Gear Max Fuel and Max Oxidizer During Flight 

VEHICLE PARAMETERS 
Subsystem Mass 
Aerobrake (“A of RM) 
Payload 
Landing Gear o/o 
Tank Parameters 

I 

Iterate 

El ICUT D A R A M F T F R S  1 I ENGINE PARAMETERS 
Thrust 

INPUTS Mass 
ISP 
Type of Propellant 
O/F Ratio 

I L.,U,,. . -,.-...-.-..- 
A \sS 
Staging 
Propellant Sources 
Basing Nodes 

1 I I I 

FIGURE 1 .  Actrorizc F l o w  Diagram 
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The second major i n p u t ,  eng ine  p a r a m e t e r s ,  i n c l u d e  eng ine  t h r u s t ,  mass, 

I s p ,  p r o p e l l a n t  t ype  and O/F r a t i o .  The eng ine  t h r u s t  and mass c o n t r i b u t e  t o  

d e t e r m i n i n g  how many e n g i n e s  w i l l  be needed f o r  a g iven  f l i g h t .  From t h i s  

i n f o r m a t i o n  t h e  s i z e  of  t h e  t anks  can  be c a l c u l a t e d .  The u s e r  can q u i c k l y  

de t e rmine  t h e  major  d e s i g n  d r i v e r s  f o r  a v e h i c l e ,  des igned  f o r  a l u n a r  m i s s i o n ,  

by s imply  v a r y i n g  t h e  i n p u t  parameter  v a l u e s .  
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Sample Output  

F i g u r e  2.  c o n r a i n s  a s a m p l e  o u t p u t  f o r  a round- t r ip  mis s ion  t o  t h e  moon. 

The m i s s i o n  u s e s  two v e h i c l e s ,  an OTV and a l a n d e r .  Both of t h e  v e h i c l e s  have 

LOX Hydrogen e n g i n e s  and use  p i o p e l l a n t s  from t h e  moon. The o u t p u t  beg ins  w i t h  

a b r i e f  d e s c r i p t i o n  of t h e  m i s s i o n ,  d e s c r i b i n g  payload exchanges .  Th i s  i s  

fo l lowed by a l i s t  of  d a t a  conce rn ing  l u n a r  p r o p e l l a n t s  which have been used o r  

t r a n s p o r t e d  as w e l l  as t h e  amount of  oxygen needed from LEO. 

The v e h i c l e  d a t a  f o l l o w s  under  t h e  h e a d i n g s ,  OTV Design and Lander Design.  

Each of  t h e s e  is  broken down i n t o  3 c a t e g o r i e s :  engine  d a t a ,  v e h i c l e  mass d a t a ,  

and p r o p e l l a n t  c a p a c i t y  d a t a .  The remain ing  in fo rma t ion  f o r  each  v e h i c l e  con- 

s i s t s  o f  t h e  p e r c e n t  of  f u e l  and o x i d i z e r  t aken  from t h e  p r o p e l l a n t  s o u i c e ,  t h e  

pay loads  c a r r i e d ,  and t h e  mass f r a c t i o n .  Th i s  i n fo rma t ion  i s  then  s t o r e d  i n  a 

d a t a  f i l e  which :he u s e r  has  s p e c i f i e d .  

A s t r o s i z e  Opera t ion  

ASTROSIZE 5s  run  on an IBM PC/XT/AT O r  compa t ib l e .  The program i s  

c u r r e n t l y  w r i t t e n  i n  advanced BASIC b u t  w i l l  be conve r t ed  t o  FORTRAN, i n  t h e  

nea; f u t u r e .  
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FIGURE 2. Astrorize Sample Output 

T h i s  is i t w o  v e h i c l e  c o n f i g u r a t i o n  w n i c h  d o e r  n o r  u s e  
L u n a r  p r o p e l l a n r s .  T h e  OTV c r a v e l s  from LEO r o  LLO. c a r r y i n g  
a p a y l o a d  a n d  a 1 1  o f  r h e  p r o p e l l a n r  n e e d e d  b r  r h e  L a n d e r .  
T h e  L a n d e r  makes one r o u n d  r r i p  f r o m  iSB L O  LLO. c a r r r l n q  
t h e  OTV p a r l o a d  t o  L S a  a n d  d c l i v e r i n q  a p a y l o a d  f r o m  LS3 :a 
r h e  GTV. T h e  OTV t h e n  r e r u r n a  t o  LEO. 

OTV EYCINE DATA: 
I s p :  6 7 0  

T h r u s r  p e r  e n g i n e  (N): 3 3 3 6 1  
X a s s  o f  e a c h  e n g i n e  d i c s  t h r u s r  s ~ r u c r ~ r e  (kg): 

Number  o f  e n g i n e s :  2 

LOX - H y d r o g e n  e n g i n e  wirh M R :  5 . 5  
9 5  

OTV KISS (kg): 

Dry X a s s :  1030 
A e r o b r a t e  Mass: 
LOX T a n k  Yass:  1 6 i . O L L  
F u e l  T a n k  Mass: 1 6 1 8 . ? 3  
P r e s s u r e  T a n k  f l a s s :  0 

T o r a :  ! lass:  6626.!85 

3 6 1 0 . 8 1 1  

OTV PROPELLANT CAPACITY ( k g ) :  

l o c a l  LUA L a p a c i t y :  Y I / O U . Y Y  
LOX C a r r i e d  f o r  OTV: 70985.1: 
LOX C a r r i e d  f o r  L a n d e r :  2 0 7 7 5 . 8 6  
Additional LOX S c o r a g e  Capabilirr f o r  R e c u r n  T r i p :  0 
F u e l  C a p a c i c y  f o r  OTV: 12906.39 
Fuel C a p a c i r i  C a r r i e d  f o r  L a n d e r :  3777.:3 

T o t a l  P r o p e l l a n t  C a p a c i t y :  8 3 6 9 1 . 5 2  

P e r c e n t  o f  r e t u r n  t r i p  LOX from LSB: 0 
P e r c e n r  o f  r e t u r n  r r i p  Fuel fros LS3: 0 

P a T l o a d  C a p a b i l i r r  to L S a :  1 5 8 7 3  
Z e r u r n  P a y l o a d  C a p a b i : i r r :  1 5 3 7 3  

Y z s s  F r a c r i o n :  . g z e a ~ q i  

LAYDEB ESCIAE DATA: 

I s p :  670  
N u i b t r  o f  e n g i n e s :  
T n r g s r  p e r  e n s i n e  ( 3 ) :  3 3 3 5 1  
!?ass o f  e a c i l  e n g i n e  & iis c n r u s :  5:rucc~re ( ~ q ) :  
LOX - R y d r o q e n  e n g i n e  w i c k  YR: 5 . 5  

LASDEB X A S S  (kg): 

? r y  !?ass :  1030 
Lanc:nS G e a r  Uass: . ? C 3  
LCY T e n k  '!ass: 3:.::2:3 
i u e l  T a n k  '.!ass: 3 6 6 .  1 .j 7 
P r e s s u r e  T a n k  V a s s :  0 

T o r a i  U a s s :  5 3 2 0 . 5 1 9  

L I X D E R  PRCPELLAST CAPACITY ( k 3 j :  

LOX C a p a c i t y :  
i u e l  C a p a c i : y :  

T o t a l  P r o p e l l a n r  C a p a c i r y :  ;&55:.?? 

P e r c e n t  o f  L a n d e r  L O X  supp1:e . i  f r o m  L S Z .  S 
P e r c e n r  o f  L a n d e r  F u e l  s u p p 1 : e d  :ram L t J :  

V a x i a u m  P a y l o a d  C a p a b i l - t y :  
L i f r a f f  P a y l o a d  C a p a b i l i r g :  

Y a s s  F r a c t i o n :  . _ _ _  :cneh?r 

5 9 7 3  
80'3 

O S  
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E . 2  ASTROFEST PROGRAM 

DECEMBER 2, 1986 

PRECEDING PAGE BLANK NOT FILMED 
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The ASTROFEST Program i s  a n  in -house  compute r  a n a l y s i s  t o o l  d e v e l o p e d  a t  

A s t r o n a u t i c s  C o r p o r a t i o n  o f  America t o  m a n i f e s t  t h e  f l i g h t  and r e s o u r c e  

r e q u i r e m e n t s  f o i  l o n g - t e r m ,  m u l t i p l e  f l i g h t ,  s p a c e  m i s s i o n s .  ASTROFEST a l l o w s  

t h e  u s e r  t o  c h o o s e  t h e  t y p e  o f  v e h i c l e  O i  v e h i c l e s ,  t o  be  used  f o i  :he m i s s i o n ,  

f i om a s e t  o f  v e h i c l e  d a t a  f i l e s .  These d a t a  f i l e s  c a n  be c r e a t e d  by a n o t h e r  

p rogram,  d e v e l o p e d  a t  A s t r o n a u t i c s  , c a l l e d  ASTROSIZE. ASTROFEST c o n s i d e i s  t h e  

p r o p e l l a n t  r e q u i r e m e n t s  f rom t h e  f l i g h t s  as w e l l  as equ ipmen t  and consumab l s  

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

The o u t p u t  l i s t s  t h e s e  r e q u i r e m e n t s  f o r  e a c h  y e a r  as w e l l  as t h e  t o t a l  r e q u i r e -  

ments  for  t h e  c o m p l e t e  m i s s i o n .  ASTROFEST a l l o w s  t h e  u s e r  t o  i d e n t i f y  t h e  most 

e f f i c i e n :  v e h i c l e ,  and t h e  r e s o u r c e  r e q u i r e m e n t s  f o i  a m u l t i - f l i g h t  m i s s i o n  t o  

t h e  moon. F i g u r e  1 i s  a f l o w  d i a g r a m  o f  t h e  program. The major  i n p u t s  and  a 

sample  o u t p u t  o f  t h e  p rogram a i e  d i s c u s s e d  i n  t h e  f o l l o w i n g  pages .  

Major I n p u t s  

The majo r  i n p u t s  f o r  ASTROFEST c o n s i s t  o f ,  a l i s t  o f  t h e  mass t o  be  d e l i -  

v e r e d  t o  t h e  moon e a c h  y e a r ,  t h e  name of t h e  v e h i c l e  t o  be  used i n  t h e  m i s s i o n  

and t h e  s l o p e  and y i n t e r c e p t  o f  a f u n c t i o n  describing l u n a r  propellant p r o -  

c e s s i n g .  The f i r s t  i n p u t ,  a d a t a  f i l e  c r e a t e d  by  t h e  u s e r ,  i n c l u d e s  t h r e e  

co lumns .  The f i r s t  column l i s t s  t h e  y e a i s  i n  which f l i g h t s  w i l l  be  made t o  t h e  

moon. The second  column c o n t a i n s  t h e  b u l k  mass which must  be d e l i v e r e d  t o  t h e  

moon f o i  t h e  c o r r e s p o n d i n g  y e a r .  F i n a l l y ,  t h e  t h i r d  column i s  t h e  number of 

manned f l i g h t s  which a re  p l a n n e d  f o r  t h e  c o i i e s p o n d i n g  y e a r .  (A manned c a p s u l e  

i s  assumed t o  have  a mass o f  6900 Kg.1 The s e c o n d  i n p u t ,  t h e  v e h i c l e  name 

e n t e r e d  by t h e  u s e r ,  must  match w i t h  t h e  name o f  a v e h i c l e  d a t a  F i l e  which was 
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MISSION MODEL DATA 

INITIAL AND OPERATIONAL RESUPPLY / EOUIPMENT MASS 

AND YEAR IN WHICH TO DELIVER MASS TO BE DELIVERED TO MOON 

NUMBER OF MANNED RIGHTS 

INPUTS 

i, 
(ANNUAL MISSION MODEL DATA) 

f 
CHANGE VEHICLE 

FILE +OR PROCESS 
PARAMETERS' 

. ACCUMUIATE TOTAL f MASS RECUIFIEMENTS 

t 

I 
MINIMUM NUMBER OF RIGHTS POSSIBLE 

( * ~ l O E M * S S E W A L L Y  OVER 

* CALCULATE P R O P E M  REWIFEMENTS I FROM EACH PROPEUANT SOURCE LCCATy)N 

4 \ 
SUPPORT MASS NEEDED 

R x u ~ m s c u R c E  
LOCATION 

~ 

YEARLY DESCRIPTION OF MISSION AND RESOURCE REOUIREMENTS 

YEAR 

NUMBER OF FLIGHTS 

NUMBER OF MANNED FLIGHTS 

PROPELLANT MASS VS. SOURCE LOCATION 

SUPPORT AND EOUIPMENT M A S S  VS SOWICE LOCATION 

TOTAL EARTH LAUNCH MASS 

TOTAL. DESCRIPTION Of '.4ISSIGN AND RESOURCE "EOUIREC!ENTS 

TOTAL NUMBER OF f U G H T S  

TOTAL NUMBER OF MANNED FLIGHTS 

TOTAL PROPELUNT AI4D EOUIPt.(ENT MASS VS SOURCE LOCATION 

TOTAL SUPPORT AND EWIPMENT MASS VS SOURCE LOCATION 

FIGURE 1. Ast io fes t  Flow Dia ram 
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c r e a t e d  by  a n o t h e r  program c a l l e d  ASTROSIZE. ASTROFEST i s  d e s i g n e d  t o  r e a d  t h e  

o u t p u t ,  which c o n t a i n s  v e h i c l e  s i z e  and p e r f o r m a n c e  d a t a ,  from t h e  program E-11 

ASTROSIZE. I f  a v e h i c l e  wh ich  u t i l i z e s  l u n a r  p r o p e l l a n t s  i s  c h o s e n ,  t h e  u s e r  

must  p r o v i d e  t h e  s l o p e  and y i n t e r c e p t  o f  t h e  f u n c t i o n  which d e s c r i b e s  r e s o u r c e  

r e q u i r e m e n t s  f o r  l u n a r  p r o p e l l a n t  p r o c e s s i n g .  The p r o c e s s  f u n c t i o n  i s  assumed 

t o  be  l i n e a r .  The y i n t e r c e p t  i s  t h e  mass o f  t h e  i n i t i a l  equ ipmen t  and 

mater ia l s  n e c e s s a r y  t o  s e t  up a l u n a r  p r o p e l l a n t  p r o c e s s i n g  b a s e .  The s l o p e  i s  

t h e  mass o f  consumab les  needed  t o  b e  r e p l a c e d  p e r  mass of  p r o p e l l a n t  p r o d u c e d .  

For  e x a m p l e ,  i f  a LOX Hydrogen OTV and L a n d e r  i s  c h o s e n ,  and l u n a r  LOX i s  t o  be 

u s e d  d u r i n g  t h e  m i s s i o n ,  t h e  u s e r  must s p e c i f y  t h e  s l o p e  and y i n t e r c e p t  o f  a 

f u n c t i o n  d e s c r i b i n g  t h e  p r o d u c t i o n  o f  l u n a r  LOX. By u s i n g  d i f f e r e n t  v e h i c l e  

t y p e s  w i t h  t h e i r  c o r r e s p o n d i n g  p r o c e s s  f u n c t i o n ,  t h e  u s e r  c a n  i d e n t i f y  t h e  most  

e f f i c i e n t  v e h i c l e  t o  u s e  f o r  t h e  m i s s i o n  and  t h e  r e s o u i c e  r e q u i r e m e n t s .  

Sample O u t p u t  

F i g u r e  2. c o n t a i n s  a sample  o u t p u t  f o r  a LOX Hydrogen OTV and Lander  which 

u t i l i z e s  l u n a r  LOX. The o u t p u t  l i s t s  t h e  a n n u a l  and  t o t a l  v a l u e s  o f  t h e  l u n a r  

p r o p e l l a n t s  u s e d ,  t h e  E a r t h  p r o p e l l a n t s  u s e d ,  t h e  number o f  f l i g h t s  and number 

o f  unmanned f l i g h t s ,  t h e  mass d e l i v e r e d  t o  t h e  moon, t h e  a d d i t i o n a l  bu rdened  m a s  

and t h e  m a s s  r e q u i r e d  from t h e  E a r t h .  The a d d i t i o n a l  bu rdened  mass i s  t h e  mass 

of  e q u i p m e n t  and consumab les  r e q u i r e d  t o  p r o d u c e  :he l u n a i  p r o p e l l a n t s  wh ich  

were u s e d .  A l l  v a l u e s ,  e x c e p t  t h e  number o f  f l i g h t s  and number o f  manned 

f l i g h t s ,  a r e  e x p r e s s e d  i n  K i l o g r a m s .  

ASTROFEST Opera”  

ASTROFEST i s  run  on an IBM PC/XT/AT o r  c o m p a t i b l e .  The program i s  

c u r r e n t l y  w i i t : e n  i n  advanced B A S I C  b u t  w i l l  be c o n v e r t e d  t o  FORTUX i n  t h e  n e a r  

f u t u r e  . 
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ORIGINAL PAGE IS 
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7 t Y  
f ? r e r  r h e  name of t h e  d a t a  f i : e  f o r  t h e  
. . e i i c l e  v o u  w i s h  L O  use :BASE.DAT 
E::ter s l o p e  a n d  Y - i n r e r c e p t  o f  p r o c e s s  f u n c r i o n : 0 . 2 3 0 0  
A )  0TV J L a n d e r :  L u n a r  p r o p e l l a n t s  a v a i l a b l e  
8 1  OTV h L a n d e r :  L u n a r  p r o p e l l a n r s  n o t  a v a i l a b l e  

9) I n r e g r a c e d  O T V I L a n d e r :  L u n a r  p r o p e l l a n r s  n o t  a v a i l a b l e  
C h o o s e  w h i c h  t y p e  o f  c o n f l g u r a r l o n  you w i l l  u s e : 8  
E n t e r  t h e  y e a r  w h i c h  you w i s h  L O  d e l i v e r  e q u i p m e n r : 2 0 0 5  
T e a r :  1 9 9 5  

E a r r h  P r o p e l l a n r :  1 3 6 7 0 L .  5 
E a r t h  L O X :  1 1 5 6 7 3 . 1  
E a r t h  F u e l :  2 1 0 3 1 . 6 7  

E a r r h  F u e l  f o r  L a n d e r :  L 6 9 6 . 0 3  
E a r r h  F u e l  i o r  OTV: 1 6 3 3 5 . i L  

i 
I 

C) I n r e g r a t e d  O T V / L a n d e r :  L u n a r  p r o p e l l a n r s  a v a i l a b l e  i 

L u n a r  P r o p e 1 l a n c : O  

T s r a l  P r o p e l l a n t  136:OL. 5 

' i u m o e r  of F 1 : s n r s '  2 
' i umber  o i  ' l a n n e d  F l i g h t s :  0 
Y a r s  D e l i v e r e d  (kq): 2 2 7 0 0  
A d d i t i o n a l  B u r d e n e d  2(ass ( L a ) '  
' lass R e o u i r e a  From E a r t n  (k6): 

E a r r h  P r o o e i l a n r :  1 3 6 7 0 6 . 5  
E a r r h  :OS: l i 5 6 7 3 . 1  
E a r t n  F u e l :  2 1 0 3 1 . 6 7  

E a r r h  F u e ?  f o r  L a n d e r :  6 6 9 6 . 0 3  
E a r r h  F u e l  f o r  OTV: 1 6 3 3 5 .  A 1  

L u n a r  P r o p c l 1 a n c : O  

T o t a l  P r o p e l l a n r :  1 3 6 7 0 6 .  3 

Yumber o f  F l i g h t s :  2 
J u s o e r  o f  Y a n n e d  F l l g h t s :  0 
Y a s s  D e l i v e r e d  (kg): 2 2 7 0 0  
A d d i t i o n a l  a u r d e n e d  '!ass ( k p ) :  
!ass 3 e q J ; r e d  F r o m  E a r r h  ( k g ) :  

Y e a r :  1 9 9 9  

' a - :h  F u e l  f o r  L a n d e r :  1 9 0 7 . 1  5 1  
..?-:+ Foe:  f o r  9 T Y :  6 8 0 6 . 3 0 3  

L u n a r  ? r o p e l l a n t : O  

7stai P r o p e l l a n t :  5 6 6 6 0 . i 5  

. :umber o f  ' l i 3 9 r s :  
; u E a e r  oi '!acned F l i p i l t s :  A 
. : . d c i r i o n a i  S u r d e n e a  'lass ( k q )  : 
!!ass R e q u i r e C  From Ear:h ( k q j :  

\!ass 2 e i i v e r e d  (kq): 9230 

Y e a r :  2 C 0 3  

Ear:?. ?r?3el!ant: 5 J 3 G 3  .- 
Ear::. L a x :  5 5 7 5 L . 1 2  
P a r t ?  F u e l :  10138.90  

Ear::: F u e l  f o r  L a n d e r :  2 3 1 5  . O O i  
t a r t ?  F u e l  f o r  OTV:  7 Y 2 3 . 9 i 9  

L v i a r  P r o o e i : a n t : O  

: > [ a i  ? r o o e l l a n t :  6 5 9 0 3 .  A 

'.u:Ser if f l : e h r s :  1 
t . , . . o e r  . , -  o f  '!armed F l i ~ h t s :  ! 
\ ! ass  3 e : i \ e r e d  ( k ~ ) :  5nn3 
4 c j ; : : a n a l  B c r a e n e d  ? a s s  (47,:: 
' ! a s s  ? e 3 i u : r e a  From i a r : n  ( 4 9 ) :  

0 
1 5 9 L O L . 5  

0 
1 5 9 6 0 6 .  5 

0 
b L 6 6 0 . 7 5  

E a r r n  F u e l  f o r  L a n d e r :  2 2 1  5 . 0 0 7  
E a r r h  F u e l  f o r  OTV: 7 8 2 3 . 9 7 9  

L u n a r  P r o p e l 1 a n c : O  

T o t a l  P r o p e 1 : a n c :  6 5 9 0 3 .  L 

Yumber  o f  F l i g h t s :  1 
NumDer of Y a n n e d  F l i q h t s :  I 
Y a s s  D e l i v e r e d  ( k g ) :  6 300 
A d d i r i o n a l  B u r d e n e d  Yass ( k g ) :  
? ( a s s  R e q u i r e d  From E a r t h  ( L e ) :  

Y e a r :  2 0 0 5  

E a r t h  P r o p e l l a n r :  L j 0 0 7 5 . 1  
E a r t h  L O X :  3 8 0 9 3 2 . :  
E a r t h  F u e l :  6 9 2 6 2 2 1  

E a r r h  F u e l  f o r  L a n c e r :  I j q 3 5 . 7 L  
E a r t h  F u e l  f o r  OTT: 5 3 ?Oo .5 

' - , a r  P r o o e l 1 a n r : O  

Y u t b e r  o f  F ? i p h : s :  
S u x b e r  of X a n n e d  F l i g h t s :  2 
'.!ass l e l i r e r e d  (Lq!: 
4 d d i r i o n a l  B u r d e n e :  ' ! ass  ( k g ) :  
? l a s s  R e q , i i r e t  i r o n  Sar:? k s , :  

- - , ?  
I ¶ .  d o  

Do y o u  b i s h  t o  u s e  a n o t h e r  v e n i c l e  a f r e r  : ? C j .  :'<,:.>:'i 
E n r e r  t h e  x a z e  o i  c n e  d a r a  f i i e  :or  :'e 
v e h i c l e  y o u  s 1 s n  t o  usc: . t5 .4 .2 . :T 
E n t e r  s i o p e  a n c  Y - i n r e r c e a r  o f  7 r o c e s s  f u ~ c : : c c : . : 2 i j . :  
. A )  OT:' d L a n d e r :  L u n a r  p r o p e i : a > t s  a v a i l a b l e  
3 )  OTI' 8 L a n d e r :  L u n a r  a r o p e l l a n r s  n o t  a v a : i a ? ? e  
C j  I n c e q r a c e d  0 T V : L a n c c r :  :>?a= p r o p e l l a n t s  a v a : l a ~ l e  
5 )  : : r e g r a t e d  0 T Y ; L a n a e r :  L u n a r  prcpe!:an:s .io: a v a l l a b .  
C h o o s e  w n i c b  [!;re o f  c ~ n f i 3 u r a ~ i o n  y o u  '-111 ' i s e : , ~  

L u n a r  P r o p e i l a n r :  1 2 0 ~ 9 3 . 2  
L u n a r  LOX: 1 2 0 6 9 3 . :  
L u n a r  F u e l :  0 

E a r t h  P r o p e l l a n r :  1 1 6 7 2 9 . 1  
E a r t h  L O X :  80?26.0! .  
E a r r n  F u e i :  3 6 L 9 L . i  

Y e a r :  2095 

S u a b e r  o f  F : ig .* . r s :  9 

S u n o e r  o f  Y a n n e d  F l i g s r s :  3 
?(ass D e l i v e r e d  (kg): L 6 6 8 0 . 7 :  
. 4 d d i : i o n a i  3 u r d e n e d  Yars  (kq): 
Xass R e q u i r e d  F r o m  E a r t h  (kg): 

Y e a r :  2 O O i  

L u n a r  P r o c e : l a n r :  
L u n a r  LOX: 208033.9 
L u r a r  !,lei: 0 

19s03e. F. 

~ , - - -  E a r t n  P r o p e l l a n t :  . 9 : 5 > 3 . 2  
E a r r n  LOX: i o a ? ? i . ?  
E a r t h  F u e l :  5 7 5 2 1 . 3 6  

S u m b e r  o f  F l i g n r s :  
SumDer  o f  \ !annea  F I i 3 k r s :  3 

4 d l ; : : o n a l  Llurcene .  ' !ass . .a : 
'!ass X e q u i r e c  ? r o T  E3r:: :?.i : 

? l a s s  3 e i i v e r e d  ( k ~ ) :  5;: .1. .7 

Y e a r :  2ooe 

L u n a r  P r o o e l l a n r :  I 3 7 2 O T . .  
1 3 7 1 3 i .  i L u n a r  L O X :  

L u n a r  F u e l :  0 

. -  . :c. :?.a? 
!5? -01  . 2  

. .  . _  - . . ,.. - - - - . . - 

: 3 c .  9L 15 

I 
1 
1 
1 
I 
1 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
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I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

'I 

Vas. R e q u i r e d  From E a r t h  ( k g ) :  I ? 9 & 9 Y .  2 

Year :  2009 

Lunar  P r o o e l ! a n c :  A53L90 
L u i a r  L O X :  L 5 3 L O O  
Lunar  F u e l :  0 

E a r t h  P r o p e l l a n t :  L09823 .3  
E a r r n  L O X :  2 7 7 0 1 0 . 1  
E a r r h  F u e i :  132818 .2  

Sunber  of  F; ;s?ts :  1 1  
\'umber o i  Yanned F l i g h t s :  9 
Y a s s  D e l i v e r e a  ( k g ) :  166590 .2  
A d d i r i o n a l  S u r d e n e d  lass ( k 3 ) :  680.236 '  
Y a s s  X e q u i r e -  From E a r t h  ( k q ) :  5 ,8508. 6 

Year :  ::I0 

Lunar  T r o p e l i a n r :  A 7 6 i 6 5 . i  
Lunar LOX:  r 7 1 7 L 5 . 7  
Lunar F u e l :  3 

E a r t h  ?roae::ant: 3 9 1 L 1 7 . 2  
E a r t h  L C t :  Z55:61.& 
iar :n  :ue;: : 33255 .3  - .  

Wumber o i  F 1 : g . l ~ ~ :  11 
Yunber o f  Yazned F l i g h r s :  6 
Y a s s  O e i i v e r e d  ( i s ) :  :6S9 I;. 1 
A d d i c i o n a l  Burdened  " a s s  (kg): 
Yass X e q u i r e a  F r a u  E a r t h  (kg): 

712. :25 
561229.L 

Year:  :011 

Ldnar  P r o o e i : a - t :  215139 .7  
Lunar  L O X :  :C0139.7 
i u n a r  F u e l :  3 

E a r t h  P ropeLlan : :  ?3!L43 
Ear:h L O X :  !58891 .3  
Ear:h Fue::  72551 .16  

Number o f  F::qhts: 6 
Yunber o i  "a-ned F l i g n c s :  6 
'lass D e l i v e r e a  f k g ) :  9 2 2 6 0 .  :I 
A d a i t i o n a !  ? ; rdened  l a s s  ( i s ) :  360 .211  
! lass R e q u i r e d  F r o m  E a r r h  ( k ~ ) :  3 2 3 7 0 3 . 2  

Yea r :  2 3 1 3  

Lunar  P r o c e l l a n : :  L i L i i  j . 7  
:;car L3S: - - , . r > . .  

- 2 - a ~  : " e : :  . 
_ _ _ _  

- .  

? ( a s s  D e l i v e r e d  ( k q ) :  169612 .1  
A d d l t l o n a l  Burdened ' lass  ( k q ] :  7 1 2 .  1 2 5  
Uass Requ i red  From E a r t h  f k g ) :  501T:'3. I 

Year :  2 O l h  

Lunar P r o p e l l a n t :  23313'. 5 
Lunar L O X :  223131.3 
Lunar F u e l :  0 

E a r t h  P r o p e l l a n t :  2 :L915.  : 
E a r t h  L O X :  1L599L.A 
E a r t h  F u e l :  6 8 9 3 0 . i j  

Sumber o f  F l i g h t s :  5 

!lass D e i i v e r e d  ( k q ) :  9 3 1 i 3 . - :  ' 

i i t i r i o n a i  Burder .ed '.!ass ( k 3 , :  2:q .  '33 ! 

:;umber o f  l a n n e a  F l i g h t s :  6 

'!3ss P e a u i r e a  F r o c  f i r t h  f k g ; :  T?tC*o-.  j 

Year :  

Lunar P r o p e l  
Lunar L O X :  
L -na r  ' " e l :  

i a r :n  P r o p e l  
Ear:? L O X :  
: a r t >  F u e l :  

2 0 ! 5  

a n t :  505373. :  
535373 .7  

a n t :  
:!7995.1 
131505 .3  

3404 IO. 7 

4uztoer o i  F l ~ q i c s :  11 
5dclber oi Yanned F l l g h r s :  1 
? a s s  D e i i v e r c a  (kg): ! 6 5 0 5 8 . 1  
.Add i r iona l  a u r c e n e d  \!ass (kq): 7 5 8 . 0 6 2  5 

51LS68.5 !.!ass Xequ i red  From E a r t h  ; * q ) :  

I-.-.---.--.--TOTILS-----.------==- 

T o t a l  T r o v e l l a n t  f rom loon: 2867369 
T o c a i  LOX from Yoon: 28L7369 
T o t a l  F u e l  f rom Yoon: 0 

T o t a l  F u e l  f o r  O i C  f r o m  Yoon: 0 
T o t a l  F u e l  f o r  L a n d e r  f rom !:eon: 0 

T o t a l  P r o p e l l a n :  f r o m  E a r t h :  3270530  
T o c a i  LOX f rom E a r r h :  2320315 
To:ai Fue l  fron Ear r i . :  9 4 1 ? 1 5 . 2  

T o t a l  OTY F u e i  f r o m  Ear:?: 5 5 6 5 3 9 . 3  
:,>:ai Lanae r  F u e l  f r o m  Ear :> :  . 

? o c a :  Prope? !anc :  6 1 ! i ? 3 9  

70ti: Yumcer oi ' I ~ p h t s :  7 9  
To:ai '<umber o f  '!ai.nea F ? 1 3 n c s :  *I 

T o t a i  l a s s  D e l i v e r e ?  iks): ! I 5 2 5 7 1  
:0:31 . A d d i : ~ o n a :  3 ; r z e z e a  U a s s  : k 4 , :  5 5 : :  
T n r l '  Y . E F  ?.,",,.Fed r r n r  ? , v , -  ( L o , .  

?ri:5la 

: A23 I 0 I 

FIGURE 2. Astrofest Sample Output (Continued) 
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APPEHDIX F 

LUHAR MATERIALS COEPOSITIOI 

A m  

RJlLATED THLRMODYI9AEIIC DATA 



TABLE F.l 

CONSTITUENTS OF LUNAR ORES I R  MARE REGOLITH 

PYROXENE - 50wt% of Mare Regolith 
CaO Si02 

MgO Si02 

FeO Si02 

A1203*Si02 

Ti02-Si02 

OLIVINE - 15wt% of Mare Regolith 
2Mg0 Si02 

2Fe0* Si02 

PLAGIOCLASE or MORTEITE - 20wt% of Mare Regolith 

CaO*A1203*2Si02 

ILHEIOITE - 15wt% of Mare Regolith 
FeO.Ti02 

I 
I 
I 
I 
I 
1 
I 
I 
1 
I 
I 
I 
I 
1 
I 
I 
I 
1 
I 



TABLE F.2 

OXIDE CONCENTRATIONS (BY UT%) IN MABE REGOLITH 

I Oxide Pyroxene 

S io2 I 47.8 

C a0 18.6 

I A1203 

MgO 

I FeO 

Ti02 I 

4.9 

14.9 

9.0 

3.5 

0 1 ivi ne Anotthi te I lme ni t e Total 

37.4 46.1 0 44 

0.3 18.1 0 11 

0 33.7 0.1 13 

35.8 0.3 2.0 9 

27 .O 0.7 44.9 17 

0.1 0.2 53.6 5 

F- 3 
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TABLE F . 3  

SILICATE CORCEATRATIOBIS (BY WTZ) IR HARE REGOLITH 

I 
I 
I 

Silicate 

CaO*Si02 

MgO S i0 2 

FeO* Si02 

Al203-Si02 

TiOp- Si02 

/’ 

C - l  

Mare Regolith 

19.6 

16.1 

30.4 

- 23.2 

8.9 I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
1 
I 
I 
I 
I 
1 
1 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 

Element 

Ca 

M t 3  

F e  

A1 

T i  

S i  

0 

S 

K 

Na 

Total 

TABLE F.4 

MAJOR ELEM3NTAL COMPOSITIOA OF LUNAR REGOLITH (WT X )  

Mare Reol i th  

7 .9  

5.8 

13.2 

6.8 

3.1 

20.4 

41.3 

0 . 1  

0 . 1  

0.3 

99.0  

Highlands 

10.7 

4.6 

4.9 

13.3 

21 .o 

44.6 

0.072 

0.078 

0.48 

99.7 

Basin Ejec ta  

7 . 7 0  

6.1 

8 .7  

9 . 8  

21.8 

43.3 

0.076 

0.24 

0.38 

98.1  

F- 5 
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TABLE F.5 

MIAOR ELEmRTAL COHPOSITIOR OF LOBAR BEWLITB (PPM,WT) 

I 
1 

Element 

A r  

B 

B e  

C 

c1 

c s  

F 

H 

H e  

Hg 

L i  

N 

Ne 

T o t a l  

Mare 

0.8 

4.78 

2.63 

104.0 

25.6 

0.39 

174.3 

54.8 

28.5 

0.014 

12.9 

95.4 

2.75 

506.9 

Highlands 

1.2 

22.45 

1.2 

106.5 

17 .O 

0.11 

54.5 

56.0 

6.0 

0.004 

6.6 

98.0 

1 .o 

370.6 

Basin E j e c t a  

1 .o 

19 .o 

4.15 

136.7 

25.0 

0.33 

139.5 

76.5 

8.0 

-- 

52.3 

121 .o 

2.0 

585.5 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Lunar Ore 

Pyroxene 

01  i v i n e  

Anorthite 

I lmeni t e 

Bulk Mare 

TABLE F.6 

PROPERTIES OF LmAR ORES IN EARE REGOLITH 

Heat of 
Vapor i za t i on  Melting Point 

glmole ( " C )  (kWhr /Kg 1 

120.5 1557 5.2 

167.4 1890 3.8 

278.0 1557 5.4 

151.7 1367 3.7 

4.8 

F- 7 



TABLE F.7 
F-8 

TEERHODYAAHICS OF TMHSFORHATIOAS OF LUNAR ORES IN HARE REGOLITH 

25.3 
403.3 
69.5 
153.0 
36.7 

433.6 
187.8 

PYROXENE 

22.1 
216.8 
93.9 
153.0 

36.7 
9.8 

216.8 
93.9 
174.4 
4.3 

216.8 
93.9 

61.2 
83.6 

2.1 

216.8 
93.9 
403.3 
139.0 

224.9 

3.7 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 



~ 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Lunar Ore Transformation H (Kcal/Mole) 

102.0 

216.8 
93.9 

F- 9 

16.1 

216.8 

93.9 

174.4 

8.7 

122.4 

167.2 

216.8 

93.9 

8.0 

61.2 

83.6 

224.9 

3.7 

102.0 
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TABLE P . 8  

CBEHICAL PROPERTIES OF COASTITUEBTS OF MARE WGOLITH 

C a0 

Si02 

MgO 

FeO 

A1203 

Ti02 

Ti 

Fe 

A1 

Mg 

02 

Melting Point 
( " C )  

29 27 

1700 

2852 

1379 

2018 

1830 

1670 

1536 

660 

64 9 

-219 

Boiling Point 
("C) 

2850 

2230 

3600 

2980 

3289 

2862 

25 20 

1088 

-183 

Dissociation 
Energy at lOOOK 

(KJ /Mo 1 e 

634 

90 2 

609 

269 

1670 

940 
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TABLE F . 9  

LUNAR BASE PROPELLANT PROCLSSI196 REACTIONS 

EYDROGEN REDUCTION 

F-11 

ACID LEACB 
15. 
16. 
17. 

18. 

19. 
20. 
21. 

22. 
23. 



CARBOTHERMAL I 

I 
1 
I 
1 
I 
1 
1 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 



Reaction # 

1 

2 

3 
4 

5 
6 

7 
8 

9 
10 

11 

12 

13 

14 

15 

16 

17 
18 

19 
20 

21 

22 

23 

24 
25 

26 

TABLE F.10 

PROPEL- PROCESSING WATS OF REACTION 

T ("C) 

900 

1370 
1370 

725 

725 

725 

725 
725 

725 

700 

700 

625 

110 
110 

110 
110 

110 
900 

1200 
1200 

1625 
250 

H (KJ/mole) 

42.6 

249 

-72.1 

267.5 

-1204.5 

-266.8 

65.8 
-370.6 

-99.6 

1270 
-282.6 

147.2 

249 

-2855 
-146 

-131.2 
-107.8 

-416.8 
-500.2 

103 

422.5 

333.2 

742 
-412.6 

249 
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APPENDIX G 

ADDITIONAL LUNAR SURFACE RASE 
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ORIGINAL PAGE IS 
OF POOR QUALn?c 

G-19 

Technology Plan for L02/LSiH4 Engine 

Task No. 
-- 

1. Oemonstrate Low MR Gas Generator with LO* and SiH4 Propellmts. 
Mi? range and turbine inlet temperature 
Ccmbustion (ignition, C*, and sxability) 
Longevity with Si02 i n  gases 

2. Subsquently, Oemonstrate TPA Turbine. 
Performance 

Seals 
Bearings 

Longevity o f  nozzles, blades, rotor acd casina 

3. In Parallel with Task 2 Demonstrate TCA Injector with L02/SiH4 
Propellants with a Workhorse Combustor. 

Performance 
Longevity (Thermal Cornpati bi 1 i ty) 

4. Demonstrate TCA Cooling (Subsequent ta 3). 
Design engine - Determine if SiH4 regenerative cooling is 
needed. If not: Demonstrate LOp c o o l i n g  

If so: Demonstrate SiH4 coaling 
Heated tube tests for “burnout heat flux” - S i H 4  decamposition conditions dezermination 
Cemonstrate TCA with injeczcr - ho t  firing 

5. Lastly - Demonstrate Engine with Testing. 

L I  

6. Denonstrate Autogenous Pressuriiacicn d i t h  SiHj, us inc  t!eat :xcrmarcer 
in Tcrbine Exhaust after Task  1 i s  c-,molec?d. 

- Heat exchanaer performance a n d  Ioncevity w i t h  8 ’ 1 2 ~  - in 9 2 s  

S i H 4  vaoor generated (14s. S i  solias) 
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