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ABSTRACT 

The e f f i c i e n c y ,  c a p a b i l i t y ,  and e v o l u t i o n  of a l u n a r  base  w i l l  be l a r g e l v  

dependent  on the t r a n s p o r t a t i o n  sys tem t h a t  s u p p o r t s  i t .  Beyond Space S t a t i o n  

i n  low E a r t h  o r b i t  (LEO), a Lunar-der ived p r o p e l l a n t  supply  cou ld  p rov ide  the  

most impor t an t  r e s o u r c e  f o r  t h e  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 kev t o  an  

e f f i c i e n t  Lunar b a s e  p r o p u l s i o n  sys tem i s  the  deg ree  of Lunar s e l f - s u f  Eicierlcv 

( f rom E a r t h  supply)  and r e a s o n a b l e  p r o p u l s i o n  sys tem performance.  Lunar s u r f a c e  

p r o p e l l a n t  p roduc t ion  r equ i r emen t s  must be  accounted  i n  t h e  measurement of e f f i -  

c i e n c y  of t h e  e n t i r e  space  t r a n s p o r t a t i o n  system. O f  a l l  chemical  p r o p e l l a n t /  

p r o p u l s i o n  systems c o n s i d e r e d ,  hydrogen/oxygen (H/O) OTVs appea r  most d e s i r a b l e ,  

whi le  b o t h  H/O and aluminum/oxygen p r o p u l s i o n  sys tems may be  cons ide red  f o r  t he  

l a n d e r .  Aluminized-hydrogen/oxygen and S i l ane /oxygen  p r o p u l s i o n  sys tems a re  

a l s o  promis ing  c a n d i d a t e s .  Lunar p r o p e l l a n t  a v a i l a b i l i t y  and p r o c e s s i n g  tech-  

n i q u e s ,  chemical  p r o p u l s i o n / v e h i c l e  d e s i g n  c h a r a c t e r i s t i c s ,  and t h e  a s s o c i a t e d  

perrormance of t h e  t o t a l  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  a r e  rev iewed,  concep tua l  

p r o p u l s i o n  system d e s i g n s  and v e h i c l e l b a s i n g  c o n c e p t s ,  and technologv r e q u i r e -  

m e n t s  are a s ses sed  i n  c o n t e x t  of a Lunar Base mis s ion  s c e n a r i o .  

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 
1 
B 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

THIS 

PAGE 

LEFT 

BLANK 

INTENTIONALLY 



FOREWORD 

This document represents Volume 2, the Lunar Propellant Manual of the Lunar 

Surface Base Propulsion System Study, Contract No. NAS9-17468. Volume 2 provi- 

des an initial compilation of potential Lunar-derived propellants. Volume 1 is 

the Final Report which provides detail of the study analyses and results. The 

contract efrort was initiated on 15 January 1986 and continued through 1 5  

February 1987. 

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

California was a subcontractor contributing various propulsion and propellant 

analyses. Additional contributions were made by t h e  Engineering Mechanics, 

Nuclear Engineering, and Chemistry Departments of the University of 

W i  sc ons i n-Mad ison. 

Comments or questions concerning this study e€fort should be directed t o  

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

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

Manager, Thomas M. Crabb: 

Leo R. Johnson 
Mail Code: EP4 

Administration 
Johnson Space Center 
Houston, TX 77058 

(713) 483-9318 

National Aeronautics and Space 

Ronald R. Teeter 
Thomas M. Crabb 

Astronautics Corporation of America 
Technology Center 

5800 Cottage Grove Road 
Madison, WI 33716  
(608) 221-9301 

Additional acknowledgements are given to the following personnel f o r  their sup- 
port: 

Eric E. Rice, Astronautics 
William J. D. Escher, Astronautics 
Mark K. Jacobs, Astronautics 
John C. Graf, Astronautics 
Thomas G. Ebben, Astronautics 
Sanders D. Rosenberg, Aerojet Techsystems 
Charles E. Taylor, Aerojet Techsystems 
Ron E. Thomson, University of Wisconsin 
Greg Sviatoslavsky, Cover illustration 

Astronautics 
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1.0 CONSTITUENT PROPERTIES 

All constituent properties were obtained using the Propellant Data Base at 

Astronautics Technology Center. The database runs on Lotus-1-2-3. 

1.1 Properties 

The properties included in the Propellant Database include: 

Molecular Weight 

Density 

Melting Point 

Boiling Point 

Heat of Fusion 

Heat of Vaporization 

Heat of Formation at 25C 

Free Energy of Formation at 25C 

Values for these properties for chemical properllants analyzed in this study are 

listed in Table 1 below. 

TABLE 1 PROPELLANT PROPERTIES 

Chemical Formula 02 H2 A1 Mg SiH4 Na 

Molecular Weight 32.00 2.02 26.98 32.11 32.11 22.99 

Melting Point 

Boiling Point 

Heat of Fusion 

Heat of Vaporiza- 

Heat of  Formation 

Free Energy of 

Density (g/cc ) 1.149 0.070 2.699 1.739 0.965 

(deg C) -218.40 -259.14 660.00 649.00 -185.00 97.98 

(deg C) -182.96 -252. a0 2467.00 1090.00 -111.90 902.0 

(J/mole) 441.83 116.40 10668.00 9042.29 

tion (J/mole) 6799.12 916.55 97610.00 

(at 25C) 0.00 0.00 313800.00 150206.00 -61923.00 0.00 

Formation (at 
25C) 0.00 0.00 273150.00 115478.00 -39330.00 0.00 



Values for these properties were obtained from "CRC Handbook of Chemistry and 

Physics", "Thermodynamic Properties of Minerals and Related Substances at 

298.1513 and 1 Bar (10 5 Pacals) Pressure and at Higher Temperatures" by the U . S .  

Geological Survey, the Joint Army, Navy, NASA, Air Force (JANNAF) propellant 

manuals and the Chemical Propulsion Information Agency's "Liquid Propellant 

Manual". 

1.2 Database Description 

The Propellant Database runs on Lotus 1-2-3. The database also may include 

properties such as toxicity, reactivity and others for each propellant. The 

information in the database can be arranged or sorted using the function keys 

programmed into the database. 
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2.0 THEOBETICAL PERFORMANCE 

2.1 Bydrogen/Oxygen Propulsion 

I sp 

TABLE 2. R/O Isp vs Nozzle Area Ratio 
(MR = 5 ,  PC = 1000) 

MR 

44 1 
45 5 
469 
47 7 
48 3 

20 
40 

100 
200 
300 

See F igure  1. 

TABLE 3. H/O Isp vs Chamber Pressure 
( M R  = 5 ,  E = 100) 

ISD I Pc 

468 

469.2 
469.5 

468.8 
100 
300 
500 

1000 

I 
See Figure  2. 

TABLE 4. H/O Isp vs Mixture Ratio 
(E = 100, Pc = 190) 

456 
466 
469.5 
468 
463.5 
453 

I 

See Figure  3 .  
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2 . 2  Aluminum/Oxygen Propulsion 

I s p  

TABLE 5 .  A110 I s p  v s  Nozzle Area Ratio 
(MR = 2.3 ,  PC = 1000) 

Pc 

260 
277.5 
288 
295 
297.5 

284.3 
287.4 
288.0 
288.6 
289.3 

20 
50 

100 
150 
200 

100 
500 
725 

1000 
1500 

See F igure  4 .  

ISP 

256 
259.3  
259.4 
259.1 

TABLE 6 .  Isp vs. Chamber Pressure 
(MR = 2.3,  E = 100) 

287.5 

MR 

2 
2.3 288.3 
2.5 288.6 2.3 
2.7 288.4 

2.7 288.0 

~ ~~~ 

See Figure  5. 

See F i g u r e  6a. 
1 

See F i g u r e  6b. 
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2.3 Aluminized-Hydrogen/Oxygen Propulsion 

TABLE 8. Al-H/O Isp vs Mixture Ratio 
(Pc = 1000,  E = 100, 6% LH2 + 40% 41)  

45 3 
470 
472.2 
472.4 
472.1 
471 .O 
456 
44 8 

1 
2 
2.4 
2 .6  
2.7 
3 
4 
5 

See F i g u r e  7 .  

2.4 Aluminum-Magnesium/Oxygen Propulsion 

TABLE 9. A1-Mg/O Isp vs Percent Aluminum 
(MR = o p t ,  Pc = 1000,  E = 100) 

1 SP I %A 1 

279 
281.8 
286.8 
288.6 

25 
50 
80 

100 
I 

See F i g u r e  8. 

2.5 Silane/Oxygen Propulsion 

TABLE 10.  SiH4/0 Isp vs Mixture Ratio 
( E  = 20,  Pc = 500)  

I S P  I MR 

350.9 
351.6 
351.5 
351.0 
549.7 

0.75 
0.8 
0 .85  
0 .9  
1 

1 

See F i g u r e  9.  
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TABLE 1 1 .  SiH4 I s p  vs Mixture Ratio 
(E = 100, Pc = 100) 

I S P  MR 

387.8 
391.3 
391.8 
391.5 
390.9 

See Figure 10. 

0.75 
0.80 
0.85 
0.90 
0.95 

TABLE 12.  Si84 I s p  vs Nozzle Area Ratio 
(MR = .85, PC = 1000) 

354 
37 7 
392 
400 
40 5 

I sp  I E 

20 
50 

100 
150 
200 

See Figure 11. 

TABLE 13. SiH4 I s p  vs Chamber Pressure 
(MR = 0.85, E = 100) 

1 SP I Pc 

381.6 
388.8 
390.2 
391.8 
393.8 

100 
500 
700 

1000 
1500 

See Figure 12.  

I 
D 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 



I 
I 

I 
I 
I 
I 
I 
I 
I 

(Des) dsl 

I 
I 
I 



18 

W 



............ ......-.....-.... .-.. ............................................................................ 
0 
0 , ...... , ...... , ...... , ...... , ...... , ....... 

: ...... : ...... : .................................... 9 
: ...... ;... ...;.. .... :.. ... ,: .... ..:-..-..; ....... 
; ...... ; ...... ;.. .... ; .............................. 
: ...... : ............................ _._.._: ........ 
...... 0 

....................... 3 
) ! ......)...... ......(........... ........._ 

y) 

............. ...................... ; _.._..; ;. 

................................................. 
: ...... :.. .... ;.. .... i.. ... .:. ... ,_;  ....... :._. ..... 

0 ; .... ..; ...... ;. ..... i-. ... .;, _ _ , _ . I  ....... :... ... .- 0 
........................... s ............... 
; .................. - ;  ............................. 
................................................. 
; .... ..; ... ...;.. .... ;. . . .  .;. ........... 
,-... ......... ,.. ...... 0 

0 
h ................................. 

...... 1 . .  .... ,. ..................... 
.................................................. 

D 
a 
0 
R 

Y) 

W 


