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 ntegration of Expacted Extraterrestrial Resowrcas isto the

Design of_ Space Tmspnmt!on Systems
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An ovaluatior of the benefita derived from the utilisation of Junar materiale an pro-
pellants (or space nystoms s based on a logistics study. Various methods and opportunitics
to supply the materiaks 2equired hy a spaco program at various locations in space are ex-
amined. Thesn include & number of different propellants with soveral sources and manu-
facturing processcs us well as modes of delivery,  Tho requiremeata are resolved into Iaunch
regquirements from Earth and are used as a basts for comparing the alternatives that may bo
available. Tho paper integrates the pesults of previous mission analysca with loglatics
studies and treats & number of casce, somo of which are shown to bo pramising.

INTRODUCTION

Potential value of lunur material as a source
of propellant for space transportation systems
is a function of three unknowns:

(i) The resources available on the Moon.

(2) The transportatios: system that will use
the propellant.

(3) The space program of the ers during
which it first becomes fessible to use lunar
material.

In view of the unknowns, any plan made
today to exploit lunar material will probably
be wide of the mark. However, it is not. too
early to explore the possibilities, because these
can justify and guide thka exploratory phase of
the lunar program in which we find ourselves
tedsy. The Moon's geological history is quite
different from that of the Earth, and as &
consequence materials suitable for propellant
manufacture are apt to differ greatly from
material from Earth. Some possibilities are:

(1) Crater bottors and caves near the poles
of the Moon could be very cold, and deposits of
ice, solid carbon dioxide, ammonia, ete., could
have coliected there. There is alwo the pos-
sibility of large permafrost arens containing
subsurface ice.

(2) Pockets of helium produced as a radio-
active decay product could oceur in the interior.

(3) Water of crystallization might be present
in certain materisls,

(4) Voleanos may still be active, and emis-
sions of water, ammonin, hydrogen sulfide, etc.,
could supply needed raw materials.

(8) Minerals that do not occur naturally on
the Earth might be a suitable propellans source.
Metallic compounds, for example, could be
better than water as a source of hydrogen.

(6) Basaltic-type materials, whose presence
is indicated, could be processed.

(7) Many surface rocks appear highly porous,
and the voids are most likely filled with gases
(ref. 1).

In view of the uncertainties, this paper will
treat many posaibilities and will indicate the
circumstances under which use of lunar propel-
lant sources will become profit=ble. In making
effectiveness evaluations of propulsion systems
based on extraterrestrial resources, ons must
account for—

(1) Propulsion petformance ss calculated
from specific impulse, structure factors, boiloff,
and fuel transfer requirementa.

(2) Materiel requirements that support man-
ufacture, storage, and transportation of the pro-
pellant to the point in space where it will be

used. Production eficiency will depend heavily
on the quantities produced.
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(3) Facilitien to support pemonnel that in-
clude materials, transport, and erection.

(4) Cont of recavery of the propulsion system
and the propellant tanks vused in delivery from
lunar sources,

Methoda for evaluating Kérth-based systems
treat these itemn independently. This cannot
be done here berause the most likely benefit
comon from lowering the transportation cost
listed under (2) above. This must be traded off
against degraded values in almost ol the other
categorien. It will aluo be néen that the possible
henefits are highly dependent un the types and
numbers of space flights. Therefore the evalue-
tion will be done in the context of a number of
scenarion depicting possible space programs of
the future.

Much background information oh the subject
is given in references 1 to 9.

MISSION DESCRIPTIONS

The analysis will be made in the context of
two basic space missions with variations given
of each. The first is a manned planetary
voyage with the spacecraft assembled in Earth
orbit. We are not too concerned with what
happens at the destination planet or with the
details of the spacecraft or its payload. We
are concerned with—

(1) The weight breakdown of the space
transportation system

(2) Propellants that can be provided from
lunar sources and the associated operations.

(3) Assembly and logistic weight burdens.

The other bacic mission is the establishment
of a lunar base and i‘s resupply. The possi-
bility of using lunar resources for the propul-
sion of a shuttle is to be tnvestigated and
compared with a wholly Earth-based propellant
supply.

Much attention will be paid to the method
of analysis, and it is convenient to treat both
missions in terms of a single framework. There-
fore, consider a mission composed of the fol-
lowing maneuvers (see fig. 1):

1. A launch from the Earth’s surface E de-
livering a pagload to a rendezvous point R.

2. A launch from the Earth’s surface E to the
lunar surface L.

Fiouag 1.—~Schematie of manenvem,

3. Transportation of supplies (propellant)
from the lunar surfaco L to the rendezvous
point R.

4. Return from the rendezvous point R to the
lunar surface L.

8. A flight from the rendezvous point R to
the destination D, which would be either the
vicinity of the planet or a return to Earth.

6. A further maneuver (possibly capture by
the planet).

In reference 2, it was shown that the cislunar
libration point is well suited for the rendezvous
point R, and the high-orbit rendezvous to be
treated her¢in can be considered to take place

at this poiat.
The following notation will be used:

N The maneuver number, N=1, 2,
3,4,5,0

Wiy  Weight of payload on maneuver N

Weny Weight of propellant on mateuver
N ‘

Wyxy  Weight of vehicle (dry) on meneu-
ver N

Wey  Weight of propellant tanks (dry)
on maneuver N

Wsny  Weight of burden on maneuver N;
8 part of Wpy (the burden consists
of tools and supplies needed for
an assumbly operation pérformed
after the maneuver)

Wy The final weight of <ystem after
maneuver N; Woy+ Wyn

Ky The ratio Wyy/Wear=(Wpy—
u’)ﬁ)/ Wnu

K;, thio Wﬂ(/ Wm

or iy ot
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H,, Ratio Wey/Weps

a Rate of propellant manufacture
needed to supply this mission di-
vided by the rate of propellant
manufacture needed to sapply all
usern

M Weight of mining and processing
equipment needed to produce pro-
pellant

b Logistic requirements needed for
propellant manufacture divided by
logistie requirements needed for all
activities of the base

L Weight of all logistic requirements
of the luner base (so L is the
weight prorated to propellant

manufacture)

4V,  Change in velocity requizement by
maneuver N

Ispy  Specific impulse of propulsion sys-

tem iséd in maneuver 4.
We shall use set theoretic notation as follows:

P3NPRS that part of the payload P of
meneuver 3 that is propellsut
PR for maneuver 5.

Then the compositions of the transportation
systems used on the maneuvers have the dp-
pearance shown in figure 2.

The payload weights to be delivered are:

Type Frequency, Payload, 1b
mo/yr
Planetary........... 1 | 200,000.
Lunar shuttle....... 12 | 28,000 to Moon.
3,000 to Eerth.

The planetary payload is an average derived
from many studies of a Mars capture mission,
and the lunar shuttle is intended to supply a
30-man base.
In figure 2, note that the payload for maneu-
ver 1 is composed of—
(1) Part of the payload P4 for maneuver 4
(2) The burden Bl (assembly expendables)
(3) The vehicle (dry) for maneuver 8
(4) The payload for maneuver 8

195

The horizontal separation of the payload of
maneuver 2 indicates that the vehicles V3 and
V4, the mining ahd processing equipment M,
and the logistic resuppliea L are to he shared
with missions other than the ore under
consideration,

We are faced with some 77 parameters or
variables, of which 16 are input parameters
and the others are to be calculated. In view
of the uncertainty as to resource uvailability,
the many alternative routes that the national
space program may follow, and the technology
of the ers, a narrative encompassing all the
situstions worthy of analysis would fill a book.
Instesd of this, table 1 is presented as an
overview of the factors influencing the missions
(and, hence, influencing the input parameters,
which for present purposes describe the
mission).

In the same way, table 2 takes the place of &
description of all the parameters, their signifi-
cance, and how their values may be influenced
by the inputs.

The analytic methods are a combination of
steaightforward space flight mechanics, sonie
algebra, and fogistic computations. Consider-
able use was made of the relations derived in
reference 2 for the flight mechanics and in
reference 3 fot the logistics.

Manéuvers 3, 4, 8, snd 6 are analyzed with
the use of the rocket equation. For maneuver
8, for example, the weight of the initial eystem

Wi=Wp; exp (AVy/glsre) (1)
Then
Wans+ KW pas+Wpy= (KW pns
+Wes) exp (AVi/glary)
where
Ky=(Wey—Wpx)/Wean @
and 80
'Vp“=’(5)Wn (3)

where one uses the abbreviated notation
exp (AViy/glery)—1
V)= e e arelens
Requirements for maneuver 6 are caloulated in
exaotly the same way. When velocity require-

ments sre given in terms of hyperbolic excess
speeds, the charts in reference 2 can be used.
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Uncertainty Parameters Symhals l Remarks
Space program level | Mission-dependent Wes Large value for ambitious manned planetary mis-
of activity. factom, sion, additional maneuvars,
AV to AV, Dependa on rendesvoue pelat, destination, lunar
launoh eite, eto, Large for fast missions,
Bpace-progratan a Smsll if resource is used widely in sddition to use
depondent factors, for propollant by this misslon.
b Small it propellant manufasturo is wmall part of
total lunar cffort.
M Increnses with rate of propellant production.
Largo for difficult or ineffielent prosessen,  (8ill-
oate reduction).
L Iricreases with sise of lunar basc.
Wro Wi Incrcoscs with aisu of lunar base.
Era during which Propulsion tech- Iary to la;m Large for a varioty of nuclear dovelopments.
n:luhm takes nology. Small for low-performance propellants such as HyO,
P nce, H’o
Deslgn.ceeenocnnnn. K;toKy; K., | Small for cfficlont design, advanced materials.
K, K, Large for nuclear systems, artificlal gravity.
Mining and process- | M Small for eficlont processss of fluid handling as
ing technology. opposed to solids. Make use of vacuum. De-
pends strongly on recource availability.
Small for automated procosses.
Space operations......| H;, s Small for efficient assembly, propeliant tranafer.
Resour:e avail- Mining and process- | M, b Smell for readily available, readily usable materials.
abiiity. ing teshnology.
TasLe 2.-—Mission Parameters
Bymbol Represents— Maneuver Significance Infivenced by-— Equation
Wrtanueune Péayload weight... ... 1 | Relates to number | Choise of B, Wpy, assenbly | (18)
of space vehicle needs.
launches required.
Weiee-...| Payload weight..... 2 | Relates to number | Prorating among lunar base | (12)
of space vehidle activities; processing and
1aunches required. mining weight M.
Wrteaauoon Payload weight..... 3 | Foous of study....... Propellant needs at B; Moon- | (4)
to-Earth traffic rate.
Woteeonne- Payload weight._ ... 4 | Tank recovery lundr | Struttural eficiency; base (8)
transport. resupply rate.
Wrteenen-- Payload weight. .. .. 5 | Scopes mission....... Mission objestives; puyload | Input
delivered to destination.
Weas.o-...| Propellant weight.... 3 | Tradeoff variabie....| Transportation systam Isp, | (8)
AV. moﬂ. m‘e‘ m’
down.
Wrktenen-- Propellant weight.... 4 | Resovery penalty.. .| Transportation system Isp, | (7)
AV, bollofl, leakage, cools
down.
Wontee.o-. Propellant weight..... 5 | Foous of study....... Transportation system Iap, €)
AV. bolloﬂ. M’ ml.
down.

o i £ oA o
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TanvLe 2.—Miasion Parameters—Continned

Represents—

Significance Inflienced hy— Bquation
Final weight (dry) ... Waight delivered to | Dagren of automation, pro-
R trom Moon, pellant transfer mathods,
Fina! weight (dry) .- Bhuttle ayatem Degrea of automation, pro-
walght landed on pollant transfer methads;
Moon, tank structure,
Final weight, (dry)... - Misslon efiort... ... Payload, struotura! effi-
olenay, propelant density,
insulation,
Initiel aystom weighy. Launch weight from | Propellant requirementa of (1)
Moon. final misslon manuevers,
TInitial systorm welght. Moves back to Lupar shutlo, tank recovery | (1)
Moon. sohome,
Initial systom welght. Orbital taunch Fized by miselon and oholeo | (1)
woight, of transportation systofn,
bollofl,
Empty vehiclo to Accounta for struc- | Design cfficienoy, propellant | (2)
propollant ratlo, tural weight, donsity, max. acceleration,
insulation ongino sise.
Empty vehicle to Accounts for struce | Design eflolenoy, pfopellant
propellant ratlo. tural welght. density, max, acecloration,
insulation engine aize.
Empty vehicle to Acounts for struc- | Dealgn eficlenocy, propellant | (2)
propellant ratlo, tural weight, density, max, acceleration,
insulation engine size.
Weight used in Par’ of Earth \ift- Asrsembly mothods, degreo of
ascembly at R. off weight, modulurity.
Ratlo of propellant Determines paylodd | Design, propeliant donsity, 4)
tank weight to for maneuver 3, insulation.
propellont weighi.
Ratio of jropellant Deotermines payload | .....c.cccevnmnccecnonnnane @
tunk welght to for maneuver 3.
propellant weight.. | .
The ratio Wa to ! Payload on 1 can be | Assembly operations at R....| (18)
Wem. related to pro-
pellant on 8.
The ratio of pro- Prorates mining Level of lunar-base activity | (13)
pellan  ~din and processing using resource, other mis.
this miss .0 to all equipment, slons using resource.
propellant pro-
duced by ti «
base.
Logistic require- Prorates logistic Overal lunar activity; man- | (13)
ments ratio pro- weights trans- power required for pro-
pellant produc- ported to Moon. pellant production.
tion to total.
Weight of supplics Weight delivered to | Type of production process, | (19)
sent to Moon: con. rate of production. _
Weiglit of supplies Welght delivered to | Lunanbase activity........ ree| {(18)
sent to Moon, Moon.
Change in velooity... Energy requirement..| Assembly polnt R...........
Change in velocity. ... Energy requirement...| Looation of lunar base L. . ..
Change in velocity... Energy requirement..| Rand L...........c.n.n... ~Noput
Change in velocity... Energy requirement..| Rond Loeeeeonnnenoaanan...
, Change in velocity... Energy requirement..
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Tanss 2,—Mission Parameters—Continued
Symhol Represeyta-—— Maneuver Signifieancs Inflnenced by— Equation
Tapyr-----| Bpecific impulse.....-- 1 | Datermine pronel- | Propulsion syatem
lant welght. technolegy. !
| [ 7 T Specifio impulse. ... 2 | Determine propel- Propulsion syatein !
lant welght. technology. ;
Iappocornan Specific impulsa.. ... . 3 | Determine propel- Type of resource avallable.._.. Input
lant weight, i pu
Taptac -+~ Bpeciflo impulea. .. .. 4 | Determine propel- | Typo of reiouren avallable.. ..
lant welght, '
Iopbnconcnn Bpeelfie impulse... ... 5 | Determine prapel- Type of resourcs available. . ...
lant welght.
The poyload for mancuver 4 includes the Wrm= — Q) 0+K)
vehicle for maneuver 3 and the payload of I—(IFKIK A G4
maneuver & contains the tanks and propellant Ww A+ KM(3)8(5) .. "
for maneuver 4. Consequently a pair of = AR R " )

simultaneous equations must be solved. Con-
gider firat the case where the tanks carrying
propellant for maneuver § are fiot returned to
the Moon but become part of vehicle V5.

Wer=Weait Weet Wem+ W= (14K Wene
+(Q+K)Wrm 4)

where
KWnF‘ W
Also
.. We=Wn %)
Using the rocket equation again
Wim=(3)Wr=8@)(14+K)Wem
+ 14+ KD Wea)

and sssuming K=K, (i.e., the same structure

factor for the two mansuvers)
Won=®{(3) (1 +K)(Went+Wems)  (68)

and if the tanks carrying propellant for maneu-
ver § become part of vehicle 8

Wea=08) W= Ky23(d) Wi (7
Then substituting equation (7) into equation
(6) and sotting Ky=K,.!
i s e gt el

pot & bad assumption since the propeliants are the
same in case.

1f the tanks carrying propellant for maneuver
§ are returned to the Mcoa (and the propellant
is transferred to other tanks), instead of equa-
tion (3), we have Wi =Wge+Wp, and, in-
stesd of equation (7), we have, using W a8
the new propellant for maneuver 3,

W= 4)(WestWea)
-,(l)(l(} "entKiWras)
=R ) (Wrnt+Wem) (9

Setting K3 =K, and &(3)==®(4) (the return
trip has the same AV’, I»s, and K factor), we get

"instead of equation (8)

=) 1+ K = o s
Wans=={1+ K 9(3)|Wpen (10)

which is a convenient form because we intend
to calculate Wpgs prior to Wha.

It additional payload Wp, is delivered on
maneuver 4 in addition to the return of tanks
Wes and the shuttle Wy,, equation (10) becomes

Wem=

$(3) {1+ KIS KW pm+ Wei) +Wem) + W)
1""(3)"(4)R.(1+Ks) an

The propellant requirements for maneuvers
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3, 4, and 5 can now be expressed in terms of
the payloads to the destinations, Relations
between propellant manufacturing rates and
mining, basing, and processing weights are
given in reference 3. In order to use these
cherts to caleulate the weight of material te be
delivered 1o the Moon, two things must be
done;

(1) 7'otal requirements for propuilsn: was
be translated into rates of production.

(2) Production rates must be prorated to
various requirements,

These depend on the ability and cost of storing
propellunt and the total activity at the lunar
base. Instead of attempting to solve these
problems, we introduet the notation a, M, b,
and L listed in table 2 and then treat these
terms parametrically.

Then the payload for maneuver 2 becomes

Wp)= GM+ abL+c( Wv;+ “Vﬂ)
where

c==1--the number of uses of the vehicle used in
maneuver 3

The relat:ns in reference 3 sre linear, so by
introducing a proportionality constant J to
relate propellant production to weight of equip-
ment used to produce that propellant and by
introducing a constant K to relate propellant
production to logistics requirements, we get

I(Wem+Weast Wens) =M
K(Wess+ Wem+Wens)=bL

where Wz, denotes the yearly rate of propellant
consumed by maneuver 3. Then

We=a(J+bL) (Wras+ Wen+ Weas) (13)
+e(Wost Wiy)

(12)

Instead of using the rocket equation to deter-
mine the initial weight (weight at launch), we
use performance curves for the launch vehicle,
in this case the Saturn V, to determine the
number of launches required. Using the lunar
logistics vehicle on top of the Saturn V, 28 500
pounds can be landed on the Moon (ref. 4).
Therefore dividing W by 28500 gives the
number of launches réquired. Fractional

EXTRATERRESTRIAL RESOURCES

launches make sense in this context hecause we
assume other luaar activities that would use
up the additional payload capacity. The
number of Saturn V launches used on maneuvers
1 and 2 to be ascribed to the missions are:

Ny=W/28 500 (14)
A lanar .ding velicle other than the one
op.vigloned pivis a differei.. constant as &
divisor, The consequence will be discussed
later,

The payload of maneuver 1 consists uf the
mission payload, the vehicle used in ‘naneuver 5,
aud the weight burden needed to ¢arry out the
assembly operations at the rendezvous point R.
This i given by

Wer=Wes-+ Wos+ Wa+ Wp=Wpy

—~ Wegs+ Wa+ W

=Wps+KsWegs+H, sWeps+ W
=[14(Ks+H,,:)3(5)|Wes+ Whpy

The Saturn V can deliver about 100 000
pounds to the cislunar libration point. If this
point is chosen for the rendezvous point R, the
number of Saturn V launches required for
maneuver 1 is

(1b)

Ny=Wx/[100 000

However, Wy, should not be ascribed to the
planetary mission, so that the number of
Saturn V launches to be assigned to this mission
is

Ny=(Wp— Wp,)/100 000

SCOPE

One purpose of this paper was to treat cases
other than those already appearing in the
literature and to give something more specific
than & parametrio treatment. Therefore these
propellants were ccnsidered :

Liquid hydrogen-oxygen-chemical:

Isp=444 se0
Methane-nuclear:

Igp=400 8seo
Ammonia-nuclear:

I,,r=400 sec
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Water-nuclear:
Igp=300 gec

Helium-nueclear:

Hydrogen-nuclear:
Igp=830 800

The methane and ammonia yield values of
Is» that are close and overlap in some cases
depending on the temperature of the reactor
(vef. 5); therefore, they were treated as one
case. The water-nuclear system proved to be
inferior for the planetary mission and was not
investigated in depth.

The planetaty mission had two versions, a
slow and a fast trip with the following velacity
requirements:

(llx) Slow: two impulses with V. of 0.1 EMOS
eac

(2) Fast: twe impulses with V. of 0.15
EMOS edach

The propellant for the return trip wes con-
sidered part of the payload of the final maneu-
ver. No essential differetice would oseur if the
total excess velocity V. (8.2 EMOS, slow, and
0.3 EMOS) were partitioned in different ratios
between the two impulses.

The departure from Earth was considered in
three modes:

(1) HO, departure from a high orbit, specifi-
cally the cislunar libration point.

(2) LO, departure from a low circular orbit,
specifically a 250-kilometer altitude.

(3) EO, departure from an eccentric orbit,
specifically a 60%1.1 Earth radii ellipse.

Rendezvous of the lunar and Earth origincting
stages was assumed to take place in the depar-
ture orbits. This poses operational difficulties
in the EO case. However, the penalty paid
for rendezvous at the cislunar libration point
and transferring the entire transportation sys-
tem into the elliptic orbit is not too large.
Figure 3 illustrates the three alternate Earth
departure orbits.

The lunar mission was treated in tlree
versions in which—

(1) The lunar ehuttle and Earth shuttle
rendezvous at the cislunar libration point

(2) Tho shuttles rendezvous in low Earth
orbit

Fraure 3.—Orbital launch modes,

(3) One shuttle operates between the Moon’s
surface and the Earth's surface

Version (2) was ruled out as too wasteful of
propellant and version (3) was used mainly with
the no-lunar-material baseline mode.

Four processes for obtaining propellant were
considered:

(1y Oxygen by silicate reduction (refs. 3 and
8).
(2) Hydrogen and oxygen from electrolysis
of permafrost water (ref. 3)..

(3) Hydrogen and oxygen from pure water
(ref. 3).

(4) Ammonia, methane, water, or helium
from & gas drilling operation perhaps supple-
mented with a nuciear underground blast to
open up the rock.

In order to carry out the analysis outlined in
the previous section, values of J and L are
needed. These were derived from 1-, 2-, and
5-year equipment lifetime from charts given
in reference 3 as shown in table 3.

Benefits from the 5-year life of equipment
are limited by a maximum of 2-year life of the
powerplant fuel elements. Figures 4 to 6 give
the processing equipment weight as a function
of propellant production rates. If the pro-
pellant is used at the production, the process
must be represented by a point below the
broken 45° line shown in these figures. If the
propellant must be transported prior to use,
the point must lie considerably below the 456°
line. The values for L in table 3 represent
the resupply requirements for 1 year, in pounds.
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TABLE 8.—Processing Coeflicients

Coofficient, 1b/lb/yr, fop— ,
Procoss ) L eLb
J J | J '

(yr) | (2yr) | (hyr)
TN CL06 | 0,61 | 0.4% | 27000XNM»
D T TR , 40 .33 | 27 000
O . 4 .22 L10| 27 000
booooonn. .31 .16 .13 | 27000
S L0171 L o008 | 0031 27000

¢ NM =number of men used in proeess,

RESULTS

Table 4 shows the propellunt requirements
for different versions of the plunetary mission.
Weight is given in kilopounds. The departure

POUNDS ~ EQUIPMENT

[ | YEAR LIPE

from low orbit was set up to caleulate direct
Earth supply only and has been omitted from
several of the vemsions which apply to lunar
refueling. An expected, the hydrogen-nuclear
system provides the best performance,

By using totals given in table 4 and the
relations in figures 4 to 6, we ean calenlate
equipment weights that must he delivered to
the Moon if we use the various propellant
manufucturing processes, Results are shown
in table 8 with the equipment sized to take care
of the mission versions indieated.

A summary of the lunar-shuttle mission
propellunt weights is given in table 6 for the
cislunar rendesvous mode only when this
proved superior to the other modes. Aguin the
hydrogen-nuclear propulsion is superior, but,
of course, the processing penalties have not

POUNDS~-PROPELLANT PER YEAR

Froure 4.—Processing ¢quipment weight agsinst propellant weight for l-year equipment
life.



INTEGRATION OF EXPECTED EXTRATERRESTRIAL RESOURCES

2 YEAR LiFE

PROCESS
\(lu TAB)

———_ Y

!
POUNDS-PROPELLANT PER YEAR

2

Fiaune 8.~—Processing equipment weight against propelinnt woight for 2-year equipment

> BYR. LIPE - EQUIPMENT
YR, LIFE - POWER PLANT

life.

FROCESS
{eee TABLE)

POUNDS - PROPRLLANT PER YEAR
Fraurs 6.—Processing equipment weight against propellant welght for 8-year oquipmeént
iife,

yet been included. Using figures 4 to 8, we get
the equipmeént weights shown in table 7. The
figures in parentheses undér the column libeled
“S-yr life” represent the number of Saturn V
flights needed to deliver the equipment. In

23¢-854 0—00—14

addition to the number needed for delivery of
equipment, 4.6 Saturn V flights are needed per
year to déliver paylosd from the Earth to the
rendezvous point R,

Lunar supply is most beneficial to large-scale
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Conmimption, kih
Vetalon Propulsioh Trip Othit , —
I ;
Wew | Wem | Wem : Wrm = Total
0eeccancana. Slow......... Ho 143 207 308 N 740
| T, 1.0 143 520 " leaosonermeanmenn
U S EO 143 40 231 23 437
oo HyrOy chemical...... ... Fastooo. ..... Ho 278 |  mi2| s | s ! 2000
10eecccccann. 1.0 127, 20 RN RN IR N
) S EO 130 /s 5 074 |oeeeen..
2. Slow..-...... HO in 330 500 42 1053
DT }C"‘ nuelear........... EO 17 M| 362 36 623
. T, Slow......... HO 106 305 214 30 048
Seeeeeennann EO 108 a3 112 17 228
80 He nuelear............ Fasto..o..... HO 172 | a0 | 208 38 887
Y EO 172 83| 21 31 499
40.cccnenn... BlOWoeeeeeane HO 72 97 63 3 256
be.eeenna... €0 72 16 47 L 1 IR
4evnnn- H; nuclear............ Fast _..... HO 108 216 116 6 445
deeeenenn.. LO 18| 288 |-ccoooifonemniionnnnn..
Beoeocannns | EO 108 41| 50 5| 204
Tarve 5.—Equipment Weights Needed To Supply Planetary Mission Propellant
Equipment weight per year, Wpy, Ib o
Mission Propellant Propellant process e WA per yean, Wew
vereion used, Ib
1-yr lite 2-yr lite 8-yr lifo

18ccaan.n.. 0. 740100 1, 8t reduction.....cc..... 0. 80109 (31) 0.48X108 (17) 0. 44108 (18)

2. 25 percent HyQueaae.....| .65 .4 .28

3. 80 percent Hy0.eee.....| .38 .22 .18

4. 100 poreent H,O.........| .27 .16 . 13 (4.8)
1acnannace . 437 4. 100 percent HyOoaue ...l .17 .10 .08
dean..... 2. 008 4. 100 percent HyO.........] .63 (22 .83 (12) .27
Meeaanaaa| 074 4. 100 percent H,0......... .33 .18 . 14
28..c..... 1. 083 5 Qasdrill....ccoeeeuo... . 048 (1.0) . 030 . 024
8a........ . 845 5 Gasdrilleccceuene...... . 037 . 026 (1) . 022
3ecaeee...| .B77 3 Gasdrill..cn.ee....... . 041 . 029 . 023

'; I%ltnmbem shown in parentheses in selected cases give the number of Saturn V fights needed to move the indicated
weight.

operations and in particular is not too favorable  tables 4 and 6. The version 1a+1 shown in
to the planetary mission when no lunar shuttle  table 8 combines totals from mission version
mission is flown. Therefore, combining the 1a from table 4 with totals in line 1 from table
monthly lunar shuttle flight with & yeatly 6, ete. Again equipment weights are calcu-
planetary flight, the propellint consumptic a1 is  lated with the aid of figures 4 to 6.

given in table 8 by combining the totals from In order to point up the relative merits of
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TanLE 6.—Lunar Shuttle Propellant Consumption

Consumption, kib
Minsion version Propulsion i . i .
W pas Wen Wem Taetal | Totalx 12
) JR RPN HeOg chomienl.. . coeeenecunene 0.h 20. 4 200 47.8 074
' TR CH nueclear.cew necronocacern 7.1 0.3 a4 03. 8 705
Bueracr mcerees HonueleAr. - o cceenacnnnanssn 53 13.0 10.0 20,8 a0
Borncacncccncnae HynucledPeenvre menecnecneans 3.4 88 2.9 11 181
TABLE 7.—Equipment Weights for Propellant Used by Lunar Shuttle
Propellant squipment welght per yr, Weg, I
Mission version usedplwr yr, | Propellant Equip peryh T ——n
b process
1-yr life 2-yr life Beyr Mo

DU 0. 574X 100 1 0. 71X 100 0, 38X 10% 0. 34X 100 (8. 7)
2 .50 .27 .22 (*5.0)
3 .30 17 .16 (4. 1)
4 il .12 . 10 (»2. 8)
SN FPPs 6 . 040 . 027 . 023 (~ 59)

. S PO 5 . 032 . 024 . 022

Qe meeiiernnenecanecacalencncsaaracane 4 . 020 . 022 021

» Number of Raturn V flights per yeor needed to deliver equipment.

selected mission-propellant manufacture com-
binations, the nuniber of Saturn V flights re-
quired for the missions has been plotted in
figure 7. The labels on the bars’in figure 7
are explained below, The first rmber indi-
cates the production process as geven in table
3. Thesecond number in & pair below indicates
equipment life; for example, (4,5) connotes
5-year life for 100 percent H,0 propellant
process,

Slow planetary:

(0,-) Earth supply, LH,;, LOX chemical -

propulsion

(1,1) Silicate feduction

(4,8) Electrolysis of water, 100 percent
water

(5,2) Gas drill, helium nuclear propulsion

Fast planetary:

(0,-) Earth supply, LH;, LOX chemical

propulsion

(0,~) Earth supply, Hs, nuclear propulsion

(4,1) Electrolysis of water, 100 percent
water

4,2) Electrolysis of water, 100 percent
water

(6,2) Gas drill, helium nucleat

Lunur supply:

(0,-) Earth supply, lunar lander, LH,
10X

(0,-) Eurth supply, Mnar shuttle, LH;,
LOX

(1,6) Silicate reduction

(2,6) Electrolysis of water, 256 percent
permafrost

(3,6) Electrolysis of water, 80 percent
permafrost

(4,5) Electrolysis of water, 100 perceit
water

(5,6) Methane, nuclear, gas drill

Lunar supply plus slow planetary:
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Tanwe 8.—Toatal Propellant Consumption and Process Equipment Weight

uipment welght por ye " |
Mission Propellant Propellant pracess , Equip Rt por yoar, Wen bv
verslons waed, b ! '
1oyr lite 2~ lifo B-yr life
1a+1eeeniannn LAatX10 | 1, Sireduction..ceeeencnunn. Laxir 0, 7610 0. 70X 108
2. 25 poreent HyO........... 1.1 .06 .40
3. A0 pereent I,0............ . 04 ) .29
4, 100 poreent HyO........... .43 .23 .10
letlaeinaaa.. 10 1. 8ireduction.............. 1.0 . 60 .04
2, 25 percent HO........... . 84 . 43 . 80
3. 80 perdent Hy........... .80 .28 .28
4. 100 pereent H,O........... ) .10 .10
Md+1......... 258 1. 8ireduction.....o........ 30 1.6 1.4
2. 20 pereent HiO........... 22 1.1 .02
3. 50 pereent 1,0........... L3 .67 . b7
‘o 'm wmnt H;O .......... ’ 55 . ‘5 . 87
)23 SRR 1. 83 1. 8i reduction.............. .78 .88 .80
. 2. 25 pereent HiO........... 1.3 . 66 .83
3. 80 peteent HyOuoveeno.... .78 .40 34
4. 100 pefecent HyO_ ... ... . 80 .27 .21
20+2......... 1. 82 8. Gasdrill................. . 061 . 038 . 027
24 2aeeennnn-n. 1. 39 5. Gas drill.................. . 053 . 038 . 026
3a+38......... 1.0 5 Gasdrlll....._........... . 045 . 030 . 024
3b+3.......... .88 5, Gasdrlll.................. . 037 . 026 . 022
et 3eeenennnn 1.28 B Gasdtille.cn.cccennnnnnann . 080 . 032 . 025
d+38......... .88 5, Gasdtill....ccemnnnnnnnn. . 042 . 028 . 023
da+4. .. ... 44 (*3.9)| 4. 100 parcent HyO.......... 1. 36 .76 .60

« Water processed to get required H,.

(0,~) Earth supply, lunar lander, LH;,
LOX

(0,-) Earth supply, Junar shuttle, LH,,
LOX

3,6) LH, LOX 50 percent permafrost,
shuttle, libration rendezvous
(3,8) LH, LOX 80 percent permufrost,
shuttle, eccentriv rendezvous
(1,6) LH, LOX silicate reduction, shuttle,
eccentric rendezvous
(1,6) LH, LOX silicate reduction, shuttle,
eccentric rendezvous
(2,8) Methane, nuclear, libration rendez-
vous
(4,8) H, nuclear, 100 percent water; libra-
tion rendezvous
It can be seen that some lunar propellant
sthemes compare favorably with a direct Earth
supply, and some unfavorably. If a nuclear
propulsion system using liquid hydrogen as a

propellant is developed, no advantage ¢an be
seen for lunar pronellant, at least for & one-
shot planetary misson similar to that which
has been considered here. If the plunetary
craft is recoverable and can be resupplied
with resources from the destination planet,
the situation may reverse itself (see ref. 2).
The most favorable cuses using helium or
methane should be compared to an Earth-
bused nuclear system using hydrogen as a
propellant inasmuch as the téechnology is the
same. Here, as can be seen from figure 7,
the comparison is slightly favorable to the
lunar source of propellant for the fast planetary
on.

For the lunar supply mission and the com-
bined lunar supply and slow planetary missions,
the comparison is much niore favorable to
the lunar propellant schemes. This is due to
the use of much of the propellant at .the Moon
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Frauvns 7.—Chart of S8aturn V launches required.

and the resulting savings over transporting
propellant from the Earth.

In conclusion, we returh to the position
stated in the introduction; namely, that too
many uncertdinties exist to decide et this
time for or against the use of lunar resources
for propellints. However, there are promising
situations that could evolve as shown by the
preceding analysis, Future planning for lunar
exploration and exploitation should keep these
situations in mind.
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