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ABSTRACT 

Under t he  d i r e c t i o n  of t h e  au thors ,  t h e  1968 J o i n t  NASA-ASEE Summer Facul ty 
Course on Systems Engineering prepared a  design f o r  a  semipermanent l una r  base .  
The base would be  f o r  t h e  purpose of  s c i e n t i f i c  explora t ion ,  with p a r t i c u l a r  
emphasis on astronomy. The s i t e  would be  Grimaldi . The base would evolve over  
a  15-year per iod ,  r equ i r ing  37 launches of Sa turn  5 de l ive ry  systems. The com- 
p l e t e d  base would c o n s i s t  of eleven in te rconnected  modules. Eight  of t hese  a r e  
f o r  t h e  s h e l t e r  o f  t h e  crew (24 men a t  base completion) and equipment. 

The o ther  t h r e e ,  which a r e  i n f l a t e d  s t r u c t u r e s  p a r t i a l l y  t r anspa ren t  t o  
s u n l i g h t ,  contain a  l una r  farm of h ighe r  p l a n t s .  This farm, a  s i g n i f i c a n t  
f e a t u r e  of t h e  design,  provides humidity con t ro l ,  oxygen genera t ion ,  CO, 
removal, and a  major p a r t  of t h e  c a l o r i e  requirements i n  food. 

Power i s  suppl ied  t o  t h e  base by s o l a r  c e l l  a r rays  during t h e  day and f u e l  
c e l l s  a t  n igh t .  Provis ions a r e  made f o r  lunar  s u r f a c e  explora t ion ,  use of 
lunar  rocks and s o i l  f o r  many purposes,  and emergency backup procedures .  

A 10-week prel iminary design s tudy was undertaken i n  t he  summer of 1968 by 
a  group of 20 v i s i t i n g  professors  a t  S tanford  Univers i ty  and Ames Research 
Center as a  p a r t  of t h e  NASA-ASEE Engineering Systems Design Summer Facul ty 
Fellowship Program. 

The primary purpose of  t h i s  s tudy was t o  acquaint  t h e  p a r t i c i p a n t s  with 
the  educat ional  methods i n  space systems engineering used a t  S tanford  i n  t he  
hope t h a t  they would introduce s i m i l a r  techniques a t  t h e i r  home u n i v e r s i t i e s .  
A second purpose was t o  acquaint  t he  p a r t i c i p a n t s  with NASA a c t i v i t i e s  i n  space 
technology and research i n  order  t o  i d e n t i f y  a reas  of importance t o  engineering 
s tudents  both i n  course work and i n  graduate  research .  A t h i r d  purpose was t o  
perform a  prel iminary design of a  lunar  s c i e n t i f i c  labora tory .  The s tudy was 
purely f o r  educat ional  purposes and i n  no w a  p a r t  of NASA 
planning.  



The problem o r i g i n a l l y  assigned t o  t h e  p a r t i c i p a n t s  i n  t h i s  s tudy was t h e  
design of a  "semipermanent lunar  su r f ace  observa tory ,"  The d e t a i l e d  d e f i n i t i o n  
of  t he  mission and i t s  ob jec t ives  was an extremely d i f f i c u l t  problem. Because 
of concern with o v e r a l l  na t iona l  expenditures  a  s i z e a b l e  amount of e f f o r t  was 
expended i n  cos t -bene f i t  a n a l y s i s .  Unfortunately,  because t h e  b e n e f i t s  were 
p r imar i ly  s c i e n t i f i c  knowledge, a  r igorous c o s t - b e n e f i t  ana lys i s  was not  
achieved. However, enough thought went i n t o  t h e  r e l a t i v e  b e n e f i t s  of var ious  
lunar  missions and experiments and t h e  r e l a t i v e  b e n e f i t s  o f  manned and 
unmanned lunar ,  p l ane t a ry ,  and Earth o r b i t  missions t o  enable t he  s tudy group 
t o  converge upon a  mission.  

Once a s p e c i f i c  opera t iona l  mission and i t s  ob jec t ives  were def ined ,  t h e  
design of MOONLAB proceeded q u i t e  smoothly. The dec i s ion  t o  inc lude  man i n  
t he  lunar  observatory was made f a i r l y  e a r l y  i n  t h e  program. Human i n t e l l i g e n c e  
and s k i l l s  were considered e s s e n t i a l  t o  accomplish t h e  des i r ed  s c i e n t i f i c  inves-  
t i g a t i o n s .  As an exe rc i se  i n  mu l t i -d i sc ip l ina ry  communication, t he  s tudy  was 
succes s fu l .  As t h e  design evolved t h e  a reas  of  paramet r ic  c o n f l i c t  became 
apparent and r e s o l u t i o n  by t r adeo f f  was accomplished where poss ib l e .  MOONLAB, 
as f i n a l l y  proposed, i s  designed t o  evolve over a  15-year per iod  t o  a  s i z e  
capable of maintaining 24 men and of suppor t ing  s c i e n t i f i c  i nves t iga t ions  i n  
astronomy, selenodesy,  selenology,  selenochemistry,  selenophysics ,  biology,  
biomedicine, behaviora l  sc ience  and a g r i c u l t u r a l  s c i ence  as  wel l  as p a r t i c l e  
and f i e l d  experiments,  lunar  atmosphere s t u d i e s ,  and remote observat ion o f  t h e  
Ear th .  

The purpose of t h i s  paper ' i s  t o  present  a  few of t h e  design conclusions 
which r e s u l t e d  from t h i s  s tudy .  

S i t e  Se l ec t ion  

The landing s i t e  s e l e c t e d  f o r  t h e  proposed luna r  base  (MOONLAB) i s  i n  t h e  
c r a t e r  Grimaldi a t  lunar  coordinates  68"00'W, 30301S. The s e l e c t e d  s i t e  i s  
acces s ib l e  t o  l una r  landing vehic les  us ing  lunar  o r b i t  rendezvous and a l s o  
acces s ib l e  by l i n e - o f - s i g h t  t o  Earth bases  f o r  t h e  purpose of  d i r e c t  r a d i o  and 
TV communication. Grimaldi was chosen p r imar i ly  f o r  i t s  s u i t a b i l i t y  as an 
astronomical s i t e ,  although t h e  s i t e  has many se l eno log ica l  f ea tu re s  of i n t e r e s t  
as w e l l .  The s i t e  i s  j u s t  south of t he  lunar  equator ,  a  l oca t ion  cha rac t e r i zed  
by extremes i n  thermal condi t ions .  The p o l a r  regions a r e  much more favorable  
from thermal cons ide ra t ions ,  bu t  were r e j e c t e d  on t h e  grounds of poor astronom- 
i c a l  promise and unfavorable abor t  c a p a b i l i t y  and plane change requirements i n  
these  phases of  t h e  program where lunar  o r b i t  rendezvous w i l l  be  used. 

MOONLAB Bui lduo 

The ea r ly  s t ages  of t he  evolut ionary phase of MOONLAB employ t h e  Lunar 
Orbi t  Rendezvous (LOR) technique f o r  personnel de l ive ry  and r e t u r n .  The s tudy  
assumed the  launch and landing vehic le  conf igura t ions  proposed by t h e  Lockheed 
Miss i le  and Space Company i n  Reference 1. Two assumptions concerning these  
de l ivery  vehic les  were made which were of paramount importance i n  e s t a b l i s h i n g  
the  abor t  c a p a b i l i t y  f o r  t he  base ,  These assumptions were: 



I )  The LOR personnel  c a r r i e r s  a r e  capable of 180-day dura t ion  opera t ion ,  and 

2) The direct-mode personnel  c a r r i e r  i s  capable of 270-day dormancy on the  
lunar  s u r f  ace .  

An a l t e r n a t e  program was inves t iga t ed  which d id  not  use  LOR techniques.  
The r e s u l t s  of t h a t  s tudy ind ica t ed  t h e  t o t a l  cos t  of a  direct-mode-only evolu- 
t i ona ry  program would be the  same as t h e  program descr ibed  i n  t he  fol lowing 
pages; however, as  t h e  manned opera t ions  would occur over 5 years  i n  t he  d i r e c t  
mode ( in s t ead  of nine i n  t he  LOR mode), t he  peak annual funding of such a  pro- 
gram would be l a r g e r .  The d i r e c t  mode would a l s o  not  r e t u r n  s c i e n t i f i c  d a t a  
u n t i l  a  l a t e r  da t e .  Accordingly, t h e  evolut ionary program using LOR was 
s e l e c t e d .  

A p r o f i l e  of t h e  MOONLAB bui ldup i s  given i n  Table 1. A t o t a l  of 37 
launches i s  requi red ,  of which 23 a r e  manned launches and 14 a r e  cargo launches. 
The bui ldup of a s t ronau t  s tay t ime from 6 months t o  a  year  is  accomplished i n  
t h ree  s t e p s ,  with a  per iod  of one year  of Earth post-mission observat ion of t he  
a s t ronau t s  before  t he  lunar  s tay t ime is  increased .  

Abort during t h e  f i r s t  3  years  of t he  program i s  continuous s i n c e  t h e  
a s t ronau t s  w i l l  be  ab le  t o  r e t u r n  t o  Earth v i a  t he  same veh ic l e  t h a t  de l ivered  
them. A s  personnel l una r  s tay t ime grows beyond t h e  veh ic l e  s tay t ime i n  t h e  
n in th  yea r ,  r e t u r n  from the  Moon i s  accomplished by launching a  personnel 
c a r r i e r  from Ear th .  I n  t he  case of abo r t  t h e  launch time r eac t ion  c a p a b i l i t y  
of t h i s  method (minimum of  3  days) may be unacceptable .  By developing 
vehic les  with s tayt imes equal t o  personnel  s t ay t imes ,  o r  v i c e  ve r sa ,  t h i s  
problem may be avoided. 

The t o t a l  mass de l ive red  i n  t he  evolu t ion  of MOONLAB i s  shown i n  Table 2 .  
Table 3 gives t he  de l ive ry  requirements during evolu t ion .  

Since the  requirements do not  f a l l  exac t ly  i n t o  u n i t s  de l ive rab le  by the  
cargo vehic les  (16,000 and 23,000 kg) ,  e a r l y  de l ive ry ,  p a r t i c u l a r l y  of expend- 
ab l e s ,  allows the  cargo t o  be  p a r t i t i o n e d  i n t o  the  s p e c i f i e d  u n i t s .  

During the  MOONLAB evolu t ion  e i g h t  s h e l t e r  modules and t h r e e  "farm" 
s t r u c t u r e s  a r e  t o  b e  de l ive red .  The deployment of t h e s e  s h e l t e r s  and farms i s  
i l l u s t r a t e d  i n  F ig .  1. Also ind ica t ed  i s  t h e  post-evolut ionary func t ion  of 
each s h e l t e r .  The t o t a l  cos t  f o r  t he  MOONLAB p r o j e c t  was ca l cu la t ed  t o  be 
17.4 b i l l i o n  d o l l a r s .  Figure 2 shows the  annual cos t  as  a  func t ion  of t h e  
year  from p r o j e c t  i n i t i a t i o n  (assuming the  p r o j e c t  were i n i t i a t e d  i n  t he  e a r l y  
1970 ' s ) .  

MOONLAB Lavout 

During design of MOONLAB, i t  was considered extremely important t o  minimize 
t h e  e f f e c t s  of i s o l a t i o n  and maximize the  e f f ec t iveness  of t he  crew a t  t h e i r  
assigned t a s k s ,  Equipment layout and f a c i l i t y  arrangement were c a r e f u l l y  con- 
s ide red  and h a b i t a b i l i t y  f a c t o r s  (odor,  no i se ,  i l l umina t ion ,  temperature,  
humidity,  r e c r e a t i o n ,  e t c . )  were considered when it  was demonstrated t h a t  they 
were p o t e n t i a l l y  s i g n i f i c a n t  t o  t he  lunar  crewman's t o t a l  performance. 



Table  1 

MAJOR M I L E S T O N E S  I N  THE E V O L m I O N A R Y  PROGRAM 

S i t e  C e r t i f i c a t i o n  Miss ion 

D e l i v e r  F i r s t  Cargo 
E s t a b l i s h  3-Man, 3-Month S t a y t i m e  Base 

S t a y t i m e  Extended t o  6 Months 
Sc ience  Program S t a r t s  

Base Grows t o  6 Men 
Hygiene S h e l t e r  D e l i v e r e d  

S tay t ime  Extended t o  9 Months 

S tay t ime  Extended t o  1 2  Months 
Base Grows t o  1 2  Men 
S l e e p i n g  and Command S h e l t e r s  D e l i v e r e d  
Direct-Mode Personne l  and Advanced LLV Used 

P h y s i c a l  Sc ience  and O f f - S i t e  A c t i v i t i e s  
She1 ters D e l i v e r e d  

S t a r t  Phase C Sc ience  Program 

A g r i c u l t u r e  S h e l t e r  D e l i v e r e d  
Base Grows t o  1 8  Men 
D e l i v e r  Lunar S u r f a c e  T r a n s p o r t a t i o n  

Astronomy S h e l t e r  D e l i v e r e d  
Farms D e l i v e r e d  
1 4  M e t r i c  Tons o f  Sc ience  Equipment D e l i v e r  

Base Grows t o  24 Men 



WASS BUDGET FOR MOONLAB EVOLUTION 

I S h e l t e r s ,  L i f e  Suppor t ,  Farm and R a d i a t o r  1 9 9 , 0 0 0 1  36 

I Water:  Use, Reserves  and Packaging 1 4 5 , 0 0 0 1  16 

I Power Equipment and Replacement / 31 ,300  1 11 

I Lunar T r a n s p o r t a t i o n  and Off-Loading Equip. 1 26 ,600  1 1 0  

I G a s :  Use, Leakage,  Reserves  and Packaging 1 30 ,400  / 1 1  

I Food: Use, Reserves  and Packaging 1 1 9 , 4 0 0  / 7 

I Science  Equipment 1 19 ,200  1 7 

I Tunne ls  1 2 , 7 0 0 1  1 

Communications Replacement 

Table 3 

MOONLAB EVOLUTION ANNUAL DELIVERY REQUIREMENTS 
3 

(Mass Are Given i n  U n i t s  o f  1 0  kg) 

' Inc luded  i n  F i r s t  S h e l t e r .  
* 

Payload C o n s t r a i n t s  Enforce  E a r l y  D e l i v e r y  of  Cargo. 



Some of t he  important design f e a t u r e s  which r e s u l t e d  from cons idera t ion  
of h m a n  f a c t o r s  were: 

1) Separa t ion  of  noisy ( o f f - s i t e  a c t i v i t i e s  module) from q u i e t  zones 
( s leeping)  . 

2 )  Normal a c t i v i t y  "flow" rou t ines  designed i n t o  ad jacent  c a n i s t e r s  (e  . g . ,  
s  l eep ing ,  personal  hygiene, ea t ing)  . 

3) Provision f o r  a  continuum of s o c i a l  a c t i v i t y  ( i nd iv idua l  q u a r t e r s  i n  
M-3 t o  24-man group meetings i n  dining/conference a r e a  M-4) and f o r  
ind iv idua l  and group r e c r e a t i o n .  

4 )  Work s t a t i o n s  a l l  r a d i a t i n g  out  from the  c e n t r a l  command s t a t i o n .  

5) Location of  primary water  s t o r a g e  (M-2) ad jacent  t o  t he  maximum s e c u r i t y  
h a b i t a t  (M-1). 

6) Emergency a i r  locks t o  and from every s h e l t e r .  Emergency monitoring 
of  a l l  s h e l t e r s  f o r  a i r  p re s su re  f l u c t u a t i o n s .  Techniques of l oca t ing  
personnel and diagnosing t h e i r  phys ica l  condi t ion .  P ro t ec t ion  aga ins t  
sudden decompression, f i r e ,  explosion,  and r a d i a t i o n ,  and provis ions  
f o r  search and rescue ou t s ide  of t h e  base .  

The h a b i t a t ,  o r  base module, used f o r  a l l  base opera t ions  i s  t h e  space 
c a n i s t e r  used t o  ca r ry  cargo and men t o  t he  Moon. This dec is ion  was made a f t e r  
a  t r adeo f f  between various methods of bu i ld ing  s h e l t e r s  from lunar  ma te r i a l ,  
designing e r e c t i b l e  s h e l t e r s ,  u t i l i z i n g  lunar  geologica l  f e a t u r e s ,  and oper- 
a t i n g  without s h e l t e r .  The f i r s t  c a n i s t e r  de l ivered  (M-1) i s  t o  contain l i f e  
support  and sc ience  equipment and f a c i l i t i e s  t o  accommodate 3 t o  6 men. This 
s t r u c t u r e  i s  t o  be  covered with lunar  s o i l  t o  a  minimum depth of one meter i n  
o rde r  t o  minimize micrometeorite and r a d i a t i o n  damage. A s  o t h e r  c a n i s t e r s  a r e  
added, changes i n  module func t ion  w i l l  occur ,  For i n s t ance ,  by t h e  f i f t e e n t h  
yea r ,  module M - 1  i s  t o  be the  b iosc ience  labora tory ,  h o s p i t a l ,  and maximum 
s e c u r i t y  h a b i t a t .  However, func t iona l  changes have been s e l e c t e d  s o  t h a t  
minimal e f f o r t  w i l l  be  requi red  f o r  modi f ica t ion .  

The p r i n c i p a l  parameters and/or c o n s t r a i n t s  encountered i n  t h e  design of 
t he  lunar  s h e l t e r  modules included i n t e r n a l  p re s su re ,  t e m p e r ~ t u r e  extremes, 
p ro t ec t ion  aga ins t  i on iz ing  r a d i a t i o n  and meteoroid impacts,  t h e  dynamic s t r u c -  
t u r a l  loading of launch and landing,  and t h e  man-hour cons t ruc t ion  load on the  
lunar  su r f ace .  These f a c t o r s  i n t e r a c t e d  d i r e c t l y  with weight ,  s i z e ,  and c o s t .  

The base as  designed cons i s t s  of e i g h t  habi tat /work-area modules connected 
by s h o r t  tunnels  of i n f l a t a b l e  r i g i d i z e d  m a t e r i a l .  The modules a r e  t o  be  com- 
p l e t e l y  p re fab r i ca t ed  on Earth and configured t o  f i t  a top a  s tandard ,  d i r e c t  
landing lunar  descent  s t a g e .  Raceways i n  t he  tunnel  f l o o r s  w i l l  house plumbing, 
power, and gas duc t ing .  Deployed over  t he  eight-module c l u s t e r  w i l l  be  a  f l a t  
s h i e l d ,  ac t ing  both as a  meteroid bumper and a  hea t  moderator. Figure 3 i s  a  
drawing of  t he  base conf igura t ion ,  



Power and Communication 

The power subsystem s e l e c t e d  f o r  t h e  MOONEAB supplies e l e c t r i c a l  energy 
d i r e c t l y  from s o l a r  c e l l s  during t h e  lunar  day. During t h e  luna r  n igh t  e l ec -  
t r i c a l  energy i s  produced from f u e l  c e l l s .  Hydrogen and oxygen f o r  f u e l  c e l l s  
i s  ob ta ined  from e l e c t r o l y s i s  of water  during the  lunar  day with cryogenic 
s t o r a g e .  E l e c t r i c a l  power f o r  e l e c t r o l y s i s  i s  suppl ied  from t h e  s o l a r  c e l l s .  

The power subsystem choice was inf luenced  by the  assumptions t h a t  (a) la rge  
q u a n t i t i e s  of  f u e l  f o r  Radioisotope Thermoelectr ic  Genera tor ' s  (RTG's) w i l l  not 
be a v a i l a b l e ,  and (b) t he  usefu l  l i f e  of a  SNAP 8 r e a c t o r  system a t  f u l l  power 
i s  approximately one yea r .  I f  e i t h e r  of  t h e  above condit ions were changed 
s i g n i f i c a n t l y ,  t he  power subsystem choice might be a l t e r e d .  

This  system i s  the  l e a s t  expensive of  t h e  f i v e  systems considered.  The 
sys tem has o t h e r  i nhe ren t  advantages,  

1) I t  i s  h ighly  modular and can be  suppl ied  i n  u n i t s  of e s s e n t i a l l y  any 
s i z e  des i r ed ,  

2) Redundancy i s  r e a d i l y  achieved by adding u n i t s  o r  by accept ing  a  lower 
a v a i l a b i l i t y  of power i n  event of f a i l u r e  of p a r t  of t h e  system, 

3) Expansion of t he  system f o r  a d d i t i o n a l  power o r  f o r  e l e c t r o l y z i n g  water 
t o  provide f u e l  f o r  mobile vehic les  of Earth r e t u r n  i s  r e a d i l y  achieved, 

4) Buildup of t h e  system on t h e  Moon i s  simple s i n c e  components can be 
packaged i n  near ly  any s i z e  des i r ed  and can be  c a r r i e d  on any launch, 

5) There i s  no problem of r a d i a t i o n ,  thus  allowing convenient l oca t ion  of 
t he  system r e l a t i v e  t o  s h e l t e r s ,  

6) A peak power of 225 kW i s  poss ib l e  i f  a l l  e l e c t r o l y s i s  i s  shut  o f f .  

Fuel c e l l s  f o r  the  power system w i l l  be ava i l ab l e  from t h e  nav iga t iona l  
packages on the  landing v e h i c l e s .  Each veh ic l e  has two c e l l s ,  each of 2 kW 
capac i ty .  With 40 o r  more landing vehic les  t h e r e  w i  11 be  more than  enough f u e l  
c e l l  capac i ty ,  inc luding  replacement as necessary.  Also t h e r e  w i l l  be  ample 
cryogenic tankage which can be salvaged from landing veh ic l e s .  Fuel c e l l s ,  
t anks ,  and vehic les  should be  designed wi th  t h i s  f u t u r e  use i n  mind. 

The base proper  will r equ i r e  50 kW ( e l e c t r i c a l )  during t h e  luna r  day and 
40 kW during the  lunar  n i g h t .  This does not  inc lude  power f o r  e l e c t r o l y s i s  of 
water t o  supply f u e l  f o r  mobile vehic les  o r  f o r  r e t u r n  t o  Ear th ,  S p e c i f i c  
requirements a r e  shown i n  Table 4 .  Subsystem c h a r a c t e r i s t i c s  a r e  shown i n  
Table 5 .  

Figure 4 shows modes of communication provided on t h e  lunar  s u r f a c e .  
Because of  t h e  d iverse  na ture  of t he  MOONEAB mission, t he  communication sub- 
system design neces sa r i l y  included a large amount o f  f l e x i b i l i t y .  Lunas equip- 
ment must be adaptable  t o  changing needs o f  i n v e s t i g a t o r s .  A new Earth-based 
network i s  requi red  cons i s t i ng  of t h r e e  ground s t a t i o n s  spaced approximately 
equal l y  around t h e  Ear th .  



MOOPITUB POWER REQUIREFW3NTS 

Lunar Day 

Atmosphere circulation 

I Lighting 

Heat rejection (living-working space and farm) 

Water pumping (farm) 

Harvesting and food processing 

Waste processing 

Communications 

Miscellaneous and contingency 

Lunar Nkght* 

Emergency life support 

Lighting 

I Heat ing 

Communications 

-?+ 
I 

Requirements determined by emergency conditions in the 
event of loss of the farm. 

Table 5 

MOONLAB POWER SYSTEM 

Development cost $110 million 

Hardware cost $115 million 

System mass 

Deployment time 

21,500 kg 

200 man-hr 

Annual replacement rate 20 percent 

The cos t  of e l e c t r o l y z i n g  2000 kg of 
water per year will be 3.16 a. 



The l i f e  support  subsystem f o r  MOONLAB i s  unique f o r  s eve ra l  reasons,  

1) I t  uses h ighe r  a g r i c u l t u r e  t o  both c l o s e  the  02-C02 cycle  a-nd t o  
provide food. 

2) Because h ighe r  p l a n t s  a r e  used, man's waste products a r e  almost a l l  
completely used e f f i c i e n t l y .  

3 )  By ca re fu l  choice of crops,  i t  i s  poss ib l e  t o  opera te  with a  minimum of  
mechanical equipment. Fundamentally only a  fan  and a  dehumidif ier  a r e  
needed. 

4) A l a r g e  f r a c t i o n  (75%) of  t h e  t o t a l  food a v a i l a b l e  i s  i n  a  r e l a t i v e l y  
f r e s h  and a e s t h e t i c  form. 

5) Resupply from Earth is  g r e a t l y  reduced. 

6) Water p u r i f i c a t i o n  i s  g r e a t l y  s i m p l i f i e d ,  and a s  a  consequence more 
water  f o r  washing and laundry i s  a v a i l a b l e  because of t he  mul t ip l e  u se .  

Some i d e a  of t h e  i n t e r r e l a t i o n s h i p s  i n  t h e  l i f e - suppor t  system can b e  seen 
i n  Fig.  5 .  A mater ia l  balance i s  shown i n  Fig.  6 .  During the  luna r  n i g h t  t h e  
a g r i c u l t u r e  i s  dormant and s h e l t e r  a i r  i s  bypassed through an absorber  bed t o  
keep t h e  C02 from exceeding 1 .5% during t h e  lunar  n i g h t .  The C02 i s  then  
desorbed i n t o  t h e  a g r i c u l t u r e  during t h e  lunar  day, A backup system r e q u i r i n g  
standby e l e c t r i c a l  power i s  ava i l ab l e  i f  t he  a g r i c u l t u r a l  system should f a i l .  

Atmospheric leakage from t h e  s h e l t e r  w i l l  be  p r i n c i p a l l y  due t o  a i r  lock 
opera t ion .  Assuming t h a t  a i r  locks w i l l  bound t h e  tunnels  and t h a t  t h e r e  may 
be as  many as t h r e e  openings pe r  day, losses  have been ca l cu la t ed  as  10% of a  
tunnel  volume p e r  day pe r  opening. Farm leakage i s  based on p r o b a b i l i t y  of 
3 punctures p e r  year  of meteor i tes  1 . 5  rnrn i n  diameter,  and t h e  lo s s  of one 
s h e l t e r  volume (18 m s h e l t e r s )  a t  each h i t  before  r e p a i r  can be made. 

During t h e  base evolut ion a l l  food w i l l  b e  from Earth-supplied s t o r e s .  
The d i e t  w i l l  b e  2,800 k-ca l  wi th  roughly 1 2 %  p r o t e i n .  A s  t he  a g r i c u l t u r e  
develops, ha rves t  o f  crops w i l l  begin t o  con t r ibu te  t o  t he  d i e t .  On the  b a s i s  
of 0 .63  kg/day/man of  d r i ed  food, t h e  24-man base w i l l  r equ i r e  15 .1  kg/day o r  
k ,  520 kg/yr.  This r e l a t i v e l y  small  weight makes i t  f e a s i b l e  t o  keep a  y e a r ' s  
supply of food on hand a s  backup f o r  poss ib l e  a g r i c u l t u r a l  f a i l u r e .  

The MOONLAB water  requirements a r e  q u i t e  ex tens ive ,  due t o  i n i t i a l  
requirements f o r  charging the  farm and the  neces s i ty  f o r  an inventory f o r  f i r e  
p r o t e c t i o n .  Once t h e  base reaches s t e a d y - s t a t e  opera t ion ,  a  su rp lus  of some 
5,000 kg w i l l  b e  produced each year  due t o  metabolism by t h e  farms and by t h e  
crew. This surp lus  w i l l  be  e l ec t ro lyzed  t o  M2 and O2 f o r  f u e l  and b rea th ing  
a i r .  However, during t h e  evolu t ionary  phase some 45,000 kg  of water  must be 
brought t o  MOONLAB, 

Waste i s  t o  be disposed of by feeding i t  t o  the  farm, i n  var ious forms. 
During cons t ruc t ion  and i f  t he  farm i s  temporari ly  out of opera t ion ,  waste w i l l  



be disposed of  by more conventional means, An ePec t rodyalys is  system w i l l  b e  
used f o r  u r i n e  reclamation and s o l i d  wastes w i l l  be  hea t -d r i ed ,  s t e r i l i z e d ,  and 
s t o r e d .  

The Lunar Fzrm 

The reasons f o r  developing MOONLAB a g r i c u l t u r e  a r e  as  fol lows:  

1)  The MOONLAB farm provides t h e  b a s i s  f o r  a  p l e a s a n t ,  expandable permanent 
colony on t h e  Moon, and i s  a l s o  economically j u s t i f i a b l e .  For 75% food 
r ecyc le ,  about 2 years  time a t  a  base l e v e l  of 24 men j u s t i f i e s  t he  
weight of  t h e  farm over t h e  weight of requi red  imported food and a  C02 
removal system. 

2) Development of  a  system f o r  maximum photosynthesis  with minimum space 
and l abo r  requirements.  

3) Development of new p l a n t  forms, new gene t i c  makeup, and new s o i l s  by 
exposure t o  unusual l i g h t ,  hard r a d i a t i o n ,  g r a v i t y ,  magnetism, and 
atmospheric composition. Useful p l a n t s  produced i n  such an environment 
may produce seeds which a r e  advantageous elsewhere. 

4)  Crop adapta t ion  and e x p l o i t a t i o n  methods on the  Moon may provide means 
f o r  unl imited co loniza t ion  of t he  Moon without dependence on Ear th .  

5) Moon farming may y i e l d  knowledge and techniques which can be  appl ied  on 
Mars without  t h e  need f o r  s h e l t e r s .  Mars farming could lead  t o  eventual  
conversion of  t he  e n t i r e  p l ane t  t o  usefu l  purposes.  

Several  farm u n i t s  a r e  provided f o r  s a f e t y  and f o r  v a r i a t i o n  i n  growing 
condi t ions .  Figure 7 shows a  p lan  view of a  t y p i c a l  farm u n i t .  

One 1% m diameter farm u n i t  w i l l  b e  programmed f o r  pe renn ia l s ,  one 18 m 
diameter u n i t  f o r  annuals and diannuals ,  one 10 m diameter u n i t  f o r  vege tab le  
crops, and one 6 m diameter a g r i l a b  f o r  new work i n  hydroponics and t i s s u e  cu l -  
t u r e .  The t o t a l  farm a rea  f o r  a  24-man MOONLAB was ca l cu la t ed  t o  be 500 m2 
(1/8 a c r e ) .  

Figure 8 shows the  layout of t h e  farm and the  night t ime environment. Leaf 
crops w i l l  be  removed from the  18 m farms a t  dusk. Highly r e f l e c t i v e  shades 
w i l l  be  deployed over a l l  windows t o  minimize h e a t  l o s s  a t  n i g h t .  

S o i l  condi t ion ing  must be considered as  a  primary f a c t o r  i n  designing t h e  
farm. Moon s o i l  must be made from Moon dus t  s i n c e  160 tons a r e  needed f o r  t h e  
t o t a l  farm assuming a 10-in.  s o i l  depth.  S o i l  w i l l  be  loaded be fo re  p u t t i n g  
the window i n  p l ace .  Aggregate w i l l  be loaded f i r s t ,  followed by f i n e r  mate- 
r i a l .  The s o i l  w i l l  be  watered by coarse sprays and drained i n t o  a  sump. 
Water holdup of  t he  e n t i r e  farm i n  the  s o i l  w i l l  be 8,000 kg .  

The f l o o r  of  each farm u n i t  w i l l  c o n s i s t  of a s lop ing ,  g a s t i g h t  pan of 
high-densi ty  p l a s t i c  placed on properly contoured Moon d u s t .  Tables 6 and 7 
summarize various c h a r a c t e r i s t i c s  of t h e  a g r i c u l t u r e  complex, Figure 9 shows 
a  cross  s e c t i o i ~  of  one of t h e  farm u n i t s .  



CMRACmRISTICS OF TEE AGRIGULTUF1AL COMPLEX 

Window Are 

Enclosed Volume 

Window Mass 

F loo r  Mass 

Beam Mass Number 

T o t a l  S t r u c t u r e  

Night Power 

S o i l  Mass 

S o i l  Moisture  

Maximum Biomass 

T o t a l  P l a n t  

Nitrogen i n  Biomass 

Table  7 

LIFE SUPPORT SYSTEM--AGRICULTURE PEAK POWER REQUIREMENTS 

Feces Dryer 

Water Heater  

Agr icu l  t u r e  Machinery 

Wash Water System 

A i r  C i r c u l a t i o n  

Pumps a t  0.093 kW each* 

L igh t ing ,  UV s t e r i l i z e r s ,  adsorber  

TOTAL 

--- * 
Inc ludes  a g r i c u l t u r e  process ing  pumps. 



Poss ib le  annual and biannual  l ea fy  crops which t h e  farm w i l l  inc lude  a r e  
rye ,  swiss chard, endive,  l e t t u c e ,  and Chinese cabbage. Other p l a n t s  of 
i n t e r e s t  a r e  tornatoes , peas,  beans, sweet po ta toes ,  peanuts ,  and a l f a l f a .  The 
various foods t o  be processed a r e  leaves ,  c e r e a l s ,  roo t  crops,  vege tab les ,  and 
hydroponic crops.  

Leaf process ing  w i l l  include ha rves t ing ,  packaging, and f r eez ing  a t  dusk. 
Leaves not  d i r e c t l y  ed ib l e  w i l l  be  cooked with h o t  water  while  f i b rous  leaves 
w i l l  be  crushed and f i b e r  pressed out  f o r  r e t u r n  t o  t h e  s o i l .  The serum w i l l  b e  
frozen f o r  d i r e c t  consumption i f  p a l a t a b l e ,  and unpala tab le  serum w i l l  b e  b o i l e d  
t o  coagulate  p r o t e i n ,  which w i l l  be  pressed  out  and d r i e d .  A s a f e  scheme f o r  
removing l e a f  serum t a s t e  should be  found as  soon as p o s s i b l e .  

Root crops and vegetables  w i l l  b e  ea ten  a f t e r  t h e  usua l  p repa ra t ion ,  and 
ce rea l s  w i l l  be  b o i l e d  o r  d r i e d  and malted t o  improve t a s t e .  Hydroponic crops 
w i l l  be  eaten as  i s  o r  d r i e d  during t h e  day, s i n c e  dusk ha rves t ing  i s  no t  
needed i n  t h i s  case .  Tomatoes w i l l  b e  consumed immediately and sweet po ta toes  
w i l l  not  need p re se rva t ion .  

Concluding Comments 

The MOONLAB s tudy ,  i n s o f a r  as poss ib l e ,  was a  complete system s tudy .  I t  
included d e t a i l e d  cons idera t ions  of s c i e n t i f i c  mission a c t i v i t i e s ,  experiments 
and equipment, personnel  s e l e c t i o n ,  t r a i n i n g  and o rgan iza t ion ,  s t r u c t u r a l  and 
thermal design, emergency procedures and backup subsystems, mobi l i ty ,  lunar  
resources e x p l o i t a t i o n ,  and pos t  evolu t ion  l o g i s t i c s .  I t  i s  not poss ib l e  t o  go 
i n t o  a l l  of t hese  cons idera t ions  i n  t h i s  paper .  I n t e r e s t e d  readers  may r e f e r  
t o  Reference 2 f o r  t h e  complete s tudy r e s u l t s .  
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MET. AND SOLAR BLANKET 

Figure 1. 



TOTAL COST 17.4 BILLION DOLLARS 

AVERAGE COST 1.15 BILLION DOLLARS 
PER YEAR 

YEAR 

Figure 2. 
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Figure 4. 



Freezer 
Crusher 
Cooker 
Coagulum Washer 
Dryer 
Serum Freezer 
Stored F d  
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Circulation Fans 
Adsorption Systm 

Condenser P-5 
Dehumidifier P-6 
Contaminant kemova I P-7 
Water Cooler PW- 1 
Water Heater W-1 
Filter Sterilizer W-2 
Feces Pump W-3 
Urine Pump W-4 
Dilute Urine P m p  
Juice Pump 
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Figure 5 .  



EARTH FOOD 3.78 

ATMOSPHERIC LOSSES 3.64 

AGR l CULTURE 

SANITARY WATER 104.7 
I 1 

DENSATE ] 
.h) 

r A T M O S P H E R l C  MAKEUP 3.64 

t 
STORAGE 

84.0  

Figure 6. 
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Figure 8. 
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