


FOREWORD 

The Future Space Transportation System Analysis 
Study. NASA Con tract NAS9- 1 4323, is managed 
by the NASA Lyndon B. Johnson Spacr: Center 
(JSC) and is being performed by the Research and 
Engineering Division of The Boeing Aerospace 
Company in Seattle, Washington. The Contracting 
Officer's Representative (COR) is Harle L. Vogel of 
the Future Programs Division of JSC. Study 
management team members assisting the COR are: 

R. E. Austin Marshall Space Flight Center 
R.. F. Baillie Johnson Space Center 
L. K. Fero NASA Headquarters 
H. P. Davis Johnson Space Center 

The Contractor's study manager is G. R. 
Woodcock. Principal technical contributors were: 

E. E. Davis Mission/System Analysis 
G. H. Henning Mass Properties and 

. System Parametrics 
J. J. Olson Configurations 

This document is the executive summary report at 
the completion of the Phase I extension (December 
19, 1975). I t  summarizes results of the study up to 
the present time. Phase 11, now in progress, will be 
complete at the end of December, 1976. Requests 
for informstion should bc directed to Gordon R. 
Woodcock of the Boeing Aerospace Company in 
Seattle or Harle L. Vogel of the Future Programs 
Division of the Johnson Space Center in Houston. 



The Future Space Transportation Systems Analysis Table I .  Study Objectives 
study is an analysis of potential future space 
programs beyond the scope of the current shuttle STUDY 

traffic model, intended to determine their trans- OBJECTIVE PHASE 

mrtation needs. and an evaluation of alternative DEFINE POTENTIAL TRANSWRTATION I 

ways of evolving future space transportation sys- 
tems from the baseline Space Transportation Sys- 

REQUIREMENTS RESULTING FROM A 
RANGE OF POTENTIAL FUTURE SPACE 
MISSION OPTIONS 

tem (space shuttle and upper stage),-to meet those IDENTIFY POTENTIAL MISSION1 I 
needs. Objectives for the entire study are indicated TRANSPORTATION MODES AND SYSTEM 

in Table I . OPTIONS CAPABLE OF SATISFYING THE 
REQUIREMENTS 

The sequence of analysis steps for the Future 
Space Transportation Systems Analysis Study is 
shown in Figure I . Phase I (corn pie te) set the stage 
for the subsequent phases by identifying and 
defining missions and potential transportation 
modes and options. The Phase I extension devel- 
oped the data base for the transportation modes 
needed to accomplish Phase 11. Through the Phase 
1 Extension each mission option was considered 
independently of the others; transportation modes 
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Figure 1. Overall Study Logic 



and systems were tailored to  each mission option 
without consideration of potential alternate uses. 

in Phase 11, the individual mission options are 
being combined in a variety of ways to form 
potential integrated programs, and the transporta- 
tion alternatives will be adjusted as needed to  
encompass the alternative uses within each inte- 
grated program. A broadly-scoped system optimi- 
zation and selection analysis will define the best 
overall transportation system approaches and evo- 
lution strategies. 

Cumnt  schedule status and plans are shown in 
Figure 2 .  Timing of the Phase I1 schedule has been 
adjusted to mesh with data availability from the 
Heavy Lift Launch Vehicle (HLLV) study. 

The FSTSA study has technical interfaces with 
several other studies. The more significant ones are 
shown in Figure 3. Interchanges with the HLLV 
and space based power studies occur on a continu- 
ing real-time basis; with the others, son:ewhat less 
frequently . 

2.0 PROGRAM AND MISSION OPTIONS 

The study began by identification of program and 
mission options and determination of their trans- 
portation requirements in terms of payload sizes, 
masses. and delivery and returns requirements. As 
the study lias progressed. new mission options have 
been added within the program areas. The set 
currently under consideration is shown in Table 2; 
descriptions of each program area are presented on 
the next several pages. 

2.1 LOW EARTH ORBIT SPACE STATION 

Three options for manned stations in a low Earth 
orbit have been considered. The modular space 
station illustrated in Figure 4 can be delivered to  
orbit in modules by the Space Shuttle and assem- 
bled in orbit. As such. it does not require advanced 
space transportation. A unitary space station con- 
sists of. a single large core module with attached 
application and science modules (ASM's) tailored 
to  specific missions. The unitary station is too large 
for the Shuttle and must be placed in orbit by a 
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Figure 3. Study Interfaces 

Table 2. Program Options - 
P r ~ g a m  

1. Low Euth Orbit Space Stations 

r 
2. Gwsymhronous Operatiom 

3. Independent Lunar Surface Sorties 

4. Orbiting Lunw Station 

5. Lunr  Sutf.0 6me 

8. Malwmd RaIWtWV 

. 
7. A u t w t a d  Lunr  Exploration 

8. Automated Raqtrry Exploration 

@. Nudeu Waste Disposal 

10. Sttrllite Energv Systems 

. 

Mission O b j j t i m  

12-man modular or unitary station *Assembly operations for large structures 
*60mn space base B r U  rpctrum earth observatory 

h l o p  space manufacturing 
*Scientific investlgattons 

Satellite maintenance tonic *Maintenance rod reparr of 

8-mm modular or unltary station automated spacccratt 

50-mm station Earth obKrvattons 
Communicationlnavigation 
Maintenance base for solar 

Powof stations 

4man self supportinq landing Indepth exploration of selected area 

8-man modular or unitary station *Broad spectrum surface observation 
with sur fm sortie 04-man. 28dav sorties 

6mm. 6.month ' *Astronom~cal obsanatiom 

12-man. semipmnment *Surfact exploration 
100-man. semiprmanent *Indigenous m r t ~ ~ a l  utilization 

Manned Mars land~ng *%man. 30 day softie 

Opposition *Planetology 
Conjunction 

' 

*Effects of modifying forws 

Venus swing-by *Search for life forms 
*Orbital observatory Broadband scientific obmvrtion 

bcksida lan6r Lofq duration R o w  with sample nturn 
Relay satellite 
Mars lander Roverlsample return 

*Jupiter r tm p r o b  Invet upper cloud system 
GHlymede lander *Orbitel observetion and surfacr 

sample malysis 

Refined waste Permuwnt wale dirpoud 

Total waste 
Dn-orbit power generatim Commercial electric pomr 

On-orbit power reflectors Long range power tra~mission 
Pilotldemonstratron program 
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Delivery of the station in two tfights is compatible 
with sizing of the transportation system for the 
recurring requirement of crew rotation and 
resupply. 

The reference geosynchronous space station (GSS) 
mission consists of a modular station that can be 
continuously occupied by a crew of e~gh t  and can 
accommodate both Earth applicaiion and science 
sensors. System elements making up this concept 
include the basic station modules, applicaticn and 
science modules. crew transttr vehicle and resupply 
modules. 

Nine station modules provide quarters for the 
eight-man crew, supportilig subsystems and con- 
sumable~. The functions provided by these mod- 
ules are as follows: twt* core modules hcuse basic 
station subsystems and the docking provisions for 
all the other modulcs; two modules each provide 
crew quarters for four men and eight in an 
emergency; two rnodules serve as command/con- 
trol centers with one a!so providing the radiation 
shelter; one modllle provides the electrical power 
system; one module s used for the galley and 
recreation purposes; and the final ~nodulc I?ouses 
cryogenics and provides storage. 

A unitary station option for ihis mission is also 
dexribed in the study technical report. The eight- 
man station options r e q ~ i r e  crew rotation and 
resupply at six-month inte,vals. Delivery and 
return payloads are 24 950 kg (55,000 Ib) and 
14 970 kg (33,OCii) Ib) respectively. Total m.lsses of 
the modular and unitary stations a; initiaily deliv- 
ered are 125 000 kg (275.000 Ib) and 86 300 ;.g 
( 190,000 Ib) respectively. 

A brief stur'y was made of transportation reqflire- 
ments for a 50-rndn geosynchronous station. The 
selected crew rotation and resupply interval was 2 
months with dzlivery and return payloads of 
4 0  100 ::g (88.41)O Ib) and 23 100 kg (50,900 Ib) 
respectively. The 50-man station delivery mass was 
423 000 kg (93 1,000 Ib). Station deliveries were 
delivered with station element sizzs compatible 
with orbi t-to-orbit traclsportation systems tailored 
t o  crew rotation and re;dpply requirentents. 

2.2.2 Geosynchronous Satellite Maintenance 
Sortie 

This mission was selected as an example of 
geosynchronous operations on a more modest 

scale. Current estimates of the quantity of geosyn- 
chronous a:itomated satellites range from 180 to 
over 400 by 1990. Economics associated with 
operating the satellites will probably necessitate 
repair and refurbishment rather than disposal when 
a failure occurs. Complexity of  the satellite how- 
ever, m y  prevent maintenance by automated 
vehicles. As a result of the above factors, the need 
for manned sorties to repair and refurbiqh auto- 
mated geosynchronous satellites is a probable 
requirement. 

The refer~nce geosynchronous satellite mainte- 
nance sortie (GSMS) mission consists of  a four man 
crew performing one week of maintenance opera- 
tions. visiting four sa:ellites with transfers up to  
IS' longitude between each visit. Figure 6 shows 
the GSMS vehicle approaching a large infrared 
telescope. 

The nrajor payload elements in this mission are a 
crew transfer vehicle (CTV) t o  house the four man 
crew for onc week and the neceswy repair and 
refurbi hn~ent  provisions. The total initial payload 
is 6570 kg ( 14.485 Ib) and returned payload is 
5970 kg ( 13.160 Ib). Initial allocation for repair 
and refurhish~nen t provisions is i 000 kg (2200 Ib). 

2.3 INDEPENDENT LUNAR SURFACE 
SORT1 ES 

The independent lunar surface mission has as its 
objective the local exploration of  selected lunar 
areas. The term "Independent" signifies that each 
n~i~bion  is self-supporting as were the Apollo lunar 
mi4ons .  Logistics flights or  support missions are 
not required to return the mission crew to  Earth. 

Each mission ieaves Earth orbit, transfers t o  the 
moon, enters ;i lunar orbit, lands four men and 
4500 kg (I 0,006 Ibs) of nlission equipment on the 
lunar surface for a 14-day exploration stay, and 
then returns to Earth. 

.I representative independent lunar sortie configu- 
ration is illustrated in Figure 7. The concept 
coi~sists of a crew and equipment module, lunar 
transport vehicle for landing and take-off and two 
expeiiment/exploration payloads. The lunar trans- 
port vehicle illustrated consists of a single stage 
that uses L02/LH2 propellants and is used for 
descent f ~ o r n  lunar orbit, landirig and the ascent 
back to lunar orbit. Single-stage and I 112-stage 









Tablc 3. Lunar Surfaw Base Pay/oads 

TOTAL LANDED CREW ROTATION CREW ROTATION 
BASE TO EST ABLICH BASL' & RESUPPLY & RESUPPLY INTERVAL 

7 

&man 6-month MI 000 kg (1 10,000 Iba) not required not required 

146 000 kg (315,001) Itm) 27 700 kg (81,000 Ibr) delivery 164 days (6.6 months) 
6 400 kg 114,000 Ibr) return 

3.6 x 1 8  kg (7.7 x lo6 Ibs) 42 000 kg 192,600 Ibs) delivery 1 month 
10 000 kg (22,000 Ibsl return 

processing indigenous materials. Task 2 of Phase 1 
was conducted using the original 12-man LSB 
definition. It is believed that the postulated pilot 
plant payloads are comparable to the sf :etlce 
payload definitions used. A brief study of a 
20@ma11 base was conducted in order to scope the 
magnitude of this transportation requirement. A 
summary of payload masses is given in Table 3. 

2.6 MANNED PLANETARY EXPLORATION 

Manned Mars landing is the representative mission 
for the manned planetary exploration program. 
The objectives of this mission are t o  conduct an 
in-depth science program dealing with: Mars plan- 
etology, effects of modifying forces, composition, 
environment and possible life forms. 

entry. The heat shield is designed by the highest 
Earth entry velocity expected from the opposition 
mission. The unmanned probes are used to check 
out the potential landing sites for the MEM, collect 
Mars orbital science data and explore the moons 
orbiting Mars. 

Typical payloads are, delivery t o  Mars orbit 
110 000 kg (242,000 Ibs), depart Mars orbit 
50  000 kg ( 1 10.000 111s). The difference is primar- 
ily due to the :AEM expended at Mars. T l ~ e  EEM 
mass is approxinlately 7900 kg ( 17,400 Ibs). 

Analysis of nianned planetary exploration was 
limited t o  that necessary to  determine the ability 
of propulsion vehicles defined ior other missions to  
perform this mission. 

The major system elements associated with a 2.7 AUTOMATED LUNAR OPEPATIONS 
manned landing on Mars include a mission module 
(MM), Mars excursion module (MEM) and Earth Tlie program objective is unm~irned exploration of 
entry module (EEM). These elements along with the lunar surface, ini.!bding high latitude and 
unmanned probes form the mission spacecraft. backside regions. ~ A r h  the following capabilities: 

The mission module crew ccrt~partrnent provides Surface mobility (long duration traverses) 
the six nlan crew with a shirt-sleeve environn~ent. 
quarters for living functions, operations center. Deployed science stations (extension of ALSEPS 
experiment laboratories. rad ic t i~n  shelter and net) 
many of the subsystems required to  support the 
above t'unctions. This compartment is occupied by Sample return (of material collected on 
crewmen for the entire mission. except during the t raverscs) 
time when three crewmen descend t o  the Martian 
srrrface and during the Earth entry phase of the Broai'band scientific observation of the total 
mission. lunar surface. 

The MEM is used t o  land a three man crew on the Shown in Figure 10 are general operational fea- 
surface, provide crew quarters and operations tures of the various program hardware elements. 
center for 30 days and return tlie crew to  the The science satellite is located in polar orbit; it 
mission spasecra t't . releases subsatellite into the same orbit. A 

backside landing and a traverse by ;i deployed rover 
The Earth entry module (EEM) configuration is ,I are also shown. Communications during hackside 
six-rran blunted hiconic shape. The EEM systenlb operations are relayed by a "ha'" ' orbit satellite. 
are designed for 1 day's occupancy prior to Earth Science stations are set out by the rover. which 
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Figure 10, Automated Lunar Operations 

performs various scientific filnctions including ham- 
pie collection during the traverse. Samplcs arc 
brought by thc rover t o  the return systcni !nounteit 
on tlre lander piatfor1l.r; a departure to Earth by tllc 
sample return is showr 

Automated lunar payloads rangc' from 500 to 900 
kg ( 1  100 to 2200 Ibs) in iunar orbit and 1600 to 
3700 kg (3500 tc, SUOO lbs) landed. Tlicsi. nlissions 
were Sound to be within the capability of thc 
basrlii~e STS (shuttle and tjpper stirgc). 

2.8 AUTOMATED PLANETARY EXPLORA- 
TION 

Three missions were used to chariictcrize this 
program area. A wide variety of prograins can hr 
imagined; the thrce selected are intended only as 
representative of a class of'reql~iren~ent and do rlot 
constitute recommendations U, to particular mis- 
sions that should be carried out. The three cxumple 
missions are: 

Automa1t.J Mars Surface Explorition and Sain- 
plc P,sturn 

Jupiter Attnosplitrc Buoyant Probe and Satellite 
Relily 

2.8.1 Mars Surface Sample Return 

The misbion goal of Mars Srrnlple Return is 
c*xploration of' tile Martian surhcc wit11 rctttnl of 
I0 kg (23 I ~ s )  of slrrfac't. and i ~ t t ~ ~ o s p h e r i  .wi:?:>les. 

I'ipurc I I illttstratc~s typic;!l operiitions on t1:c 
Martian surfacc-. The iander stand3 on its leg?; witti 
the twct rover I anips deployed. One rover is on thc 
rump; the second is n r w  the sample return systcm 
rcceptaclc'. This rcwc.cptac~lc bring tlie s~tiiplc canis- 
fcr to its lauticli locaiion in tlie return systrnl 
which is mounted on tlw lander. *Phe lander serves 
its launcll pad Soy tile hainple return ascent st;tgc'. 









Various studies and projections of the rate at 
which power satellites should be brought on line 
have ranged from ahout 5000 megawatts to  over 
50,000 megawatts per year, corresponding to  a 
range of one satellite (representative 10,000 mega- 
! dtt size) every two years t o  five satellites per 
year. 

2.1 1 SUMMARY OF MISSION-IMPOSED 
TRANSPORTATION P'QUIREMENTS 
(Payload Only) 

Transportation requirements in terms of total or 
annual payload mass delivered to the mission 

destination are compared on a logarithmic scale in 
Figure 14. Propellants or transportation vehicles 
required are not included. Annual requirements are 
shown where a crew rotation o r  resupply require- 
ments exist. For nuclear waste disposal, the annual 
rrquirement reflects 50 waste packages per year; 
for satellite energy systems. placement of one 
power satellite per year in geosynchronous orbit is 
assumed. Table 5 compares payload requirements 
on a more detailed basis. 

I TO ESTABLISH YISSION 

MISSION 

Figure 1.4. Mission Imposed Transportation Requirements Payload On1 y 





3.0 TRANSPORTATION SYSTEMS 

3.1 MlSSiONKRANSPORTATlON OPERA- 
TIONS AND TYPES OF SYSTEMS 

Operations were divided into three categories f3r 
analysis. as shown in Figure 15: I) Earth IdLInch 
and recovery, 2 )  orbit transfer, and 3) lunar or  
planetary transport (landing from the ascent to  
orbit). This is the most practiccl and efficient 
allocation of functions for vehicles employing the 
levels of technology assumed in this study. It is 
possible in principle t o  imagine a vehicle that 
would, for example, take off from Earth. travel to  
the moon, land, and return, but such a vehicle 
would require propulsion technology not definable 
today in engineering terms. 

Transportation systems required to  perform the 
investigated future missions include Earth launch 
vehicles. orbit transfer vehicles and landing/ascent 
vehicles. 

Earth launch vehicle candidates include the space 
shuttle, a partly reusable heavy lift launch vehicle 
(HLLV) consisting of modified shuttle components 
such as the external tank and SRB. a fully rel~sable 
low cost heavy lift vehicle (LCHLV). 

Orbit transfer vehicles and lunar or planetary 
landinglascent vehicle candidates include f ~ ~ l l y  
reusable and partly reusable systems and both 
LO:/LH:! and L0:IMMH propellants. L021LH2 is 
representative of deep cryogenic, high performance 
combinations. LOzIMMH is representative of dense 
but lower-performance systems. 

Also analyzed for some missions were more 
advanced orbit transfer vehicles, characterized by 
nuclear-Nerva (hydrogen-heater graphite reactor). 
nuclear-electric. and solar-electric systems. 

3.2 TECHNOLOGY BASE 

Technology base assumptions and guidelines were 
developed for each subsystem. 

3.2.1 Main Propulsion 

Chemical propulsion systems draw heavily on the 
technology produced by the shuttle SSME. High 
chamber pressures (20 M H / ~ ? ;  3000 psia) for the 
larger engines are assumed in order to  minimize 
engine envelopes; partict~larly important for small 
diameter multi-engine stages. Lower 2hamber pres- 
sures are assumed at lower thrust levels because of 
the problems in developing a small high pressure 
staged combustion engine. The lower chamber 
pressure assumed for the L02/MMH systems is 

AND OPS 

Figure 15. Mission Transportation Operations 



related to  the propellant being less effective in 3.2.5 Electric P o w  
cooling. vacuum l ip  tbr L021LH2 engines was 
assumed as 462 sec, and for L021MMH engines as Fuel cells and batteries were assunled for electric 

366 sec. 
power except for electric propulsion primary 
power. Fuel cell\ were tailored to  the application 

For nuclear propulsion, a Nerva type reactor 
appears most practical. An Isp of 780 sec. was used 
as an overall average considering start/stop losses 
and cooling in a reusable system. Nuclear-electric 
systems were assumed t o  use a heat pipe cooled 
reactor with a high temperature Brayton conver- 
sion system. Electric thrusters could be electro- 
static or  MPD types with argon as propellant. 

3.22 Auxiliary Propulsion 

The use of hydrazine monopropellant was hase- 
lined since inert mass reductions associated with 
more advanced systems such as storage bipropel- 
lants or  02 /H2 are minimal when considering total 
system impact. More advanced systems would be 
more costly. An Isp of 220 seconds was used. 

3.2.3 Structures 

Graphite-plastic matrix composites were assumed 
for unpressurized main structures in reusable vehi- 
cles; aluminum skinlstringer was assumed for 
expendable vehicles or  expendable tanks. Elevated 
temperature materials are assumed where normal 
working temperatures for aluminunl or composites 
are exceeded. For example. structural elements of 
the nuclear electric tug would be titanium due t o  
thermal radiation from hot parts and the heat 
rejection radiator. 

Aluminum was assumed for all propellant tanks. 
Whenever possible. integral stiffening of the pres- 
sure vessel sidewall was assumed ratlicr than 
suspt?ded tanks. Reusable heat shields assumed 
shuttle technology where applicable; water cooled 
or other special heat shields were used where 
circurnstanccs merit a departure from shuttle 
technology. 

3.2.4 Thermal and Meteoroid Protection 

Multilayer metallized plastic film (MLI) insulation 
w?r, assumed for thermal protection of 311 riiain 
propellant tanks. A metal skin. non-structural for 
vehicles with integral tanks. was assumed external 
to the MLI, thick enough so that, in conjunction 
with the MLI, it provides sufficient meteoroid 
protection. 

and based on shuttle technology. Batteries were 
assumed to  be Ni-Cad. 

3.2.6 Avionics 

LSI circuit chip technology was assumed available 
for data processing hardware; data bus technique: 
were assumed to  ninimize wire mass. Communica- 
tions and GN&C systems assumed shuttle and 
full-capability tug technology levels. Laser radar 
was assumed available for rendezvous as required. 

3.3 SUMMARY OF FINDINGS AND RESULTS 
TO DATE 

The lollowing tindings summarize the key results 
of the study to the present: 

Missions fall into four transportation categories 

Reasonable transportation solutions exist for al! 
rnissions 

Space-based power recjuires a tailored low recur- 
ring cost transportation solution 

Tlie categorizing of nlissions was an expected 
result. except for the apparent uniqueness of the 
powcr satellite mission. The identification of rea- 
sonable solutions is significant and is discussed in 
some depth on the pages to  follow. Power satellite 
transportation tends t o  he  unique. The require- 
nients 0:' an operational power satellite program 
are enough more demanding than the other mis- 
sions to  merit a tailored solution. Elements of this 
solution. i f  dcvelopcd. could be used by other 
~iiissions although the latter missions can be per- 
formed by sy: ;ems requiring less development 
investnieri t .  

3.3.1 Mission Transportation Categories 

The niissioris sti~died are listed in Table 6 according 
to their principal category. Some missions do  not 
require transportation beyond the Space Transpor- 
tation System presently under development. Most 
of the rnissions require some form of advanced 
orbit-to-orbit transportation. Thc nature of the 
requirement and size of vehicles varies considerably 
from mission to mission. Some missions require a 
Heavy Lift Launch Vehicle (HLLV) because of the 
mass or volumc of payload clenicnts; sornc of these 



Table 6. Missions Fall Into Four Transportation Clases 

Current slluttle traffic model 
LOW earth orbit 1nodu1ar s p x ~  st;~tio~l 
Autotnated lunar e\ploration 
Power satellite low orbit 1ab.demonstration phase 

.-\dvanced OTV's Geos~nrlironou~ nlodular space station 
t Note: Some OTV options Geosyncl~ronous satellite maintenance sortie 

require HL.LV) Independent lunar surface sorties 
Orbiting lunar station I ABo require LTV's 
Lunar surface base 

0 Autonlated planetary explor3tion (advanced missions) 
Ruclear waste disposal 
Power satellite posy nchronous orbit demonstration phase 

Low earth orbit unitary station and space base 
Geosynchronous unitary space station 
$fanned planetary exploration (also required $tars landing' 
ascent vehicle ) 

HLLV 

Very low cost transportation Power satellite operational pllase 

(Note: HLLV provides cost and operational benefits to some mission options that 
do not require i t )  

also require orbit-to-orbit transportation. Tllc rise 
e 

o f  a HLLV benefits niany missions that  co~ l id  I:< 
performed without i t ,  as will he s l ~ o w n .  Also i r  is 
important  t o  note  that  some of  the orbit transfer 
vehicles require a HLLV t o  l a ~ ~ n c h  theni t o  low 
Earth orbit. 

The special category of the power satellite opera- 
tional mission results fro111 the great Iiiiiss delivery 
reqirirenierit and resulting neecl for lowest ;~ t ta in-  
able costs. Dc~nonstration laboratory pilot plant 
activities leading u p  t o  development of  an opera- 
tiorlal system d o  not  require the very low cost 
systems and would prollably Itc carried o ~ ~ t  prior t o  
devrlr~pnient of silch systenls. 

An additional dirncnsion t o  the ca tegor i~at ion and 
co~nparison of' missions is the niagnitude of tile 
requirement. Tile mission,\ are compared in Figure 
16 in terms of the  total annual launch rec~uire~ncnt  
to low orbit. assunling L0:ILII: orhit transfer 

systc~lis  except in tllc case of the power satellite, 
wllcrc self-power is assumed. Note the  logarithmic 
scale. I r i  scveral cases it was necessary t o  assume a 
niimher ol niissions per year in order  to  derive an 
annual rc,cluircrncnt. 

3.3.2 Characteristics and Evaluation of Transpor- 
tation Solutions 

Rea\on;tlrie solirtion\ were found t o  all mission 
reqi~ircmcnts w~t l i in  tlle scope of  technology pre- 
\ently uniicr\tood. All of  the transportation 
options cmployetl tcclinology lcvels such that 
~rfvanced dcvelopmcnt could begin now if the  need 
were clear. 

('o\t, were toiuid to he atfordahlr  in the  context  
ot carrying out tlie ~llission programs rettrng the  
requ~renicnt .  Over the  pa\t few years. \ t~niula ted  
hy tlie Sl i~i t t lc  deve lo1~ment~ ,  it l i ~ s  hecome clear 



Figure 16. Transportation Task for FSTSA Missions 

that major improvements are possible in spacc 
transportation technology, leading to cost effective 
systems through reusability and that this line of 
development can have as significant an impact on 
space transportation as the development of many 
of the ultra-high performance technologics (e.g.. 
laser propulsion) frequently discussed. 

The intrinsic cost of space transportation to low 
earth orbit is not high. The cost of the energy 
difference of a unit mass in a low orbit. as 
compared t o  at rest on the Earth's surface. is about 
40d/kg ( 1  8411b) at typical current retail electrical 

energy costs. Since rockets are inefficient in 
converting propellant chemical energy t o  payload 
kinetic energy. the cost of propellant for an actual 
large rocket vehicle is about $10/kg ($4.50/lb) per 
unit payload mass. Even these values are very low 
compared to the roughly $2000/kg ($900/lb) 
achieved by expendable systems. 

It is clear that the shuttle is the first step in a new 
generation of reusable technology. Indications are 
that reusability combined with high traffic rates 

can approach cost figures no  more than two to  five 
tili~tts propellant costs, a typical target being 
$45/kg ($2O/lb). 

3.3.2.1 Earth Launch Vehicles 
e 

The vehicles shown in Figure 17 are representative 
of Earth launch vehicle needs identitied by the 
study. At the left is the space shuttle presently 
under development. Second is a shuttle-derivative 
HLLV etnploying shuttle engines, a modified exter- 
nal tank. arid I! or 4 shuttle SRB's. This class of 
HLLV is appropriate t o  all HLLV needs except the 
operational power satellite; the HLLV study has 
identified scveral potential configurations t o  satisfy 
the need. 

The operational power satellite mission needs a 
low-cost space freighter with a payload of 200 000 
kg (440,000 Ib) or more. Shown is a single-stage 
ballistic fully reusable corrfiguration. Two-stage 
hallistic/hallistic vehicles dre also promising. 

Thc cost of low orbit transportation was shown by 
the first quarter of the HLLV study to  depend on 
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Figure 17. Earth Launch Vehicle Candidates 

configuratio~~, propellant choice payload class. and 
most strongly on activity level. Costs for a few of 
the better performing configuratio~~s are con~pared 
in Figure 18. An idealized lower bound of cost 
versus activity level is also shown, indicating 
expectcd cost capability of a para~netric HLLV 
tailored t o  each activity level. ( In  principle. an 
actual fixed vehicle could attain the lower hound 
at only olie activity level; at any other levitl a 
different vehicle would do  at least sliglitly better). 
I n  subsequent figures this idealized H L L V  is 
termed a "rubber" H L L V ;  its cost characteristic 
curve is used in a parametric manner. 
Using the rtibher HLLV cost vcrsi~s activity level 
from the previous figure, a paranistric curve was 
developed showing annual cost for low Eartli orhit 
transportation versus activity level (annual trans- 
portation requirement) as shown in Figure 10. The 
cost figures inclutie a 207, increase factor for 
inefficiencies resulting from such thinks as pack- 

aging and propellant transfer losses. At the lower 
ac!ivity levels tllere is no  cost advantage t o  a 
HLLV. FSTSA missions have been spotted on the 
curve; tllc automated lunar and low Earth orbit 
space stations are off the curvc to the Icft. All of 
thc missions are in HLLV activity level ranges A 
through C except the operational satellite energy 
systems (power satellites) at level E. These costs d o  
not include direct cost of orbit-to-orhit systems 
but do include low Earth orbit transportation costs 
for their propellant. All of the transportation costs 
are affbrtlable in the context of the kind of 
prograni environment that would lead t o  these 
missions. 
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3.3.2.2 Orbit Transfer and Lunar Transport are identified by the type of application, propel- 
Systems lant option and staging mcthod employed. Launch 

vehicles were not analyzed during this phase since a 
The tnatch-up-of transportation system options sepa:atp heavy lift laiinch vehide study currently 
and missions studied during the Phase I Extension in progress provided sufficient daka for the Exten- 
is illustrated in Figure 20. Transportation options sion phase. 

APPLICATION 

1 ALL MANNED MISSIONS RETURN TO EARTH ORBIT WITH DIRECT ENTRY 
UNLESS NOTED 
ALS. WITH AEROBRAKING AND DIRECT ENTRY CLUSTERING REQUIRED AND 3 STAGES 

6> COMMON PLUS DROP TANKS DIRECT EAR1 H LANDING - SLOW RETURN 

Figure 20. Mission/Transportation Options 

The transportatioll options indicated, and thcir the stages are equal in size and both are reused.) 
match-ups with the niissions, prinlarily re tlect the 
results of Phase 1. In summary, there are 32 cases The low Earth orbit space stations are not reflected 
involving OTV's and 14 cases employing LTV's. il? Figurc 20 since space transportation beyond low 
Transportation options not included during this Earl11 ort i t  is not required. Automated lunar 
phase include planetary landers and two stage misslons arc not shown because the Shuttle or  
OTV's and LTV's. Planetary IaltJers were excluded Shuttle with IUS can provide the requircd payload 
from further analyses since baseline systems were capability. 
defitled in Phase I and incorporated as part of the 
payload requirements for those missions. Two- All of the OTV concepts considered were analyzed 
s t a g  0.1 V'r and LTV's were also excluded fron: for the geosynchronul~s spdce station (GSS) mis- 
further analyses since Phase I resu!ts indicated no sion. Results are represenlative of those obtained 
better performance than the I 112 or common for other missions. To illustrate the influence of 
stage concepts for vehicles that expended a fairly different propellant and staging concepts on overall 
costly portion of  the total system. (The comnlon s i x  and general arrangement. the OTV concep!~ 
stage OTV is a special case of  a two-stage vehicle: arc shown in Figure 21 all sizcd to  perform the 
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Figure 21. 0 TV Concepts and Size Comparison, GSS Missron 

GSS crew rotationlresupply mission. Clearly these 
differences in configuration have a major impact 
on launch vehicle selection and orbital assembly 
operations. 

The concepts illustrated are representative of the 
configuration arrangements regardless of the mis- 
sion. In general, these concepts are being consid- 
ered for the following reasons: the LOz/L 'I;! single 
stage for its simplicity; the L02/LH2 1% stage for 
its performance and being size conlpatible with t!le 
shuttle; the LO2/LH? common stage for perforni- 
ance as well as complete reusability: LO:/MMli 
stages offer size compati'lility with the shuttle; 
nuclear LH? stages prp ~ d e  good perfi~rmancc and 
the nuclear electric and solar electric stages provide 
relatively low propellant refueling requirements. 
These last two concepts however, are only used for 
delivery of unmanned payloads due to their slow 
trip times; consequently, they are supplemented by 
small chemical stages for manned payloads. 

lleli~~rii gas driving a closed Brayton turbogenerator 
prodi~cing electric power. Cyclc waste heat is 
rejected by thermal radiators. Electric power is 
routed to the propulsion system employing MPD 
thrusters and argon propella!it. 

Vehicle Analyses-All configurations were analyzed 
in sufficient depth to develop the pcrfbrmmce and 
cost data needed for coniparative evaluation. The 
two (comnion) stage LO2/LH;! system shown in 
f:igurc 11.1 is uscd to illtistrate the level of detail 
uscd in defining ,)nflpurations and in subsequent 
chart\ lo \how reprc\entative weight and cost 
suni~~iarie\.  

The con1:non-stage OTV concept consists of' two 
nearly identical stagcs used in series t o  provide the 
required mission delta V. The tirst of these stages is 
used t o  provid:. approximately 852 of 1111. delta \' 
required for leaving Eart!i orhit on a crew rota- 
tion/rc.supply night. Stage 2 provides the rernaln- 
tier of the 1 oost delta V as well as that recluired for 

The Solar Thermal Electric Propulsion Systenl injectior. into the destination orbit and return. 
(STEPS) OTV identified by one of its large Following separation l'rom stage 2. stage 1 is flown 
concentrr?tors is further il!ustrsted in Figurr 211. I t  I~ack into Earth orhit. Splitting the delta V in the 
consists of two large collectors i n  "love m;iniler resulls in the 5tagc.s having identical 

low orbit from conlpatihle elcments. s~ ,~ , -  propellant capacities. Si1I~syste11i design approaches 

light is copcentrated i n t o  a .:avity absorber to heat are a130 common h e t w ~ ~ n  the stagcs including the 
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size of the tilain engine. Taken individually, each of 
these engines is similar to  the single stage conc2pt 
in terms of subsystem selection and location. When 
sized for the GSS mission. stage i is approximately 
19.5 m (57.3 f t )  in length. At tlie forward end of 
the stage are two types of docking provisions. One 
of these systems is used t o  connect with stage 2 
while the center mounted unit is an international 
type design that allows docking with systems other 
than stage 1; examples include a tanker for 
independent servicing o r  a space station if basing 1s 
required while awaiting the return of stage 2. Four 
IS0 000 n (34.000 Ib) thrust engines are used on 
stage 1 t o  provide the desired T/W for Earth o r h ~ t  
departure. Sizing of this engine was the result of 
thrust requirements and ensjne out capability for 
stage 2. 

Stage 2 is also 19.5 nl (57.3 ft)  in Iengtl~: stage 
diameters are 5.5 rn (18.2 ft). Docking provisions 
are required at both the forward and aft ends. The 
forward docking station uses an international unit 
for attaching payloads. In addition. this unit 
accommodates tankers or  is used t o  connect the 
stage t o  a space station for basing. The aft docking 
provisior,s are lard in conjunction with tliow in 
the forward section of stage 1 and enable the stages 
to  be connected. Provisions are also inclucied on 
stag$ 2 to  allow servicing of stage I wlleri the two 
stages are connected and the tanker i \  docked at 
the forward end of stage 2. Only two of the 
150 000 n (34.000 Ibf) thrust engines are required 
on this stage. 

The tots1 startburr? mass of the common stage 
L02/Lh2 OTV for the GSS mission is approxi- 
mately 195 260 kg (430.480 lh). 

Dry mass of the two stages is nearly identical ac the 
mass of the two additional engines on stage 1 is 
balanced by stage 2 having heavier tankage for APS 
and electrical power reactants ;tnd additional struc- 
tural mass due t o  thc interstage ~urrouncling the 
engines and supporting the stage t o  stage docking 
and service provisions. 

The masses of the stages arc hasctl on the tollowing 
factors: The body shell includes the forward and 
aft skirts as well as intertank strilcture and uses 
composite materials. The renlainder of this struc- 
ture i: alunllnu~n. The main en&' 7111~s use 20.b 
MN/m- (3000  psia) chamber pressures wliile the 
pressurizatioll systeni for stage 2 was sizcrl for six 
main \?urns and four !?urns for stage I .  Cryogenic 

stored helium is used for preburn and GO? and 
CH2 tapped off the cnpines during the burn. 
Hydrazinr tnonopropellant is u x d  for APS. The 
selected avionics system provides autonomous 
capability including rendezvous and docking. 
L02/LH2 fuel cells provide an average load of 2 
kw for the seven day mission of stage 2 and one 
day mission for stage 1. Rechargeable nickel- 
cadmium batteries are used for peaks with each 
sized for 50 amp-hrs. Approximately 0.25 cm (0.5 
in) of niultilayer insulation is used around the main 
tanks in adllition t o  a purge systeni using helium. A 
mass contingency equal to  IS?,' of hardware mass 
has been adJed t o  accotlnt for historical growth. 

Main propellant loadings include 2'; flight per- 
formance reserves: a 10'; rtsserve is included in 1~x1 
cell reactants and APS propellant. 

A mass comparison of the candidate transportation 
systems is presented in Figure 24 for the crew 
rotationiresupply tlight (it requires a slightly larger 
stage than thc delivery of one of tlie two station 
clusters). Both starthurn and resupply masses are 
presented. The lower mass of the LO:/LH: stage 
and common stage systems conipared t o  the single 
stage approach is dill- t o  transporting less inerts as a 
rest~lt of staging. The LOliMMH common stage is 
heavier than those of the L07iLH: systems as a 
result of having a lower Isp -(approximately 9 0  
sec). 

Tile nuclear LH: anti two electric systems offer 
both the lowest startburn and resupply mass 
primarily 3.; a result of their high Isp (nuclear 
LH2 - 780 sec (avg) ancl nuclear ancl solar t lectric- 
2500 wc). lriclilded in the resupply mass of the 
electric \y\tems is the propellant for the supple- 
mental clicm~cal OTV. 

Cost Analyses-DDTE and first unit cost were 
developed at the cost element level indicated in 
Tahle 7 !'or all transportation concepts. These costs 
were derived using cost estimating relationships 
(CER).  thc mass .,unimaries and costing ground- 
rules peculiar t o  each option. All costs are 
expressed in 1975 dollars with no  fec inclurled. 
Prograni management includes only the contractors 
ct'fhrt. 

In the c. . ot'tlie cornrnon stagc L02/ 'I , t I?  >y>tem. 
.I tot11 I 9 : ) ' t f i  cost of approximately ~ 4 1 6   nill lion 
5 prcd . ,cd w!iilc the unit cost for a complete 

ve11;clc .s  ;ipl>roxi1113tcly S54 niillion. The relatively 
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Table 7. Common St2ge L02/Lh2 OTV Cost Summary, GSS Mission 

Structures and mechanisms 

Main propulsion 1 1 2  I t:: 
Cost dement 

Flifit hardware 

Auxiliary propulsion 5 1 1.8 

Avionics 11 , 10.0 

Electrical power 1 3 1 2.0 

Stags 1 
f i n  millions 

Thermal control 1 4 1 2.5 

DOT&€ 
(157) 

Assembly and checkout I 1 .8 

1st unit 
(26.2) 

Systems engineering and integration 1 ( 5) 1 
Software engineering 

Systems testing 

Ground tat hardware 

F li@t test hardware 

Test labor I a t  
Ground support equipment 

Initial tooling 

Subtotal 1 302.9 1 27.8 
Cost wuivdent of mass continwncv 1 33.3 1 2.8 

S in millions 
,DOT&€ 
1 ( 9) 

1st unit 
(19.8) 



low DDTE flight hardware cost asbociatect with 
stage 2 is the result of its high degree of common- 
ality with stage 1. 

Development and unit cost of the optlolls arc 
compared in Figure 2 5 .  The high DIITE ~-o,t lctr 
the nuclear LH: and electric sy\tcms ib thc re\ttlt 
of the expensive nuclear reactor\. It sliould al\u he 
recognized that the co\t of the two electric 9 s t cn~ \  

is based on data not nearly as weil detined as that 
tbr tile cheniical systems. In addition. the electric 
systeliis will require orhital assemhly and this cost 
has not Iwcn inclurleci. First unit cost of the 
nuclear Ltl? and nuclear electric systems is again 
high d ~ r ~ .  ro t h ~  rcac-tors. The higl~ unit cost of the 
sdl:tr c.lc.c.tric sy3tcrn results largely from strilctural 
complesity. 
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Figure 25. OTV Cost Comparison, GSS Mission 

Evaluation-A total cost indicator for the OI'V 
options as a function of the number of OTV tlirllts 
was develciped by using the DDTL and unit io3t 
from the preceding page :rncl :I S100 per pnl~nd 
launch cost to  cover delivery of the OTV 1lur~l:v:rrc 
and i~ropellant. As intlicatcd by Figure 26 .  tile 
comnlon stage LO?/LH7 - system I~ecomc\ the 
cheapest aftel nine flights and provides a suvinps of 
approxirnlrtrly S20O million nvcr the 1 I ' 2  stage 
system when a total of 60 flights are perfornlect. 

A further con~p:irison of total usc costs is sllown in 
Figure 27. The composition of the OTV cost 
indicator is appropriate t o  i w O  total uses. .llwr~t 
equivalent t o  six uses per year over a 15 yciir 
period. This corresponds rot~gllly to  HLLV ;ic.tivilj. 
level B and to the 50 inan geosynchronous station. 
It is cautloncd that indications froni this chart will 
not necessarily Iloid tn:e Ibr otlicr activity Icvels o r  
whcre ii specilic Earth lau~icli vellicle is cllosctl. 

Several spec.ific low orbit trirnsportation cost slopes 
arc \llc?\vn. wit11 the slope drawn such thrtt sum of 
lo\\ orl~i! l i f t  cost ;tnd OTV writeotf' cost is 
c~onstant. .Al\o sliown arc curves of constant total 
cost using the ru l~ l~e r  ( contint~ously variable cost 
o p t  i n~izc*d 1 HLLV char;tcteristics dc-scrihed earlier. 
C'o\t itnd mass values tbr the solar and nuclear 
electric systems include a snlall LO1,'LH. high 
tl~rust OTV. operating in co~ljl~nction wiyh the 
electric 0 PV's. perfor~ninp the crew transportation 
rotc. TIlc clccrric OTV'n deliver ~ t r g o  and refi~elinp 
i~rolwllant for the crcw tr;tn\port OTV's. The 
apparctit cost advantage of the LO2,'LH. systems 
is cvident. Al~solutt. di ft;.renccs. however. arc' not 
large enoirgh to justify di>carc!ing any of  the 
options on iht. 11;tsis of this aniilysis. 

Othcr fr~~.tc~rs c'ati also he used to cvaluatc the 
various OTV concepts. 
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There are no  major concerns with the L 0 7 I L H 2  
singte stage. The LO:/LH? 1 112 stage r<quires 
either two or  four drop tanks and consequently 
offers more complexity in assembly and propellant 
line hook-ups. The common stage concepts require 
docking the forward end of stage 1 to  the aft end 
of stage 2 with the major problem bring tile 
presence of the main engines. In addition. both 
stages are operating sitnultaneously during tht  time 
period when stage 1 is returning to Earth orbit and 
stage 2 is deliverying the payloads. Both nuclear 
stages emit radiation which can contine the zone of 
operation arolind the stages: d~sposal of the high 
density reactors presents a more difficult task than 
for chemical stage componcnts. In addition. the 
nitclear electric stage must employ a hip11 tempera- 
ture radiator tila! is of si~cli size that considerable 
assembly is required particialarly in ternms of fluid 
line hook-ups. The solar electric system also 
requires on-orbit assemidy in ternms uf the collec- 

tors and radiators and has a shorter operating life 
(in terms of number of missions) than the chctnical 
systems. 

Chemical systems are judged to have relatively low 
technical risks since they are using technologies 
currently available. Moderate risk was assigned to 
the nuclear LHz system: there has been consider- 
able study ancl ground test work birt 110 flight 
experience. Botll electric systems have been given 
high risks since both require develvprntnt of their 
basic propulsion systems (MPD tllrusters) and also 
require considerahlt. orbital assembly. yet to  he 
demon.;trated. 

hlasje: of LO2jLHz  OTV stages are sllown in 
Figure 28 tbr the varioils mission options. for the 
three staging options. indicating potential com- 
monality and the likelihood that vehicle evolution 
options can be found that will not result in severe 
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mission/vehicle mismatch penalties. These evolu- LO?/LH?. This factor more than compensates for 
tions could. for exan~ple, include use of a common the lower Isp in terms of the resulting height of the 
stage second stage in a single stage mode for a con!iguration when compared t o  a LO?/LH? con- 
smaller requirement. cept using the same staging method. 

Lunar Transport Vehicles-Five basic transporta- 
tion options were considered for the LTV applica- 
tion and are compared in Figure 29. The particular 
size indicated for each option is related t o  the 
payload requirements of the OLS mission; how- 
ever, the general arrangement will remain the same 
for all of the missions employing LTV's. It should 
also be noted that the crew/equipment niodule 
even though a payload. is included in each concept 
since it is never detached. 

The illustrated concepts have been considered for 
the following reasons: The small diameter single 
stage L02/LH2 concept offers simplicity and 
reasonable performance (the landing configuration 
is quite tall if shuttle compatibility is attempted). 
As a means of reducing the landing height of a 
single stage L02/LH2 option, consideration is 
given t o  a large diameter LTV concept that tises 
the full diameter capability of the HLLV. Perform- 
ance gain and improved landing height are possible 
with a 1 112 stage L02/LH2 concept. 'The drop 
tank in this case is jettisoned prior t o  the terminal 
descent maneuver. Stages employing LO:/MMH 
propellant were considered because the average 
bulk density is approximately three times that of 

The 1 112 stage LO?/LH-, system shown in Figure 
30 is used t o  illust;attt file level of detail used in 
defining LTV configurations. 

This LTV conccpt consists of a main stage attached 
below the crew/e~uipment module to form the 
landing vehiclc and an expendable drop tank that is 
attached above thc crcw equipment module. At 
landing, the configuratio~~ has a height of 14.6 m 
(48 ft) and a c.g. 7.1 m (23.3 t t )  above the lunar 
surface. 

The drop tank consists of a suspended ellipsoidal 
LO? tank and a LH? tank with in;egal sidewalls. 
The drop tank is 4.27 m (14 ft) in diameter and 
9.8 m (32 f t )  in length. The tanks arc' sized to  
contain enough propellant to replel.i$h the main 
stage tanks while the vehicle is in lunar orbit. 
Propellant remaining in the drop tank is used to  
provide the deorbit and initial braking delta V of 
1642 m/sec (5387 fps). At completion of this 
maneuver, the tank is jettisoned. 

The main stage consists of two cylindrical LO? and 
two LH;! tanks enclosed within an octagon type 
body shell. The diameter of the shell is reduced to  

SMALL DIAMETER U R G E  DIAMETER 1% STAGE MNGLE STAQE 1% STAGE 
SINGLE STAGE SINGLE STAGE L%""2 L V M H  
9"01' LWL% 

LOIIMM" 

Figure 29. L T V Conceprs and Size Comparisons 0 LS Mission 
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Figure 30. 1 - 1 /2 Stage L OZ/L HZ L TV Configuration, OLS Mission 

3.9 m (1 2.8 ft)  in order t o  accommodate the 
stowed landing gear within the 4.17 m (14 f t )  
physical diameter constraint. The tanks are s i ~ e d  to 
contain the propellant required t o  complete the 
landing maneuver and return the vehicle hack to 
the OLS on lunar orbit. 

Electrical power, avionics and APS are located in 
the bay between the main stage and the crew/ 
equipment module. Thruster clusters associated 
with the APS are mounted on the side of the 
equipment module. Payload har. iling capability is 
provided by two units attached at the base of the 
stage. The units are folded down when the vehicle 
is in the Shuttle. Each unit employs an interna- 
tional type docking n~echanism that can be rotated 
t o  facilitate docking of payload n~odules in orbit 
and also lower them t o  the lunar surface. Two 
main stage engines allow for engine out capability 
with each providing a thrust of 1 10 000 N (25,000 
lbf). The engines arc throttleable and at startburn 
provide a T/W = 0.3. The landing gear configura- 
tion is designed to provide a landing gear radius t o  
c.g. height ratio of 1.2 which is approximately that 
provided by lunar module. 

Mass cotnparisons of tlie candidate LTV systems 
are presented in Figure 3 1 for the crew rotation/ 
resupply flight which h:is a delivery requirement of 
15 000 kg (35.000 lb) and return of 11 400 kg 
(25,000 Ih). 

Thc I 112 5tagr LO2ILH2 5ystern provides only a 
sligllt advantage over the small diameter single 
stage LOzILH;! concept for the following reasons: 
I )  the total delta V is low enough that a significant 
tlcnefit cannot he act~ieved by staging as is the case 
when high delta V's artB required. 2 )  the 1 112 main 
stage must employ a shell to support the propellant 
ta t~ks arid 3)  the drop tank has been sized t o  also 
contain the rllain stage propellant during tran\il 
front Earth orhit. 

The greater niass of the large diameter single stage 
LO?/LH? systetlis relative to the small diameter 
concept is due to the additional structural mass 
associated with the si1c.11 th3t supports thc propel- 
lant tanks. 

The LOllMMH stagcs result in greattar niass primar- 
ily cis ;1 result of their lower Isp (302  vs 453 sec). 
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Figure 3 I .  L T V Mass Comparison, 0 L S Mission 

Cost summaries identifying DDTE and first unit 
cost for the LTV concepts were developed to the 
same level as previously indicated for the OTV's. A 
comparison of the total DDTE and tirst w i t  cost 
for the LTV options is shown in Figure 32. Cost 
values shown do not include the crew and equip- 
men t module. 

In general, for both the DDTE and first unit cost 
the L021MMH concepts are cheaper as a result of 
their main engines bcing less costly than L02ILH2 
engines. 

Total propulsion module cost for the LTV options 
as a function of the number of L'rV flights was 
developed using the DDTE and unit cost from the 
preceding figure and a $ I00 per p o ~ ~ n d  launch cost 
t o  cover delivery of the LTV hardware and 
propellant and OTV propellant required for the 
transfer between Earth and lunar orbits. Results 
are shown in Figure 33. 

Although the M M H  concepts begin with the lowest 
cost, the p e ~ a l t y  of their greater propellant weight 
reflected in terms of transportation cost from 
Earth t o  lunar orbit tends to  equalize their costs 
after about ten uses. Therefore. the lowest cost 
system aftcr approximately 10 LTV flights will be 
the 1 112 stage and small diameter LOZILH;! 
systems because of their lower replenishment 
requireinen t. 

Other factors can also be used t o  assess the various 
LTV concepts. I n  terms of full reusability, all of 
the single stage concepts qualify as d o  the main 
stages of the 1 112 stage options. Compatibility 

with the shi~ttle is primarily concerned with length. 
diameter and c.g. characteristics. In the case of the 
small diameter single stage L021LH2 system the 
length of the vehicle nearly exceeds the cargo bay 
limit when the landing gear is stowed. The situa- 
tion exists when the complete 1 112 stage 1,091 
MMH system is launched with the shuttle. 
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Figure 32. L TV Cost Comparison, 0 LS Mission 
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The major concern for the single stage L021LH2 is 
that of landing stability even though the specified 
ratio of landing gear radius1c.g. height has been 
used. Concern w ~ t h  the height ot'crewmen above 
the surface or accessibility is not considered a 
severe penalty since in all cases an automated 
elevator type device can be used. The only concern 
with the 1 112 stage concepts is that of drop tank 
jettisoning and assurance that n o  irnpact would 
occur with the main stage since the system is 
operating in a "g" field. Propellant fine hook-up 
between drop tank and main stage is considered no  
more difficult than when a single stage is being 
refueled in orbit. 

3.4 POWER SATELLITE TRANSPORTATION 

Selection of a tr .nsportation option for the opera- 
tional phase of the power satellite mission involves 
several interrelated issues: 

The transportation system will be strongly influ- 
enced by selection of assenlbly location; that 
selection may be based primarily on satellite- 
related matters other than transportation. 

Transfer time is important to fleet size determi- 
nation, to  the duration of exposure of  the 
satellite to  intense Van Allen radiation, and to 
delay costs in terms of beginning operation of 
the satellite,,. 

Mass to he transported and the cost of transpor- 
tation are ~mportant  because the mass is great 
and the cost niust be kept as low as is 
practicablt tu maxinlize economic benefits of 
tlie system. 

The selectlcd system must be cond\~cive t o  that 
amount ~f pilot scale demcnstration deemed 
necessary to  provide the tcctiriical and cost 
cot.3dence prereqiiisite to an operational devel- 
opnici~ t decision. 

These factors are evaluated in the context of a 
representative power satellite program deploying 
one operational 10,000 MW satellite per year. The 
satellite nli1ss will be in the range of 40x106 to 
100x 1 06kg (90x 1 o6 to 220x 1061h). and will 
require I~undreds of HLLV flights per yt.;lr. 

3.4.1 Assembly and Transfer Options 

transicr transportation. If payloads are t o  be 
delivered all the way to  geosyncl~ronous orbit 
before unpackaging and deployment, there are n o  
practical linlits on OTV acceleration, but the 
HLLV-OTV match must be on the basis of simple 
increments. i.e., the OTV payload is one-half, one, 
two, etc. HLLV payloads. 

If some assembly is t o  take place in low orbit, the 
OTVIHLLV match is uncoupled. but OTV acceler- 
ations will be limited, depending on degree of 
assembly and deployment. to relatively low values 
by satellite element structural liniits. 

In the low orbit assembly option. accelerations will 
be limited to very low values in the electric 
propulsion range. Assembly of an entire power 
satellite in low orbit appears t o  be precluded by 
gravity gradient loads and air drag; four t o  ten large 
niodt~les, that can be joined in geosynchronous 
orbit by relatively simple operations. are inaicated. 
The large size of these modules will probably 
dictate the use of several OTV's operating in a 
t~~g l ike  fashion, since a single very large OTV 
would itself require orbital assembly. 

Sotlle assembly location factors are not directly 
associated with transportation of the satellite itself. 
Crew logistics and other crew consideration< 
strongly favor low orbit assembly; impact on the 
power satellite itself favors high orbit assembly. 
Present estinirttes are that considered all together, 
these factors tend to favor low orbit assembly. 

The most notable difference between high thrust 
and low thrust systerns is trip time. A high thrust 
vehicle can make a geosynchronous round trip in 
one day. A low thrtrst vehicle may require six 
months. TIiis in turn affects fleet size and fleet 
investment. For a high thrust reusable system, even 
if h~lndreds of trips per year are required, only a 
few vehicles may suffice sirlce one vehicle can 
probably make 50 trips per year. For low thrust 
systems. one vehicle can make perl~aps two trips 
per year anci a very Izrge fleet is needed. The 
self-PO&.-r concept uses povter output from the 
satellite modules to  drive electric propulsio~l sys- 
tems fur orhit transfer. Typically \ix propul\ion 
modules per satellite niodule are required. For 
completion of one satellite per year, twelve pro- 
pulsion modules. plus sparvs, are required. 

I'he choice of assembly and transfer option 
imposes varying deprcrs of constraint on orhit 



3.4.2 Transfer System Options 

Transfer system options investigated include LO21 
LH2 and Nuclear LH2 (Nerva) high-thrust vehicles, 
nuclear and solar electric low-thrust vehicles, and 
self-power, using the satellite module electric out- 
put to drive the ascent propulsion system. 

Shown in Figure 34 is a representative self-power 
concept. The satellite consists of four power 
generation modules (PGM's) and a power trans- 
mission system (antenna). The power generation 
modules are assembled in a low orbit and fly 
independently to  geosynchronous orbit ; one of the 
four must deliver the antenna. In geosynchronous 
orbit, the four modules are joined to  form the 
complete system. For transfer a propulsion module 
is attached t o  each vertex of the PGM concentrator 
and an additional one may be attached at the 
thermal cavity, depending on control requirements. 
Each propulsion module consists of electric and 
chemical (L021LHz) thrusters. power conditioning 
and control equipment, thermal control radiators. 
and L021LH2 tankage for return propellants. 
Ascent propellants are fed from tanks pcrmanen tly 
attached to  the PGM. During ascent, electrical 
thrust is used except when the vehicle is shadowed 

by the Earth; then chemical thrust is used t o  
maintain the PGM in a sun-facing attitude. During 
the initial part o f  the transfer, a significant 
proportion of total ttirt~st is expended to maintain 
E M  attitude control in the presence of  gravity 
gradien t disturbing torque. The penalty for this has 
heen roughly estimated as a 10% addition to tc-a1 
ascent delta V requirement; this has been reflected 
in the ascent delta V requirement of 6600 m/sec 
( 19,685 ft/sec) used l o  size the systems. The 
propulsion modules return to low orbit for reuse 
using their LO?/LH: tlirusters and internal 
propellant. 

3.4.3 Comparison of Options 

The mass and cost penalties associated with orbit 
transfer can be expressed as burden factors t o  
simplify expression of total trans~ortation costs. 
Shown in Figure 35 are mass bilrdens, expressed as 
(orbit transfer mass increment in low orbit)/(power 
satellite mass). The mass burden for low thrust 
systems is dependent on the performance of the 
power generation system in terms of mass/power 
ratio, if trip time is held constant. A 160-day 
round trip was groundrulcd, offering the potectial 
for two trips per year per vehicle. For self-power, a 
90  day up-trip was assumed since this thrust (i.e. 
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Figure 35. Orbit Transfer Burden Factors 

acceleration) level appears to be compatible with a power satellite activity level. The apparent 
gravity gradient control requirements. advantage of self-power results because 

Recurring cost for power satellite orbit transfer can The mass burden is low 
be estimated by considering HLLV costs in combi- 
nation with mass burden factors plus orbit transfer The hardware cost is far less than other systems 
hardware cost, as indicated by the equation in with low mass burden because power generation 
Figure 36. is provided by the satellite modules. 

Packaging and orbital assen~bly operations logistics 
haue not been studied in any detail and the values 
shown are ROM estimates. The packaging burden is 
(actual HLLV flights required per satellite)/(ideal 
number considering only satellite total mass). The 
logistic burdcn is (cost of all logistic3 flights to 
support assembly or one satellite)/(cost of ideal 
number of HLLV flights). Many of the logistics 
flights are expected t o  employ the shuttle. Orbit 
transfer mass burdens were shown on a previous 
chart. 

Recurring cost results are sl~own on the right-hand 
side cf the chart. Orbit transfer system DDT&E 
costs were not included but are nearly negligible at 

This analysis did not include the effect and cost of 
self-power design requirements on the power satel- 
lite module. Therefore. and because the self-power 
system involves significant technical risk, the other 
options are still considered viable. 

A final very important issue is ability tcr demon- 
strate technical capability and potential for low 
cost ir a pilot program. Principal considerations are 
as follows: 

Low orbit is strongly favored for pilot plant 
orbital assembly and test (need only Shuttle and 
space station). 
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A typical pilot plant mass is estinlated as 
250 OOO kg (550,000 Ib). Total transportation 
masses are compared in Figure 37. The OTV 
options used for this comparison, excepting self- 
power, were adopted from the geosynchronous 
space s!.itlon options described previously. Trip 
time constraints were relaxed in view of the 
relatively k w  trips required. 

Transportation cost comparisons are presented in 
Figure 38, including OTV DDT&F cost. 'The 
shuttle is assumed as the Earth launch vzhicle. 
Since a high thrust chemical OTV will be needed 
for crew transport. an alternate comparison would 
delete the DDT&E for this system as i t  is required 
regardless. On tl,at basis. the LO~/LHZ systen~ is 
minimum cost. Self-power could be demonstrated 
at small additional cost. tradirrg its DDT&E agair~st 
reduction in number of shuttle fliglits. 

4.0 FSTSA PHASE II STUDY PLANS 

Scenerios (example futures) will provide the work- 
ing basis for the Pl~asc I1 effort. Four working 
scenarios have been developed. Transportation 
systeni options will be fitted to each scenario. 
de!ining a cantlidatc evolution for each option. 
Since there will be alternative transportation sys- 
tem options applicable to  each scenario, there will 
ix about 10 t o  20 cantlidate programs to  be 
ev;lluated during the first optimization activity. (A 
program is a scenario employing a particular 
transportation evolution ; each scenario can en~ploy  
a nui~iber of alternative transportation options.) 
Prograni cost data will be developed usinp the cost 
dai:c basc developed by Pliase I. Only trirrsporta- 
tion and transportation-related costs will be deter- 
mined: nlission hordware will not be costed. 
Transportation costs wilt include DDT&E, fleet 
investment, recurring launch and operations, and 
sustair-ing costs. 
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Figure 37. Powr Satellite Pilot Plant OTV Option.? 
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Optimization and evaluation will be performed as 
follows: 

Representative piagriims (scenarios with trans- 
portation options) will be selected for modeling. 
Sections will be made to  ensure that key 
questions are addressed. Parametric models of 
the program will be constructed, relating such 
factors as heavy lift launch vehicle (HLLV) 
payload, HLLV reusability, orbit transfer vehicle 
(OTV) payload. OTV size, number of flights. 
and costs. 

Results of the modeling will be evaluated in 
order to select discrete transportation solutions 
most nearly corresponding to the idealized 
optimal points determined by analysis. 

Qualitative evaluations, employing qualitative 
critfria from the Phase 1 extension, will also be 
made. 

This process will be repeated with refinements 
during the second half of the study. 

Alternative scenarios will be prepared for the 
purpose of testing evolutionary development strat- 
egies. Strategies analysis will proceed through steps 
of commonality identificatign, decision driver 
identification logic tree development and method 
of application. The resulting evolutions will be 
evaluated. Results o f  the tests and evaluations will 
be used to revise and update the strategies. Also 
during the second half of the study. transportation 
system definitions will be developed. Thex  will 
utilize data developed during the Phax 1 extension 
and will describe the systems to a level of detail 
adequate as a point of departure for any subse- 
quent Phase B definition stitdies that the NASA 
may elect t o  conduct. 

Results will be reviewed with NASA at  the 
pre-midterm working session and initial selec- 
tions made. 


