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PREFACE

The Space Station Systems Analysis Study is a 15-month effort (April 1976 to
June 1977) to identify cost-effective Space Station systems options for a
manned space facility capable of orderly growth with regard to both function
and orbit location. The study activity has been organized into three parts.
Part | was 4 5-month effort to review candidate objectives, define implementa-
tion requirements, and evaluate potential program options in low earth orbit
and in geosynchronous orbit, It was completed on 31 August 1976 and was
documented in three volumes (report MDC GG508 dated | September 1976).

Part 2 has defined and evaluated specific system options within the framework
of the potential program options developed in Part 1. This volume is the first of
three und summarizes the issues considered and the conclusions reached during
this second part of the study. The companion volumes include the Technical
Report (Veolume 2) and the Appendixes (Volume 3).

The third and last portion of the study is a S-month effort (February to June
1977) to define a series of Spuace Construction Base (SCB) concepts and to de-
velop related figures of merit that will provide NASA planners with a basis for
selection. Selected SCB concepts will be described in terms of preliminary pro-
gram plans. '

During Parts 1 and 2 of the study, subcontract support was provided McDonnell
Douglas Astronautics -Company (MDAC) by TRW Systems Group, Ford Aero-
space and Communications Corporation, the Raythcon Company, and Hamilton
Standard. '

Questions regarding the study activity or the material appearing in this report
should be directed to: '

Jerry W, Craig, EA4

Manager, Space Station Systems Analysis Study
National Acronautics and Space Administration
Lyndon B. Johnson Space Center

Houston, Texas 70058

or

C. J. DaRos

Study Manager, Space Station Systems Analysis Study
McDonnell Douglas Astronautics Company-West
Huntington Beach, California 92647

Telephone (714) 896-1885
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INTRODUCTION

The progress of space technology has permitted
space activities to expand from the carly explora-
tory steps of the 1960 to the realization of the
cost-effective applications of the 1970’s. The eco-
nomic benefits derived from communication
satellites in providing global communication net-
works and from meteorological sateltites in im-
proving the accuracy and range of weather fore-
casts have been amply demonstrated,

The anticipated reduction in the cost and com-
plexity of delivering paylouds to space as provided
by the Shuttle Transportation System, currently
under development, can mark the beginning of a
new ecra in the exploration and use of space. To
fully exploit this potential in the 1980’ and
beyond, increasing use of manned facilities can be
anticipated. The rich heritage of manned space
experience, culminating in Skylab and Apollo-
Soyuz, when combined with the flexibility of the
Shuttle, can provide the mechanism for investigat-
ing, understanding, and solving many of the critical
problems which we and the rest of the world will
face in the next 50 years. The growth path will
progress from the limited-duration Shuttle and
Spacelab missions to permanently manned stations.
Initially, these stations can be assembled from
modular units delivered by the Orbiter and can
grow in size and capability to provide construction
bases for the large public service communication

. antennas, for new encrgy systems, and for the
- industrial applications of the future,
The fact that this capability can be developed
" does not establish the fact that it will be, nor does
it determine when it should be developed. Priori-
ties depend on changing political, econoniic, social,
and technological factors.

The purpose of this study is to provide informa-
tion to NASA program planners which can help
solve the difficult problems of apportioning limited
resources among an almost unlimited number of
candidate projects — and in doing so, to provide a

~ sound technological base capable of developing and
preserving the options open to our nation in the
decades to come. The course to be charted requires
long-range planning to ensure that fiscal commit-
ments will be met and that required systems and

/
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components will be available when needed. At the

same time there must be flexibility for allowing

madifications as constraints and objectives change.
The direction in which this nation’s manned

spuce program should proceed depends on the

answers to the following questions:

1. What key objectives should be pursued in the

next 10 years?

2. Are there common support requirements for

these objectives, and if so, what are they?

3.  What is the potential role of the Shuttle?

Spacelab? The Spice Construction Base?

4.  What program options represent potentially

viable candidates?

5.  What configuration concepts can support these

program options? '

6. Are orbital construction facilities practical?

7. Where should space construction prujects be

accomplished — at low earth orbit or geosynchro-

nous orbit?

8. What are the transportation requirements for

the potential program options?

9.  What technological steps, developments, or

breakthroughs are required?

10. What are the expected milestones and

schedules?

11, What are the expected costs?

12. What have we learned so far?

13. What planning and analyses remain to be

done?

14. At this time, does there appear to be sound

justification for a national commitment to pro-

ceed with the development of a Space Station?
The issues examined, and the answers to the

above questions which have been developed in the

study to date, are discussed on the following pages.

nnastinn 1
WHAT KEY OBJECTIVES SHOULD BE PURSULED
IN THE NEXT 10 YEARS?

At the outset of Part | of the study, it was deter-
mined thay the Outlook for Space Report (NASA
SP-386, Fanuary 1976), supplemented by data avail-
able through the Study of the Commonality of
Space Vehicle Applications to Future National
Needs (Aerospace Contract NASw-2727), provided
an excellent descriptive data base of key goals and
objectives. The initial step, therefore, was to use
this material to identify 61 program objectives as
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potential candidates for Space Station systems
support.

The most important support feature that a Space
Station can offer toward the accomplishment of
any future space program goal is the availability of
man as an observer, decision-maker, and operator
on a long-term basis, Experience on Skylab offers
substantial evidence that the presence of scientists
and astronauts can add significuntly to the success
of u mission and enhance the productivity of space-
flight activities with respect to modification and
improvisation. Accordingly, in the initial study
effort, emphasis was placed upon those potential
areas where manned space programs might be ex-
pected to make a significant contribution. Forty-
seven of the 61 objectives from SP-386 were iden-
tified as requiring the support of man in space,
either in the Shuttle sortie mode or in extended-
duration facilities.

In our analysis, the 47 SP-386 objectives were
collated into 10 Space Station system objectives in
which manned Space Station systems appeared to
have the potential of contributing significant
support. These 10 objectives were:

Construction-Related
Satellite Power System
Nuclear Energy
Earth Services
Space Cosmological R&D
Space Manufacturing
Space Processing
Support Objectives
Cluster Support System
Depot
Multidiscipline Science Laboratory
Sensor Development
Living and Working in Space

The objectives covered a spectrum of potential
applications from commercial operations to pure
science: four involved space construction of large
antennas and solar arrays, five provided a support-
ing research and development base for other objec-
tives, one represented an early step in the develop-
ment of the area of space manufacturing. Each
objective was studied independently in some

_ detail to determine the implication for the Space

Station and to establish design requirements. In
cases where the time frames. for application of the
individual objectives lay beyond the period of
interest for Space Station program options
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(approximately through 19935), they were not
included.* As a result of this effort, eight obj2c-

tives were recommended for consideration in the

development of program options during Part 2 of
the study.

The objectives selected from Part 1 of the study
to be the point of departure for Part 2 are sum-
marized as follows:
= Satellitc Power System (SPS). Provide a facility
for the construction of test artictes and permanent
space test capability for evalusiion of the technical
and economic feasibility of SPS.

» Earth Services. Conduct research and develop-
ment and construct large antennas and associated
hardware required for:

A. Domesti¢ and international communications
services

B. Earth and atmospheric surveys

s Space Cosmological Research and Development.
Perform R&D on space cosmoiogy-related compo-
nents and construct a large microwave telescope.

m Space Processing, Conduct R&D to determine
the technical and economic feasibility of commer-
cial inorganic processing and biological materials
applications, and support, as appropriate, the initial
commercial itse of these processes.

s Multidiscipline Science Laboratory. Provide a
multidiscipline laboratory to conduct space research
in the basic and applied sciences. -

= Sensor Development Facility, Provide a facility
for the test and evaluation of optical sensors for
earth sciences and cosmological phenomenon,

s Living and Working in Space. Demonstrate long-
term living and working in space as related tn other
manned space objectives.

®» Orbital Depot. Perform the necessary R&D and
develop the orbital operations for an orbital trans-
fer vehicle system.

Each of the objectives selected was studied in
greater depth to define the steps that would be
necessary to realize the stated objective. In each
case, a set of functional requirements was derived
whichidentified specific technology advancement
needs, tests that must be conducted, and processes
that must be developed.

*It was recommended that the development of space-
based nuclear energy systems be deferred on this basis.
The cluster support system concept was atso deferred
since it also did not show promise of sufficient applica-
tion in the time period of interest,




Methods for satisfying the functional require-
ments were then derived, and those that required
Space Station support were identified. For each of
these. an objective element was defined — an ob-
jective element being the physical facility, equip-
ment item, test apparatus, structural assembly,
ete. needed to perform the required function.
These obiective elements and the requirements
they impose form the basic set of information
needed to define facility requirements and poten-
tial program options.

As an illustration of the factors considered in the
analysis of requirements for future space facilities,
three examples are presented: satellite power sys-
tems, space processing facilities, and earth services
facilities.

Satellite Power System Objective

This objective was chosen because it preserves an
option for developing an alternate power source
that cannot be depleted, is not imported. and
appears to be econ~mically and environmentally
acceptable. Power generation in space by SPS has
significant potential by virtue of almost continuous
sunlight (6 to 15 times terrestrial availability). SPS

FUNCTIONAL REQUIREMENTS

EVALUATE SPACE FABRICATION OF LARGE STRUCTURES

SOLAR COLLECTOR
MICROWAVE ANTENNA
STRUCTURAL 'NTERFACES

EVALUATE LARGE-SCALE ENERGY COLLECTION AND DISTRIBUTION

20K VOLTS
SWITCHING

EVALUATE LARGE-SCALE MICROWAVE TRANSMISSION AND CONTROL
IONOSPHERIC DEGRADATION OF PHASE CONTROL S/STEM
THERMOSTRUCTURAL EFFECTS ON PHASE CONTROL SYSTEM X X

EVALUATE RADIO-FREQUENCY INTERFERENCE EFFECTS

DIRECT TRANSMISSION FROM AMPLITRONS
SWITCHING AND ROTARY JOINT SOURCES
VOLTAGE LEVEL REGULATION
IONOSPHERE INDUCED

SPACE PLASMA EFFECTS
ARCING AND LEAKAGE
SPACECRAFT CHARGE PHENOMENA

END-TO-END FUNCTIONAL VERIFICATION
THERMAL-STRUCTURAL INTERACTION
PHASE CONTROL SYSTEM

POWER TRANSFER AND ROTARY JOINT CURRENT DENSITY
PROTOTYPE MANUFACTURING AND ASSEMBLY PROCESSES

Figure 1. SPS Objective Element and Requirements Matrix
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energy is easily exportable and offers balunce-of-
trade potential.

In ordar for a commitment to be made to SPS,
demonstration of technical and economic feasibility
is required. Then, if a commitment decision is
made. a development program must be initiated.

Accordingly, a minimum system capable of
resolving the most critical technology issues at the
lowest possible cost was derived and was designated
Test Article-1 (TA-1). This would be followed by
a second test article (TA-2) which would provide
cost data and information pertinent to the deter-
mination of how an SPS might be fabricated and
& sembled on orbit, as well as key end-to-end func-
tional verification of such issues as two-dimensional
phase control and the thermostructural effects.
This effort would be planncd to be completed in
time to provide data and experience to support
programmatic decisions with respect to SPS by
1987. Finally, assuming a commitment is made, a
partial prototype test article (TA-3) of the full SPS
would be fabricated.

A summary of the critical SPS test article func-
tional requirements is listed in Figure 1, along with
an indication of the capability of the various SPS

TEST ARTICLES
LEO GEO
TAL TA-2 TA1G

X
P

X
P

XX X|»

x X

o x
x X x
X © O X 3

x X

P
X
P
P

x X X X

P=PARTIAL SATISFACTION




objective elements to resolve the issues. The func-
tional requirements are SPS technology advance-
ment issues. This list was derived jointly by
Johnson Space Center, Lewis Research Center,
MDAC, and Raytheon, TA-1 operates in both low
earth orbit-LEO (TA-1L) and geosynchronous
orbit-GEO (TA-1G), while TA-2 is used only in
LEO. The TA-1L test activity consists mostly of
checkout and performance calibration prior to its
being sent to GEO. TA-1 would be used to resolve
microwave issues, particularly for operation in the
GEO environment and transmission through the
ionosphere (heated up-beam HF). TA-" would he
involved primarily with investigating t!.. solar
collector issues und system end-to-end functional
verification.

A schematic description of the various SPS test
articles that were considered is presented in Figure 2.

A sketch of the TA-1L/G antenna is presented in
Figure 3, which also shows the length of the various
waveguide sections and the installation of the
antenna and its phase control electronics. The hori-
zontal arm of the antenna has a 2.39-m waveguide
in the center, and the vertical arm has two of these
2.39-m sections, one on either side of the center,
The antenna is two waveguides wide (one operating
and the other for redundancy). The 46 amplitrons
allow 100% redundancy. The outboard waveguides
(14.36 and 28.72 m) use corporate feed with the
amplitron in the center of the waveguide; all other
waveguides are fed at the end.

Even though the waveguide length being powered
by a single amplitron varies from 2.39 to 28.72 m
for amplitude tapering purposes, a separate phase
shifter would be proposed to be employed every
2.39 m to properly facilitate phase steering.

TA-1 CANDIDATE TA-2 CANDIDATE
Vv TAA
VTA2 |
30m
260m ’
oxfomb -
57 KWHF 479 KWRF
80 AT 10 x 10
* U™ rA-3 CANDIDATE
i SR
— — 156m
6.77MWg =

Figure 2. Candidate SPS Test Article Sizes
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INSTALLATION WA |
WAVEGUIDES *
T, LENGTHS (m)
2.87
AMPLITRON 4.79
am 0.199m o
’ 14.3
(2 WAVEGUIDES) 28.72
3 . L
Ti_ 123m - o
23
(EITHER SIDE
OF CENTER)
AMPLI- PHASE
TRONS* CONTROL
HORIZONTAL 22 1 |
VERTICAL 24 12 ~ff=—. 0.149m
TOTAL a6 23 (2 WAVEGUIDES)

*INCLUDES 100% REDUNDANCY

Figure 3. SPS Test Article 1 Antenna

Space Processing Objective

Preliminary studies and experimental results from
the Apollo, Skylab, and ASTP missions indicate
that space processing may be a potential commer-
cial source of improved or unique products for use
on earth. Market projections for new products such
as silicon ribbon, ultrapure glasses, pharmaceuticals,
and biological materials (e.g., the enzyme uro-
kinase) show significant potential,

Space processing will ultimately be justified if it
can become a commercial source for materials not
obtainable at competitive costs on earth. In this
context, this objective has a strictly commercial
emphasis, i.e., made-inspace products having a
unique utility in the economy. Therefore, the char-
acteristics of the program to transition from R&D
to full-scale commercial production in space must
reflect the following:
® Continued applied R&D activities in basic
chemistry and physics, materials sciences, pharma-
ceuticals, electronic materials applications, optical
materials and components, ind other man-made
products that offer a commercially significant
potential.

s Development of in-space processes and proce-
dures that ensure control of maternial characteristics,
uniformity, dimensional precision, and on-schedule
production of quantities commensurate with indus-
trial operations.

® Demonstration of production yields in sufficient
quantities and quai ty to assure commercial interest
and economy as opposed merely to demonstrating
scientific or technical feasibility.

® Demonstration of man-machine interactive




designs that will take cost-effective advantage of
automated, semiautomated, and manual operations,
including all aspects of the production process

(i.e., fabrication, assembly, test, quality control,
packing. and transportation).

Three cases were sclected as being representative
of a broad class of future commercial space proc-
essing activities (see Figure 4). The first case was
the production of the enzyme urokinase, which in-
volved a process designed around a separation

ANSITI
TO SPACE
N
X
\ - -~ -
ADVANTAGES
rlor OFFFERED
- 3 ":' e -L;_:

® 500X YIELD IMPROVEMENT
OVER GROUND FOR BI0O-
PROCESSING (UROKINASE)

* $59,000/KG VALUE ADDED
FOR ULTRAPURE GLASSES
(FIBER OPTICS)

® $22,000/KG COST SAVINGS
FOR INTEGRATED CIRCUITS
(SILICONE RIBBON)

GROUND-BASED
FACTC/.ES
(BUSINESS AS USUAL)

Figure 4. Space Processing Commercial Interests

procedure and two cell growth cycles. This process
is typical of the production of a biomaterial in final
form in space. According to rescarcher Dr. Grant
Barlow of Abbott Laboratories, this type of proc-
ess may offer great improvement in the product
potency over that possible on earth. He bases

this estimate in part on the successful electro-
phoresis technology experiment conducted on
Apollo-Soyuz. The encouraging results of this ex-
periment showed that one fraction of the cells
separated produced six times more urokinase per
cell than did ground-based control cultures. He
predicts that additional improvements in all

steps of the procedure (i.e., the separation process
and the two growth steps) will yield an overall
projected improvement of 600 times that which
could be expected on earth. This potential im-
provement by space processing could prove to be
the break through necessary to make such life saving
pharmaceuticals available to the public, thereby
making possible their use in routine clinical prac-
tice rather than in experimental medicine only.

The second case selected described the produc-

MCDONNELL DOUGLAS
(

_ IETR——

tion of an ultrapure glass in space representative ol
the high technology-unique materials useful in new
and novel products of the future. At the sugges-
tion of Owens-lllinois, :he prototy pe product upon
which this case was focused consisted of glasses
formed in space which would possess superior
characteristics insofar as optical properiies and
internal impurities are concerned.  hese improve-
ments would be important in fiber optics applica-
tions. The TRW Systems group estimates the ultra-
pure material used in the manufacture of fiber
optics communication cables could reduce the
transmission losses (o the point where a savings in
other components of the communication system
(i.e., repeaters) would equate to $59,000 for every
kilogram of ultrapure glass used in the system.
Projected annual savings, along with the specific
savings, were estimated by TRW and Owens-lllinois
to be $236 million at the timg the original case
selection was analyzed.

The third and last case selected was production
of semiconductor-grade silicon in ribbon form. A
survey of private industry provided a projection of
the demand for in.egrated circuits, for which semi-
conductor silicon is the basic raw material, to reach
200,000 kg (478.000 Ib) by the year 1990. Ata
finished cost of $100.000 per kilogram, this demand
equates to a $20 billion annual market. A Feasi-
bility Study of Commercial Space Manufacturing
conducted by MDAC-E (Reference: Contract NAS-
8-31253 with NASA MSEC) provides an estimated
savings (increase in value added) of 227 of final
demand by using silicon ribbon produced in space
in place of conventional material. The economics
of this case study pointed to a total potential in-
crease in value added of $4.4 billion annually. Even
if space-produced silicon ribbon captures a mere
1077 of the total market for integrated circuits, this
would represent a potential revenue of $440 million
annually by the year 1990, This high economic
leveiage represents one of the more important fea-
tures of this third case.

Earth Services Objective

To conduct passive microwave radiometry, the Out-
look for Space called for long-wavelength micro-
wave system development leading to operational
systems for conducting marine resource evaluation,
all-weather crop prediction, and regional water
balance forecasting. Other studies, among them




the Study of the Commonality of Space Vehicle
Applications to Future National Needs, Acrospace
NASW2 727, have suggested the high value and use
of small portable personal communication, facilities,
electronic mail, and other communication-

oriented capabilities.

To accomplish these objectives, the designs,
tools, methods, and materials required to con-
struct, assemble, and test large antennas in space
which will maintain their structural integrity and
beam-pointing capability when subjected to ther-
mal and other stresses must be developed. 1t is an-
ticipated (reference Acrospace NASW2727) that
three antenna types for radiometric and communi-
cations applications will require development, i.e.,
parabolic “dish.” multibeam lens, and large-plascd
orray antennas.  As a precursor to the development
of 100 to 300 m or larger antenna systems, it
appeared desirable to introduce a smaller prototype
into the antenna development program at an early
stage. The intent is to reduce development risk and
the cost of changes or mdifications incurred in
the learning process of on-orbit large-scale
construction.

Accordingly, based upon the design requirements
and trade studies, a design concept for a 30-m radi-
ometry satellice was evolved. [ts system and anten-
na characteristics appear in Figure 5. it is designed
to cover all frequency bands of interest in earth
observations while scanning perpendicular to the
orbit track of the Space Station. Stabilization re-
quirements were assumed at approximately 10% of
the beamwidth. Since the satellite is passive in
nature, power requirements should not exceea
2 kW,

Large space antennas will either be assembled in
space or will be designed to be deployable. Anten-
nas are placed in the assembly or erectable category
if their shape is such as to make deployment diffi-
cult, i.e.. if unfurling mechanisms and hinges
become complex, and if damping must be em-
ployed to prevent excessive backlash. Another fac-
tor to be considered is the surface tolerance which
can be achieved. Higher frequencies require tighter
tolerances.

The 30-m scanning parabolic torus, which is pro-
posed for earth observations and limb-sounding
radiometry, falls in the space assembly category due
to its odd shape and requirement for precise align-
ment (Figure 6). By way of comparison, the 9.1-m
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SYSTEM
FREQUENCY BANDS (GH2) 06 18
RADIOMETER CHANNELS 28
BEAM STABILIZATION (DEG) +00015
ALTITUDE (km) 340 - BOO
INCLINATION (DEG) 54
POWER REQUIRED (kW) 2
ANTENNA
DIAMETER (m) 30
BEAMWIDTHS (DEG) 23-0012

POLARIZATION HORIZONTAL AND
VERTICAL
SCAN ANGLE (DEG) 100
SURFACE TOLERANCE (am) 003
ANTENNA TYPES

PARABOLIC "DISH"

5 TO 20 DEG OFF AXIS. FUNCTION OF AMOUNT OF
ACCEPTABLE ABERRATION (CHROMA)

LONG FOCAL LENGTH REDUCES POBLEM BUT
RESULTS IN UNWIELDY DESIGN

+/PARABOLIC TORUS

*60 DEG PERPENDICULAR TO GROUND TRACK

Figure 5. Radiometry Satellite Design Requirements

30m PARABOLIC
TORUS

EVAWORK
STATION

MESH

ATS6
9.1m PARABOLOID

HUB EQUIPPED WITH
OF REVOLUTION

UNFURL MECHANISM

Figure 6. Types of Large Space Antennas




ATS-6 antenna is in the deployable category. The
symmetrical shape of the ATS-6 provided by the
paraboloid of revolution allows a simple unfurling
mechanism to be employed. The ATS-6 type is
usually used to produce spot beams in TV bread-
casts, high-rate communications, and planetary
radiometry applications. Today’s technology would
allow operation of this type of antenna to 10 GHz
at 40-m diameters and 0.5 GHz at 180-m
diameters.

Due to the complexity engendered in attempt-
ing to scale up the 30-m antenna to larger diam-
eters while retaining the surface tolerance and scan
rate requirements of the higher frequencies, it was
uecded to split spectral band assignments. As
shown in Figure 7, divisions were made where the
diameters required to provide 1-km resolution at
800-km altitude were exceeded. The result was to
identify three frequencies of interest for the 100-
to 300-m antennas, four frequencies of interest for
the 50-m ¢ricnnas, and three frequencies of inter-
est for the 3-m artenna. For the purpose of defin-
ing space construction requirements, emphasis in
the present study has been placed upon the larger
antenna sizes (30 to 300 m) with surface tolerance

root mean square reouirements of 0.035 to 0.48 ¢m.

1.000
[1B0O KM ORBIT, 10 KM RESOLUTION) |
& 4000 SOLID MOISTURE & CROP 1.D
i 100-3000
E RAMS SURFACL
= TOLERANCE & 1/3 - SUBSURFALE
W = 048 cm
,g_mo ® 41 OCEANSALINITY
a4 — e — — — — — — — — — — — —— —
4 o ® 37/ SEASURFACE TEMPERATURE
S RMS SURFACE e 23 SEASTATE AND HEAVY
- TOLERANCE PRECIPITATION
W 10 0.035 cm ® 12 WATER VAPOR
Z S mm————Chewe. 1y o1 1Ly L VHL R
& e 47 STORM OVERLAND
RAMS SURFACE e 26 WATER/CE
TOLERANCE . BOUNDARIES
A s # 20  STORM OVERLAND
01 1 10 100 1,000 10,000

FREQUENCY (GHZ)

Figure 7. Allocation of Spectral Bands to Antennas

In summary. many objectives have been identi-
fied in previous studies which have the potential of
satisfying a basic need or goal of mankind. Eight
specific objectives have been identified in the
present study which should be pursued in the near-
term. Four of these objectives — satellite power
systems, earth services (large antenna systems for
communications and radiometry), space cosmo-
logical research and development, and space proce-
essing — represent major goal-directed program

7
MCDONNELL Muﬂl‘@

concepts. The remaining four  multidiscipline
science laboratory, sensor development facility,
living and working in space, and orbital depot
facility  represent support functions that will be
required as basic building blocks in the future
expansion of all areas of space activity. These
building blocks would not only support the four
major program concepts but would provide the
basic system elements capable of meeting additional
requirements as they arise,

As an example of the way in which the basic
facilities can be directed toward new goals as they
are established, consider a planetary sample return
mission. Although it would be possible to return
the sample (from Mars, for example) directly to
earth, orbital examination provides advantages in
terms of prevention of possible contamination and
should be given serious consideration in future
planning of such a mission. This would suggest that
a manned space platform can play a significant role
in a planetary sample return mission.

A typical Mars sample return (MSR) mission pro-
file is shown in Figure 8. The mission would depart
from a Shuttle-compatible earth orbit and travel on
a conjunction-class interplanetary trajectory. The
conjunction class mission takes longer because of
the year required in the same orbit as Mars, but has
lower overall velocity requirements,

The direct Mars entry shown does not need a
separate Mars Orbiter and requires less velocity than
Mirs orbit rendezvous. It also is simpler since it
does not call for automated in-orbit rendezvous
and sample transfer.

EARTH DEPARTURE

FROM PARKING
ORBIT

DI!RECT
MARS
ENTRY

EARTH TO iMARS
(300 DAYS)

SURFACE
TIME
(27 DAYS)

INTERPLANETARY
TRAJECTORY-
CONJUNCTION

MARS TO EARTH

EARTH (300 DAYS)
ARRIVAL-ORBIT MARS
CAPTURE DEPARTURE

FROM PARKING
ORBIT (TIME IN
ORBIT, 400 DAYS)

TOTAL MISSION TIME = 1,027 DAYS (2.8 YEARS)

Figure 8. Mars Sample Return Mission Profile




Departure from Mars would be from parking
orbit, and orbit insertion at earth arrival is pre-
ferred because it permits the taking of necessary
steps for dealing with the hazards of back
contamination.

As shown in Figure 8, the total mission time
would be almost three years.

Upon return from Mars, an earth-orbiting
capsule (EOC) and sample container will be placed
in earth orbit. A Shuttle Orbiter will retrieve the
capsule and proceed to rendezvous and dock at the
manned space base. At that time, a crane will re-
move the EOC and container and place them at
the Mars sample return laboratory airlock
(Figure 9).

The sample container can then be removed from
the EOC via remote manipulator and placed in the
designated Mars sample isolation chamber part of
the Multidiscipline Science Laboratory, from
whence subsequent scientific examinations will take
place. Decisions can then be made as to whether to
leave the sample in the orbiting laboratory. destroy
it, or bring it to earth.

A number of requirements for a planetary
sample return facility have been identified during
the study, and other requirements were provided by
NASA/JSC. These include environmental condi-
tions to be maintained; TV, communications, and
scientific data systems needs: numbers and types of
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Figure 9. Retrieval of Mars Sample Canister
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experiment systems, etc.

As can be seen, the basic Space Station and
construction base facilities have the flexibility and
growth potential to accommodate a broad range of
new requirements as they emerge.

Question 2

ARE THERE COMMON SUPPORT REQUIREMENTS
FOR THE THESE OBJECTIVES, AND IF SO, WHAT ARE THEY?

Considerable commonality was found among the
support facilities required to accomplish the objec-
tives examined in this study. The commonality of
operational requirements can also result in a
desirable synergism in cost savings which can be
expected to extend at least over the next 10 years.
The most common support requiremenis were
found to be the need for crane operations, space
rabrication facilities, space assembly capabilities,
extravehicular activities, and general support for
long-duration operations. In Figure 10, major
requirements for a particular objective element
are indicated by a large check mark, minor
requirements by a small check mark.
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Figure 10. Objective Elements Have Common Requirements
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As can be seen in the figure, all objective ele-
ments require crane operations to a major or minor
extent. In particular, crane operations for SPS
TA-1 and TA-2, and for the 30-m radiometer, are a
major requirement in the fabrication and assembly
of those elements. However, the laboratory-type
elements basically require crane operations only
initially to position the module or to supply neces-
sary materials.

Requirements for space fabrication facilities
were identified in developing the test articles for
advanced solar power satellites as well as in con-
structing the final operational system. Similar
technology and orbital facilities will be required in




the construction of large antenna systems and, to a
fesser extent, space fabrication will be required in
the basic buildup of the Space Construction Base
itself, Space fabrication of components, as opposed
to transporting finished parts to orbit, can be justi-
fied if total construction costs are thereby reduced.
In gencral, two conditions must be met to satisfy
this requirement, First, density of the component
in question must be so low that transportation
costs may be significantly reduced by shipping only
bulk materials to orbit, Secondly, the fabrication
process “orbital overhiead™ costs must be less than
the transportation cost saving, This second condi-
tion typically involves automation of the process
to reduce required fabrication manhours. Hence,
sufficient production to amortize the necessary in-
vestment in fabrication equipment is also a strong
requirement,

Examples of fabrication processes that may be
simply automated are pultrusion (plastics and com-
posites) and roll forming (ductile metals). Such
machines are cutrrently highly developed and
capable ol producing a great variety of cross-
sections (tubular, channels, Z-sections, etc,).

In space assembly the crane is of primary impor-
tance because it is used on all construction projects
as well as in both the initial buildup of the base and
continuing support of base housckeeping and
Jogistics support. Furthermore, general-purpose
maintenance provisions, including shop support for
minor repairs, will be particularly important in all
space operations, including assembly tasks, because
of logistics transport costs. This implies not only a
considerable spare parts inventory on orbit but a
necessity for careful consideration of maintenance
and fault location system requirements during the
design phase.

It is interesting to note that analysis of the opera-
tions requiring space fabrication and/for assembly
revealed that significant supporting EVA effort is
required. Of particular interest was the evaluation
of what an EVA crewmaun needs to do his job, At
each EVA work station, a significant complement
of tools, services, restraints, force/torque reaction
capability, etc., was found to be necessary. It
became clear that the required equipment is beyond
that which can be conveniently carried by the EVA
crewman. This led to the conclusion that separate,
semicontained quarters at each EVA work station
are needed,

.
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Two EVA crewmen working together are necded
not only to perform many of the tasks, but because
of the desirability of having each act as the other's
companion for safety,

In the area of long-duration crew support, basic
habitability functions such as food and waste
management systems, environmental control und
life support systems, hygiene, etc,, can be expected
to be common to all of the objectives, In the same
fushion, many resource functions such as electrical
power systems, communications, data management
command und control systems, stabilization, and
guidance congepts will also have a great deal of
commonality over the spectrum of potential
objectives.

Question 3

WHAT 15 THE POTENTIAL ROLE OF THE SHUTTLE?
SPACELAB? THE SPACE CONSTRUCTION BASE?

Expendable lzunch vehicles will be phased out as
the Shuttle becomes operational; as a result, the

Shuttle Orbiter will be the logistics workhorse of

space for many years to come. With regard to
Spacelab, a review of currently proposed NASA
mission models and other related mission-planning
materials indicates that significant research and
development work will be accomplished during
STS-Spacelab missions programmed for the 1980
to 1983 time period in the areas of space process-
ing, life sciences, physics and astronomy, earth
sciences, and space technology. The experience
and data from these earlier efforts witl provide the
point of departure for the missions to be defined
for the time period beyond 1983,

Furthermore, it can be anticipated that the
STS-Spacetal system will not only continue to be
usetul for special missions and support operations
after 1983, but because the initial dollar investment
in these facilities will have already been made,
econontic considerations alone would dictate the
continued use of Shuttle-Spacelab whenever
feasible. This system can be expected to con-
tinue to support manned operations of short dura-
tion (7 to 30 days) for many years,

Figure 11 summarizes the mission durations,
payload weiglit, crew sizes, power, orbital regimes,
and manhours per year, which can be anficipated
for the basic Shuttle-Spacelab system, and for the
Space Construction Base (SCB). Arcas of capability
overlap are also indicated. The final program plan
developed for the 1980° must achieve an optimal

e j



balance of the potential capabilities which will be
available.
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To illustrate the companion roles for the Space-
lab and the SCB, consider the area of space process-
ing. Production process development and optimiza-
tion activities will require a significant on-orbit
capability. However, as can be seen from Figure
12, the requirements described for the mission
duration and average power in three types of
processing generally exceed Spacelab capabilities.,
Therefore, it would not be feasible to mechanize
uw.e entire complement of mission hardware neces-
sary to pursue product-oriented process develop-
nent and optimization activities within the con-
fines of Spacelab. although certain individual steps
could be investigated during Spacelab missions, For
example, the continuous electrophoresis separation
process, which is a crucial part of the production
process flow, could be evaluated in part by means
of Spacelab missions. Once this system element is
brought to the operational state, it could then be
incorporated into the total processing system
developed for the larger Space Statior  In this
same fashion, it is visualized that the Shuttle-
Spacelab will ¢continue to provide complementary
support in all applications areas to the initial SCB
and to larger space programs into the foreseeable
future.

The boundaries of the transition zone between
extended-duration Shu*tle capabilities and those
which are better provided by a permanent, con-
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Figure 12. Comparison of SCB and Spacelab
for Space Processing

tinuously manned space platform, will be largely
dependent upon the specific missions to be accom-
plished and the allowable rate of expenditure. In
space construction activities, for example, the
present study has examined “Shuttle-tended™

approaches as well as the “continuously manned
permanent platform™ approach. In the “Shuttle-
tended™ case, support for the crew and basic opera-
tions is provided directly by the Shuttle Orbiter.
The Orbiter is docked at the construction site and
provides support for 30 days. At the end of this
period. the construction crew and the Orbiter leave
and are replaced by another Orbiter and a new
crew at a later time. Under these conditions, the
space construction base will have 120 days of un-
manned free flight capability for maintaining
orbital location. The alternative is to proceed
directly to a permanent construction tacility which
is continuously manned. The findings to date sug-
gest that for single objective. nonrecurring, con-
struction tasks, the Shuttle-tended mode of opera-
tion can offer considerable savings in total program




costs. Once a commitment is made, however, to
provide a continuously manned facility, whether
to support multiple construction tasks or for other
research and application purposes, the Shuttle-
tended or extended-duration Orbiter mode of con-
tinuous manning becomes more costly and there-
fore less desirable than proceeding directly to the
development of a permanently manned space base.

Question 4
WHAT PROGRAM [ IONS REPRESENT POTENTIALLY
VIABLE CANDIDATES?

As potential program options were being exam-
ined, the objective elements (which are items of
mission hardware) were categorized according to
their operational requirements into low earth orbit
(LEO, approximately 200 nm), geosynchronous
orbit (GEOQO). and combinations thereof. The gen-
eral definitions of the program options were:
Program Option Prime Characteristics
LEO (L) Operations limited to LEO
LEO/GEO1 (LG1) Operations in LEO with
some test operations in
GEO
LEO/GEO2 (LG2) Operations in LEO with
some construction and test
operations in GEO
GEO (G) All operations in GEO
For LEO. two operational modes (Figure 13) were
investigated:

PERMANENTLY
MANNED SCB

T

— OR \ SHUTTLE-TENDED
OPERATIONS
GROWING
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OBJECTIVE ELEMENTS
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® SPACE PROCESSING
® EARTH SERVICES 30M RADIOMETER
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® LIVING AND WORKING IN SPACE
® SENSOR DEVELOPMENT

Figure 13. Prograin Option L, Low Earth Orbit
Operations
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I. Early Shuttle-tended operations, during which
clements ol a permanently manned Space Station
or space construction base (SCB) are used only
while the Shuttle is present. Subsequently. when a
full SCB is assembled and activated, the Shuttle
continues to supply logistic support.
2. Construction and activation of a full SCB prior
to operations.

As shown in Figure 14, the Shuttle-tended con-
cept can provide a space construction fabrication

7 MEN

® FABRICATION AND ASSEMBLY

1984-1986
SHUTTLE-TENDED (4 TO 7 MEN)

FABRICATION AND ASSEMBLY
SPACE PROCESSING
MULTIDISCIPLINE LABORATORY
SENSOR DEVELOPMENT AND TEST
LIVING AND WORKING

IN SPACE

1986-1988
PERMANENTLY MANNED (7 MEN)

Figure 14. Evolution of Option L SCB Configuration




and assembly capability only, or it can be ex-
panded to include space processing development
activities. Crew requirements are compatible with
the Shuttle support capability of up to seven SCB
crewmen. Fabrication and assembly operations
require three crewmen for nominal tasks (plus the
Orbiter pilot, who must remain in the Orbiter for
monitoring and system safety), and three crewmen
to work the “'second shift” in construction and to
conduct space processing development tests, Thus,
the number of crewme in the Shuttle-tended
mode may vary from four to seven.

For similar reasons, the initial growth step in the
permanently manned class was established at a
7-man crew size. This permanently manned SCB
configuration is shown in the 1986-to-1988 time
frame. An a!lternative to this evolutionary sequence
would be the direct path to the permanently
manned SCB, which would advance in time the
number of objectives accomplished.

Program Option LG expands the LEO activi-
ties to include construction of large structures in
LEO. which are then transported to GEO for test
and operations. These activities use an all-up SCB
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Figure 15. Program Option LG1
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PERMANENTLY

in LEO and an orbital transport vehicle (OTV) for
transport to GEO; manned test and operations in
GEO are accomplished by GEO sortie missions or
by use of a small Space Station at GEO. As indica-
ted in Figure 15, in this Program Option, all objec-
tive element activities are undertaken wholly or in
part at LEO, and only those gaining significant
advantage from GEO are transferred.

Program Option LG2 expands on LG by
providing for the construction at GEO of the
objective elements to be used there. This is accom-
plished by providing a permanently manned SCB
at GEO, in addition to the one at LEO. Logistics
is supported by Shuttle and an OTV. Figure 16
indicates the division of activities between LEO and
GEO for LG2.

Program Option G consists of an all-geosyn-
chronous option that accomplishes the five obje:
tives shown in Figure 17. Two modes of this
option were analyzed. The first mode was based
upon the early establishment of a permanent SCB
at GEO. The second mode also established a per-
manently manned SCB, but at a later time — it
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Figure 16. Program Option LG2

would be preceded by OT V-supported sortie mis-
sions. In Program Option G, the TA-1 objective is
not begun until the permanent SCB has been estab-
lished, while work on the other four objectives
is initiated at the outset.
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Figure 17. Program Option G
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In the present study, the analyses conducted to
date have concentrated on the requirenicits and
programmatic considerations for the LEO program
option.

Question 5
WHAT CONFIGURATION CONCEPTS CAN SUPPORT
THESE PROGRAM OPTIONS?

As described in the response to Question 4, two
basic philosophical approaches were taken to the
development of the configurations to support
the various program options: a “*Shuttle-tended”
approach and a “Permanently Manned™ approach.
Although both approaches lead to a permanent
facility in orbit, the difference lies primarily in
when the facility is established: i.e.. the “Per-
manently Manned™ approach leads to an early
permanent capability as the initial step, whereas
the ““Shuttle-tended™ approach provides a more
gradual buildup of increasing capability as a func-
tion of time (see Figure 18).

Shuttle-Tended
In the Shuttle-tended cases, orbital activities occur
only while the Shuttle is on station. The ground
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rules associated with the Shuttle-tended config-
urations include the restriction that the maximum
duration of the Orbiter on station will be 30 days.
There will be an allowance of 120 days of free-
flight consumables provided to the portion of the
facilities left unmanned on orbit, when the Shuttle
returns to earth. As summarized in Figure 18,
three basic implementation concepts were devel-
oped for the Shuttle-tended case: ‘‘strongback,”
*single Shuttle launch,” and “direct growth.”

The Shuttle-tended configurations can accommo-
date crews of from four to seven individuals, with
each implementation concept assuming single-
shift work activities for a four-man crew living and
working from the Orbiter, and two-shift opera-
tions with a seven-man crew.

One approach to the Shuttle-tended facility
might consist of a “‘strongback’’ structure and an at-
tached control module (Figure 19). When imple-
mented, this facility would represent about 15.600
kg of mass and about 100 cu.m. of pressurized
volume. In this case, a growth facility could be

PROGRAM OPTION L’
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Figure 18. Configuration Development
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developed by the addition of modules along the
original Orbiter docking axis. An electrical power
system module could be added, for example, with
a solar array sized to totally support a range of
orbital facility construction and test operations.
This might be followed by the addition of a core
module to which the habitation, space processing,
and logistics modules could be berthed.

Structure may be added to the original strong-
back truss beams, providing the basis for a con-
struction platform to permit those objective ele-
ments which may require such a capability to be
achieved. After the strongback evolves into an
appropriate framework, longeron fabricating mod-
ules. rolls of array surface materials, automated
robots, and other equipment complete the fixture
as may be required.

Another Shuttle-tended concept, termed the
‘‘single Shuttle Launch,” is predicated upon hav-
ing a self-sufficient fabrication and assembly facil-
ity delivered to orbit as a unit. This second Shuttle-
tended concept was so called because the basic
fabrication and assembly capability is established
on the initial launch. This concept provides a more
advanced long-reach crane over that proposed in
the “‘strongback’’ approach, a four-man airlock, a
larger electrical power system, expanded perma-
nent crew habitation, and additional berthing capa-
bility (see Figure 20). During its initial operational
phase, this facility would be about 24,300 kg and
have about 400 cu.m. of pressurized volume. The
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evolution of this single-launch facility into a per-
manently manned facility would be accomplished
by the addition of modules to increase the func-
tional capacities and to add the capabilities for
unattended orbital operations. The add-on elec-
trical power system module, Jor example, is visu-
alized as a large-area array capable of supporting
all the facility housekeeping, cor struction opera-
tions, and objective element testirg, including
space processing operations (see Fiture 21). A core
module would be added to which habitation, space
processing, and logistics modules, and Orbiter
docking would be provided.

To support the construction of larger objective
elements such as test articles for the development
of advanced solar power satellites, a large solar

F/A FACILITY OPERATIONS
MODULE

POWER
MODULE

LOGISTICS UNIVERSSAL
CORE TRUSS ASSEMBLY JIG

HABITATION/
CONTROL

Figure 21. Growth Version of Shuttle-Tended Single
Shuttle Launch Concept
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collector fabrication and assembly jig could be
added to the longitudinal axis of the fabrication
and assembly support module, while a composite
tube fabrication unit and a universal truss assembly
jig could be added to the lateral/berthing ports.
These facilities could accommodate the construc-
tion of linear array structures along the longitu-
dinal axis of the configuration, as well as material
supply logistics modules.

The third Shuttle-tended concept was termed
the ““direct growth™ concept (Figure 22). It is
characterized by the use of generally more sophis-
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Figure 22. Shuttle-Tended Direct-Growth Concept

ticated systems and multiple modules, including a
core module. a power module, a space construc-
tion module, and fabrication and processing mod-
ules, as required. Its total mass in orbit would be
about 123,000 kg with 700 cu.m. of pressurized
volume provided for crew operations, and it would
provide systems more directly applicable to the
needs of the final permenent manned space station.

The three basic “Shuttle-tended™ concepts
described above represent different levels of capa-
bility as their initial starting points. In each case,
however, the concepts would grow in time into the
permanently manned concept.

Permanently Manned

The permanently manned configuration (see Fig-
ure 23), with logistics and crew rotation performed
by the Shuttle. provides docking and berthing
ports, pressurized habitation and control facilities,
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power, and heat rejection capabilities to support
all program options. The initial space construction
activity undertaken by the permanently manned
configuration may range from EVA-manual assem-
bly to automated fabrication and assembly. Fabri-
cation will most likely be only partially automated
at the outset. As operations maiure and construc-
tion project sizes and schedule durations dictate,
more fully automated assembly support equipment
may be phased into the program,

The basic seven-man permanently manned con-
figuration (Figure 24) has the capability of sup-
porting both fabrication and assembly of objective
element mission hardware plus commercial space
processing activities. The single power module
would supply power up to 34 kW. The basic ele-
ments, in addition to the habitation elements,
include the fabrication and assembly facility. This
latter facility consists of the space construction
support module, crane, composite tube fabrication
module, universal truss assembly jig, and solar col-
lector fabrication and assembly jig. Following
deployment of the fabrication and assembly facil-
ity tooling, specific objective elements can be
installed.

The 14-man configuration shown in Figure 24 is
a further growth step from the 7-man station. In
the 14-man growth version, multiple objectives can
be simultaneously conducted, but with an increase
in power requirements. As the power level reaches
60 to 70 kW. a second power module will have to
be added. In addition to the aforementioned fabri-
cation and assembly capabilities and space process-
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ing, the 14-man configuration can add a general-
purpose facility for muitidisciplinary science. sen-
sor development, and to support continuing experi-
ments related to living and working in space.

Question 6
ARE ORBITAL CONSTRUCTION FACILITIES PRACTICAL?

Several important objectives in the area of energy
systems and earth services require the presence of
very large structures in space (e.g., solar power
satellites, earth-oriented radiometers, and advanced
communications satellites). As the design of each
objective element progressed in the present study,
parallel operations analyses were performed to
assure the producibility of the article in question
and to address the issue of whether or not orbital
construction facilities are feasible. Also, parallel
trade studies of ground versus on-orbit fabrication
were performed, as was determination of preferred
fabrication and assembly techniques and
equipment.

H— T ——




Space fabrication of components, as opposed to
trar sporting finished parts to orbit, can be justified
if the transportation costs are significantly reduced
by shipping only bulk materials to orbit and if the
fabrication process “orbital overhead™ costs are
less than the saving in transportation cost.

The large radiometer (Figure 25) and multibeam
lens antennas (MBL) are examples of space hard-
ware that are believed best suited to the “ground
fabricated, space assembled™ approach. While even-
tual production numbers of the MBL antennas may
be large, the current state of technology for the
fabrication of the composite antenna faces requires
a great deal of manual labor, and would be difficult
to automate.

'RADIOMETER
LOGISTICS MODULE

Figure 25. Construction of 30m Teroid Radiometer

Smaller assemblies such as the ground-fabricated
30-m (15.400-kg) radiometer antenna can be
designed to be packaged (disassembled) as a single
Orbiter payload (Figure 26). Since this requires the
full length of the Orbiter’s cargo bay, transfer of
the payload package to the SCB would be accom-
plished without Orbiter docking by use of a crane-
restrained mode in which one arm of the crane
holds the Shuttle Orbiter while the other extracts
the module.

While the 27-m (29.000-kg) MBL antenna size is
similar to that of the radiometer, it would require
three Orbiter flights for transport. The reason is
primarily the panel thickness required by phase-
delay components.

In the case of solar power satellites (SPS), it is
believed that by the time construction base activi-
ties in support of the SPS program are undertaken
(circa 1984). the prototype SPS concept will have
been defined. Thus, activities supported by the
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Figure 26. Radiometer Packaging Inside

Fabrication and Assembly Module
base will. in all likelihood, be aimed at the develop-
ment of a selected concept. This view is also sup-
ported by an opinion that test activities necessary
for concept selection can be undertaken on the
ground,

For study purposes, the Space Station System
Analysis Study used a prototype SPS model predi-
cated upon the findings of a JSC in-house study
which included all anticipated construction re-
quirements for future systems. While the selected
model may not be the final concept, it is reasoned
that the general manner in which the construction
base supports SPS development will not vary great-
ly from this model. IF SCB facilities are defined as
general-purpose equipment capable of supporting
a number of construction projects. they should be
capable of supporting development of any SPS
concept. Figure 27 illustrates the selected SPS con-
cept used as the baseline model and Figure 28 illus-
trates one segment of the total array,

Our analysis suggests that the JSC prototype
design model can be totally constructed using only
one generic structural element — a2 10-m triangular
cross-section truss beam. Thus, development of a




single automated fabrication and assenibly fixture
can satisfy production requirements for all major
SPS structural components.

ANTENNA

UPPER
LONGERON

CONSTRUCTION

CROSS BEAM
LONGERON/
POWER BUS

SOLAR
ARRAY

UPPER LONGERON
MANUFACTURING
MODULE

CROSS BEAM
MANUFACTURING MODULE

Figure 27. Prototype Model Solar Collector

LONGERON/POWER BUS
MANUFACTURING MODULE

SOLAR BLANKET ROLLS

REFLECTOR

CROSS BEAM

Figure 28. Solar Array Segment for TA-2

An MDAC concept for production of the full-
scale SPS prototype 10-m beam cap is illustrated in
Figure 29. Roll-forming machines are used to con-
tinuously produce wne three triangular beam caps
from rolls of aluminum sheet strips. Each cap is
formed from two strips fastened together by pro-
jection welding. A centrally located roll-forming
machine continuously produces discrete lengths of
tubular truss members. Since these cannot use
dynamic vacuum ceals (as the beam cap compo-
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neats), the finished truss members pass into a
revolving “gatling gun’ airlock. Upon ¢jection
from this airlock, the truss members are picked up
by programmed robot arms and attached to the
triangular cap flanges by the fastener tools, Beam
alignment is maintained by controlling the individ-
ual roll-forming machines.

Automated SPS construction is founded on two
well-developed technologies — continuous roll-
forming of linear structural members from bulk
sheet metal and automated assembly using pro-
grammable robots.

Figure 30 illustrates the Yoder roll-forming
machine commonly used in aerospace applications.
As adapted to the fabrication of 10-m triangular
beam caps, fewer (though considerably longer)
rolls would be required for the relatively simple
forming task.

As visualized, the fabrication and assembly fix-
ture design concept (see Figure 31) would continu-
ously produce a finished solar collector in a fully
automated assembly line. Roll-forming machines
and associated projection welders for the 10-m
beam caps would be located in unpressurized
thermal control shrouds. Six of these would be
mounted on a jig frame to simultanceously produce
the required longeron caps. Two robots, mounted
on the jig's main beam. would pick up prefabri-
cated truss tubes from a spring-fed magazine and
clip them to the emerging beam caps. As the truss
cap junction passes through a truss attach head. a
structural bond is formed (projection weld, large-
diameter hollow rivet, or one of several other
viable options).

Pretensioned reflector and solar cell blanket
materials would be continuously deployed from
rolls mounted between the jig frame arch and main
beam, and on the main beam, respectively. Rein-
forced edges of reflector sheets could be attached
to the beam cap flanges by staples or blind rivets,
However, the heavier solar cell blanket material
would induce extreme stresses into the beam caps
during light and dark thermal cycling if it were
rigidiy attached. Blanket edges would theretore be
suspended from the beam caps by constant-force
springs. While several options exist, it appears that
blanket-to-electrical power bus connections are
required only at extreme ends of the collector,

Prior to beginning fabrication of the longerons.
the fabrication and assembly fixture is used to




CAP ROLL-FORMING
MACHINE (6) VACUUM SEALS

DIMPLER
DOCKING PonY / PROJECTION WELDER
COIL STORAGE LIFE SUPPORT SYSTEM
ASSEMBLY JIG
/ 79..: COILS / TV CAMERAS

FASTENER TOOL
\ TRUSS AIRLOCK ROBOT ARMS
CONTROL ROOM TRUSS EJECTION CYLINDER

TRUSS ROLL-FORMING MACHINE (1)

Figure 29. Production Prototype Truss Module

Figure 30. Industrial Roll-Forming Machine
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Figure 31. Fabrication and Assembly Fixture

produce three 30-m lengths of 10-m beam. These
are stored on the construction module and used as
needed for structural cross members in the collec-
tor. Attachment of these large members to the
emerging longerons would be done using the
mobile crane, and by EVA,

Electrical power required by the fixture is a
linear function of cap development rate and is
estimated to be approximately 1 kW/m/min
(exclusive of lighting requirements).

The solar collector fabrication nd assembly jig
would probably be totally ground-fu'ricated. and
its design would allow assembly and checkout prior
to launch, Components could then be shipped to
orbit on two pallets, which would be berthed to
the construction support module while the jig is
assembled. Actual assembly of the fabrication and
assembly jig would be by EVA-assisted crane, as
shown in Figure 32,

The steps visualized in the construction of the
solar array itself are illustrated in Figure 33.

In reviewing SCB requirements, the importance
of a crane facility must be emphasized because it is
used on all construction projects as well as in both
the initial buildup of the base and in continuing
support of base housekceping and logistics support.

Control and maintenance support of all con-
struction equipment — together with support of
the work crews — will be the primary function of
the construction base. Control functions include
not only the crane and the various automated con-
struction equipment, but also control of EVA
operations. Since construction activities will neces-

g
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Figure 32. Solar Collectcr Fabrication and Assembly Jig

sarily be remote from the control center, a con-
siderable video capability to monitor all active
EVA work stations will be needed.

As the develornment of mission hardware con-
cepts progressed during the study, requirements for
the specific capabilities needed at each EVA work
station emerged. In some applications. a movable
scaffold arrangement to support EVA construction
may be desirable. However, a “cherry picker™ plat-
form mounted at the working end of a crane would
provide greater flexibility and. thus. would be even
more desirable (Figure 34).

In parallel with the development of EVA work
station concepts, anyyses were pertformed to deter-
mine total EVA time for any given crewman on a
construction job and the resultant exposure to
radiation. As an example, in the permanently




@ ASSEMBLY CONSTRUCTION TOOLING

EVA WORK
STATION

FABRICATE INITIAL SECTION OF

SOLAR ARRAY FRAMEWORK
ATTATCH SOLAR ARRAY, REFLECTOR ROLLS
AND CROSS BEAM NO .1

ADD CROSS BEAMS
NO.2 AND NO.3

Figure 33. Solar Array Construction

manned mode during initial construction, a crew-
man might spend as much as 144 hours in EVA in
a Y0-day period, requiring approximately 0.4 gm
em< of shielding ‘see Question 7). As construction

jobs become more extensive, the radiation problem

becomes more acute.

In view of the foregeing. the protection pro-
vided by the current Shuttle EVA suit must be
increased by the 1984-1985 time frame. Our sub-
contractor, Hamilton Standard, has indicated that
concepts for such a protective suit are available and
apparently present no insurmountable difficulties.
As EVA types of jobs become more extensive, the
amount of shielding required becomes impractical
for suits. and either shorter careers are indicated
for crewmen or enclosed work stations are needed.

7’
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I'wo concepts are 1) a hard-suit cherry picker in
which crewmen work from a pressurized cabin
through a glove box and (2) a pressurized cabin
with remote manipulator arms.

SHUTTLE
EVA SUIT
~0.1 gm/ecm

HARDSUIT
CHEQRY

PICKER .
0% gm:cm2

MANIPULATOR
CHERRY PICKER
0.5 gm/em

SCB SUIT
(1985)

PLATFORM

Figure 34. EVA \Work Station Concepts

In brief, however. orbital construction appears
to be practical ana s been illustrated, con-
cepts and devices are available to meet the require-

ments foreseen at this time,

Question 7
WHERE SHOULD SPACE CONSTRUCTION PROJECTS BE
ACCOMPLISHED — AT LOW EARTH ORBIT OR AT
GEGSYNCHRONOUS ORBIT?
A comparative analysis of those potential program

objectives which require mission hardware in order
to operate in geosynchronous oibit te.g.. SPS TA-|
and TA-3, multibeam lens anteninas, 3.75-km navi-
gation antennas, and lar-e radiotelescopes) indi-
cated that construction i the mission hardware
can be most ettectively accomplished in low earth
orbit. A number of tactors were considered in
arriving at this conclusion, but the primary factor
was determined to be a transportation cost diftei-
ence of $2.0 hillion between two identical pro-
grams in which construction in low ¢arth orbit o1




construction in geosynchronous orbit was the only
variation. The two program options which pro-
vided the foundation for this evaluation were LG
and LG22 (see Question 4) since they have the same
goals, with the former requiring the construction
of key objective elements at LEO and the latter at
GEO. A time-phased comparison indicated that
seven more SCB modules would be needed to
accomplish Option LG2 (GEO construction) than
for Option LG 1 (LEO construction),

As seen in Figure 35, the major difference in the
LEO and GEO construction sites lies in the orbital
transport vehicle (OTV) propellant needed. Most
of the propellant difference is due to the increased
crew activity at geosynchronous orbit for Option
LG2. For LG, with construction at LEQ, the
major item produced, SPS (TA-3), can be self-
powered *  GEO using its solar array, thus reducing
the OTV thights and corresponding OTV propellant
needed,

The Shuttle flight history for each option is
shown in Figure 36, with LG 1 totaling 187 flights
and LG22 408, This large difference of $19.1 mil-

MASS TO LEO
Tr
otV
PROPELLANT ~
6~ \
5k
oTVv
T] PROPELLANT
Z 4 -
3
=
2 ] - I
2 -
|cow g PROP SPACE
LoGIsTiCS | | LOGISTICS STATION
1+ 4
OBJECTIVE] |OBJECTIVE
ELEMENTS | |ELEMENTS
0
LG1 LG2
SPACE
STATION
Figure 35. LG Transport Requirements (Mass) to
Low Earth Orbit
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lion per flight represents a $4.2 billion total cost
difference, The large number of Shuttle thghts

would warrant the use of a growth Shuttle
in turn, would reduce the S4.2 hillion

hich,
cocrential
by S 1.1 billion. In addition, a low-g transfer svstem
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LEO CON GEO CON-
STRUCTION  STRUCTION
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SHUTTLE FLIGHTS 187 408 $4.28B
GROWTH SHUTTLE MARGINAL YES $-1.18
OTV SIZING (KG/STAGE) 40,000 55,000 N.C.
LOW g SYSTEM YES NO $058
LOW g SYSTEM GEO CONSTRUCTION PENALTY = $26 8B

Figure 36. LG Transport Requirements (Shuttle
Flights) to Low Earth Orbit

for LG 1 would be required. The development cost
estimate for this system is $500 million. Based
upon these considerations, the net difference
between LGI and LG2 due to LEO-GEO transpor-
tation was estimated to be $2.6 billion.

SPS (TA-3) was analyzed in greater depth to
examine the factors that influence orbital transfer.
The LEO-to-GEO orbit transfer is dependent upon
the type of system used and the thrust level. The
transfer time varies from 5.25 hours at 0.1 g to
70 days at 0.0001 g for continuous-thrust capa-
bility. For TA-3, the 21-MW array can be used to
provide power for an ion engine thrust system. The
resulting exposure of the solar ¢»1 . in the lower
Van Allen belt can cause significant degradation
up to 40%. In addition, large gimballing angles are
needed and multiple engine systems are probably
required. The vaw or out-of-plane angle variations
become large and vary at orbital frequency to pro-
vide velocity where it is needed as the orbit inclina-
tion is depressed,




A low-thrust transfer using chemical systems
(perhaps reusable or even expendable OTV's) could
also be utilized. The orientation problem would be
overcome and the transfer could be faster to re-
duce the solar cell degradation. The extra Shuttle
flights needed are more than compensated for by
not having to buy an electric propulsion system at
a cost of about $500 million. Thus, from a transfer
standpoint, the differences in LG2 and LG1 are
nine Shuttle tlights more for the GEO construction
case if the recommended low-g chemical system is
assumed for LG,

Major issues, other than transportation costs
that could influence construction locations, are dis-
cussed briefly below,

Orbit-Keeping

The objective elements being considered tor LEO
or GEO construction were analvzed to determine
the relative orbit-keeping differences in terms of
propellant required. it was found that LEO/GEO
orbit-keeping differences do not appear to be a
major influence on the selection of LEO or GEO as
the construction site,

Orbital Forces and Moments

SPS (TA-3) was examined to calculate the forces
that would be applied at LEO and GEO. Gravity
gradient and aerodynamic torque differences are
large from LEO to GEO. This would require an
attitude control system for the LG option during
LEO tests that would not be needed at geosynchro-
nous orbit. The penalty may not be great. since the
system used for orbit-keeping would probably suf-
fice and uncontrolled excursions of a few degrees
would probably be acceptable for a short-duration

test.

Plasma Leakage

High-voltage equipment (particularly solar arrays)
operating in space may be subject to substantial
losses due to leakage caused by the space plasma.
Figures 37 and 38 illustrate the nature of this
potential problem for TA-2 and TA-3 (TA-1 usesa
low-voltage solar array).

The curves plotted in Figure 37 show the power
loss as a function of altitude due to electron and
jon collection for a 9077 insulated, 139 m2 solar
array operating at 2,000 and 16,000 V*. Tiic
potential for leakage exceeds the array output

.
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Figure 38. High-Voltage Solar Array —Plasma Leakage
(Voltage Gradient)

capability at 16,000 V, and at altitudes below
1,000 km, the peak leakage occurs at 300 km. The
leakage is a function of the plasma density. which
is a function of altitude and the | I-year solar
cycle. The curves are for the peak of the solar cycle
(4 x 106 ¢/ecm2y and are conservative for TA-2,
which will flv near the solar minimum (5 x 105
¢/em2). These curves were calculated using
Langmuir equations with constant-charge spheres
used as a model.

A solar array generating a 20,000-V dilferential
is expected to assume the voltage levels depicted in

*H. Oman, *Cost of Farth Power from Photovoltaic Power
Satellite,” Boeing Aircraft Co.,




Figure 38, The resulting low voltages (with the
voltage gradient depicted) will attract relatively
few electrons and ions compared to the constant
high-voltage case (¢ g . a uniform 16,000 V across
the entire array) assumed in Figure 37. The leakage
loss for the low-voltage case will be much less than
that depicted in the higure.

Other tactors mitigating the severity of the TA-2
and TA-3 problem in LEO relate to (1) operations
at SCB altitudes greater than 300 km, which puts
the losses to the right of the peak values, (2) the
tact that large solar arrays are less atfected than
smaller ones. and (3) operations during or near
solar mimmum. It is believed that the Latter will
not be a severe problem for TA-2 and TA-3, but
should this prove incorrcci, options to resolve the
problem include (1) development ol substrate and
solar cover insulation free of pinholes (which rapid-
Iv enlarge and cause leakage) or electrically biased
screens, (2) reduction ot array voltages using a
step-up transtormer, and (3) shifting test opera-
tions to GLO.

Based on the mitigating factors stated and the
worst-case modeling used for the calculations, it is
felt that the leakage problem will be substantially
reduced atter thorough analysis and test, thus will
impose no penalty on the LEO, GEO construction

ISSLIC,

Radiation Environment Influences

I'he radiation environment at LEO is difterent
from that at GEO and could have some effects on
the LEO/GEO construction issue. The allowable
dose guidelines (REM) for crewmen are as follows:

REM
Exposure
(Days) Skin Eyes Marrow
30 75 37 25
90 105 52 35
180 210 104 70

I'he skin dose data shown in Figure 39 are usually
the limiting dose; this is the most difficult dose
against which to provide shielding. At LEO or
GEO. a ~1 gm/cm? Space Station wall would re-
duce the dose to well below the allowable limit.

The requireme s for EVA radiation shielding at
LEO were determined by comparing the allowable
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dose to that received inside a 1 gm/em2 Space
Station, then allowing the difference to be the
allowable EVA exposure dose. The relationship of
mission duration. EVA exposure. and required suit
thickness is showi in Figure 40 for LEO (28.5 deg
x 400 km) using skin dose as the limit. A 30-day
mission, with a total of 2 days spent on EVA,
would require a suit thickness o 0.31 gm em-,
I'he suit thickness drops off with mission duration
for constant EVA exposure because the total
allowable dose increases. Planned EVA and
mission-duration points for the SCB mission are
shown by the data points at 30, 90, and 180 days.
A suit thickness requirement of from 0.3 1 to 0.49
gm/cm= is required. The potentially available suit
thicknesses range from 0.1 gm ¢cm (STS suit) to 0.3
gm cm= (1985 EVA suit). An increase in thickness
appears needed to stay within the overali allowable
dose criteria.

The increased electron environment at small
shield thicknesses would require a thicker suit at
GEO. The previous requirement range would be
extended to 0.5 10 0.67 gm/em2. This comparison
is for trapped radiation only.
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The solar cosmic ray (SCR) exposure is primar-
ily a problem in GEO since, at a 28.5-deg LEO. the
carth’s magnetic field would shield the SCR pro-
tons, The SCR dose at GEO is dependent on the
size of flare received. The range ol dose shown in
Figure 41 as a ftunction of shield thickness is for
expected rates of 5 to 9 flares per year. A biowell
is needed at GEO with a thickness of ~21 gm/cm?=.
For auminum. this would require a biowell 8 ¢cm
thick which, for a 6-man capacity, would have a
mass of about 3,640 kg. At GEO. the intense en-
vironment during an SCR event would preclude
any EVA acuvity during the period of the event.
I'he SCR dose effect at GEO would require further
increase in the EVA suit thickness of a few more
gm/em<,
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o \ AT GEO
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Figure 41. Radiation Environment Influences
(Solar Cosmic Ray Dose)
Clearly there is a radiation penalty associated
with extended-duration missions and with EVA
exposure at GEO compared to LEO. In both cases.
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the EVA suit requirements appear to exceed the
planned suit thicknesses. It should be remembered,
however, that these calculations are for a thin
shield in a region of the environment where dose is
changing very rapidly with thickness. It should be
cautioned that the results are sensitive to theoret-
ical and calculation error and changes in the envi-
ronment and. although design solutions are avail-
able to protect the crew, thorough analysis of the
radiation environment appears warranted betore
firm EVA suit requirements are developed.

The evaluation of the major LEO/GEO cons<truc-
tion issues resulted in the suimmary comparison
shown in Figure 42, These conclusions are based
on the objective clements analyzed, primarily as
influenced by SPS (TA-3).

LEO construction is preferred because it would
save at least $2.0 billion over the GEO construc-
tion approach. In addition, the current shuttle is
adequate to support the operations for the LEO
construction case and the logistics are simpler.

I'he GEO construction technique does offer
some advantages but the greater cost, the need to
commit to a growth Shuttle, and the added radia-
tion hazard make it less desirable.

LEO GEQ
CONSTRUCTION CONSTRUCTION
" LOWEFK SYSTEM CONSTRUCTED
COST IN SITU
ADVAN- } CURRENT SHUTTLE  STOWED TRANSFER
TAGES ADECUATE TO GEO
| SIMPLER LOGISTICS
r LOW ‘g’ TRANSFER TRANSPUORTATION
NEEDED (USE CHEM- COSTS $2.6 BILLION
ICAL OTV) MORE
ADDITIONAL REQUIRE MORE SCB
DIS- ATTITUDE/ ELEMENTS
TAGES SOLAR CELL REQUIRES GROWTH
DEGRADATION SHUTTLE
DURING TRANSFER
POTENTIAL PLASMA GREATER RADI-
\. LEAKAGE ATION HAZARD

Figure 42. LE ) vs GEO Construction Summary

Question 8
WHAT ARE THE TRANSPORTATION REQUIREMENTS
FOR THE POTENTIAL PROGRAM OPTIONS?

The transportation systems analyses conducted as
part of the Space Station study have included trans-
portation requirements in terms of mass to be
carried to orbit and number of flights for each pro-
gram option.




For the Low Earth Orbit option about
500,000 kg was required to be delivered to LEO
over the operationsl periods. The specific objective
elements accounted for about one-third of this, and
the Space Station elements represented about one-
fifth. The remainder reflected logistics support
requirtments.

For ‘hose program options requiring GLEO oper-
ations. additional mass was required for OTV
‘orbital transport vehicle) propellants, and in these
cas=s the total mass requirements to LEO ranged
from 3 to 7 million kg. The variance in the
required mass reflected such factors as the use of
high Isp electric systems vs chemical systems and
whether or not more manned sortie modes to GEO
were required because of construction at GEO
rather than LEO.

The annual number of flights needed to support
the LEO options are shown in Figure 43, For oper-
ations limited to low earth orbit during the years
1984 to 2000, the minimum number of Shuttle
flights required (not considering crew rotation
requirements) varied from 44 for a program option
which called for the initial activation of a 7-man
permanently manned space construction base
(Option L), to 62 for a program option that was
based upon a Shuttle-tended program option (i.c..
work proceeded only when the Shuttle Orbiter was
docked to the construction platform). When geo-

synchronous options were introduced., the Shuttle
flights needed varied from a low of 113 to a high
of 408 (sce Figure 44). Peak annual flight require-
ments varied from 39 for LG 1, to 70 for LG2, 38
for g (permanently manned facility at GEO) and
55 for G (sortie missions initially,  later growth
to permanently manned at GEO). Clearly, these
high rates would 1ox the Shuttle capabilities, A
major portion of the flights were for OTV pro-
pellant delivery, thus, when GEO options are intro-
duced, the development of a LEO delivery system
of larger capability might be warranted to reduce
tire number of flights, to transport propellant more
efficiently. and generally to reduce costs,

As an example of the factors considered. in
defining the OTV requirements, the requirements
for Program Option LG are shown in Figure 45
by year for both the delivery and round-trip mis-
sions. The payload for the delivery mission con-
sists of the items identified, while the round-
trip payload consists of the crew module and some
objective ¢lement material. As can be seen., there
are large items to be delivered. e.g.. tne cross-
phased array and the multibeam lens.

The numerical distribution of delivery and
round-trip flights for the payloads for Option LG
is shown in Figure 46. As seen. most of the pay-
loads are under 20,000 kg for the delivery mission
and 7.000 kg or under for the round-trip mission.
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These requirements were tabulated for each GEO
program option. The delivery or round-trip value
at which the OTV should be designed was then
determined. These data suggest that the OTV
design capability should be 20,000 kg for delivery
and 7,000 kg for the round-trip.

Delivery round trip and expendable mode para-
metric OTV capabilities were compared to the
mission requirements to determine the vehicle
sizes needed (Figure 47). Performance capabilities
include single- and two-stage OTV’'s, with the latter
considered in both optimum and common-stage
configurations. The optimum design consists of
sizing the two stages for a propellant loading ratio
between Stages | and 2 of about 2 : | for delivery
missions and 55 : 45 for round-trip missions
(optimum velocity split)., For the common-stage
design, both stages are the same size. The capabil-
ities for delivery in an expendable mode were also
calculated to investigate the capability to deliver
outsized payloads.

The solid-dashed line variances on each perform-
ance curve indicate the transition points from inte-
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gral stages to separate LO> and LH> tank designs
as limited by Shuttle bay length. The center ordi-
nate of the chart is the total OTV propellant load-
ing common to both the delivery and round trip
performance lines.

The bulk to the delivery missions (15 of 17)
require a capability of fess than 20,000 kg. This
could he accomplished by both single- and two-
stage OTV's, the single stage requiring 65,000 kg
of propellant, and the two-stage requiring about
50,000 kg. When the round-trip requirements
{7.000 kg) are considered. a propellant loading of
100,000 and 80.000 kg would be required for the
single- and two stage OTV's, respectively. Note
that the single-stage version would have to be
launched in two sections ( LH» tank and LO»> tank/
engine) and assembled in orbit. Also note that the
80.000-kg two-stage OTV could accommodate the
28 000-kg delivery mission. Clearly. the 64,000-kg
payload would size an OTV beyond that which
would be used efficiently for 34 of the 35 LG
flights. This mission could be accomplished by

special means — probably multiple OTV elements
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used in an expendable mode. The propellant sav-
ings and flexibility of the two-stage OTV over that
of the single stage resulted in recommendation of
the two-stage for Option LG 1. The reduced OTV
propellant alone would result in a savings of
$340M. due to decreased Shuttle flights (17 x
S18.9 million). The common-stage design is
recommended over the optimum concept for
commonality reasons, the performance difference
being small. Thus, an 80.000-kg propellant, com-
mon two-stage OTV (two 40,000-kg stages) would
appear desirable for LG,

The analytic process for sizing an OTV was
performed for all four program options per the
previous example. The types selected, sizes, and
major influence for cach option are shown in
Figure 48,

The two-stage common-design OTV is recom-
mended for all options, based on the reduced
logistics costs for propellant delivery and the com-
monality of design. The respective logistics cost
savings of the two-stage OTV over the single stage
were LG1-8340 million, LG2-51.6 billion,

G-$560 million. and G-$880 million. The indi-
vidual sizes for each option were selected by con-
sideriag the delivery and retrieval requirements
for each. The 40,000 kg of propellant per stage
for LG 1 was discussed previously.

The OTV size recommended for LG2 was
55.000 kg of propellant per stage. The basic
requirement of 53,000 kg to meet the 10.000-kg
round-trip requirement was raised to 55,000 kg to
accommodate the delivery of the ¢4.000-kg cross-
phased array. (In this latter case, the OTV would
be expended on this mission.)

Option G analysis resulted in an OTV of 53,000
kg of propellant per stage to meet the 10.000-kg
round-trip requirements. For Option G’, a 55,000-
kg OTV stage was recommended. With this size, a
two-stage OTV would be used to satisfy the round-
trip mission requirement of 11,000 kg. and one of
the two common stages could be used for the
15.000-kg delivery mission.

The above selections are meant to be illustrative
only: final recommendations will be dependent
upon the specific programs which NASA elects to
pursue in the decade ahead.




The major results obtained from the transpor- common-stage OTV design was selected for a'l
tation analyses indicate that the Shuttle can sup- options based on reduced propellant requirements
port all program options, though LG2 requires a and gommonality of design. The basic size requires

large number of flights and high flight rate (70 per from 40,000 to 55,000 kg of propellants per stage
year maximum). A growth Shuttle concept appears | consequently 55,000 kg per stage was selected for

needed for this option. In addition, a two-stage conceptual design.
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PROPELLANT/ PAYLOAD (kg) MAJOR
OPTION TYPE STAGE (kg) DELIVERY ROUND TRIP EXPEND INFLUENCE
LG1 2c* 40,000 28,000 7,500 46,000 DELIVERY PAYLOAD
LG2 2-C* 55,000 39,000 11,000 64,000 EXPEND PAYLOAD
G 2C’ 53,000 37,000 10,000 60,000 ROUND-TRIP PAYLOAD
G’ 2.c* 55,000 39,000 11,000 60,000 ROUND-TRIP PAYLOAD AND
15,000 DELIVERY (1 STAGE)

*2-C = 2.8TAGE COMMON DESIGN
Figure 48. Initial OTV Selections
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Question 9
WHAT TECHNOLOGICAL STEPS, DEVELOPMENTS,
OR BREAKTHROUGHS ARE REQUIRED?

Although no major breakthroughs are required for
initial implementation of the programs described,
continual technological growth is anticipated and
new research and development requirements will
continue to be identified as specific mission objec-
tives are defined. Some of the key technology
areas which have been identified to date as war-
ranting further emphasis are described in the
following paragraphs.

Solar Power Satellite

Development of lightweight packaging concepts
and low-cost designs are mandatory in establishing
the commercial feasibility of solar power satel-
lites. Other areas for research and development
include techniques for the space fabrication of
solar collectors and microwave antennas, and large-
scale energy collection and distribution systems,
and low-cost lightweight, flexible and radiation-
resistant solar cell blankets. Precision pointing and
control represents an area for continuing emphasis,
as well as problems related to microwave power
transmission systen s and components, radio-
frequency generators, accurate and stable
waveguide/structure systems, phase control sys-
tems (including ionosphere interaction), and radio-
frequency interference effects.

Materials and Design

for Large Space Structures

Control of thermal distortion in large space struc-
tures through development of materials and
improvement in design technology represents an
area for continued research and development.
Structural joining techniques and the dynamic
interaction of large structures with stabilization
and control systems will also be areas of continuing
investigation.

Large Antennas for Communications

and Radiometers

A better theoretical and practical understanding is
required of the scaling effects between small and
large antenna concepts. The feasibility of imple-
menting theoretical electrical design concepts for
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multibeam lens antennas and maintaining structural
precision tolerances must be investigated. Micro-
wave transmission problems as noted above also
require continuing attention.

Space Processing

Further research is required to provide a better
understanding of the impact of environmental
changes (vibration, acceleration, temperature,
pressure, etc.) on the processing of various
materials (metals, glasses, pharmaceuticals) in a
basically zero-g environment. Conversely, a better
understanding of the potential cffects (environ-
mental and otherwise) which the space processing
or manufacturing procedures may have on the
space base and the crew is required.

Stability and Control

The major stability and control problems which
must be addressed are those associated with adap-
tive system concepts and component development
including actuators capable of controlling a range
of masses from individual Shuttle-delivered mod-
ules to large. complex mass distributions. and
inertias created by many modular units structur-
ally linked together. The stability and control
systems must be able to also accommodate
dynamic interactions of short periods with such
elements as moving cranes, manipulators, and
Shuttle docking kinetics.

Extravehicular Activity

A better definition and understanding of true
extravehicular capability is required before optimal
workloads, schedules, and manning requirements
(crew sizes) can be completed. In addition, sup-
porting equipment tools, and environmental pro-
tection (radiation) devices and techniques require
development.

Fabrication and Assembly

The development of remote manipulaters and
crane systems with flexible dynamic chara “ter-
istics including aided control netweorks. and
advanced display techniques will be required in
space fabrication and assembly operations. Tele-
operators, robotics, and crew augmentation devices
may require further development as specific mis-
sions are defined.
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Interaction with

the Space Environment

The interaction of systems and components with
the space environment is still not completely
understood. Plasma leakage effects, radiation pro-
tection, etc., represent continuing areas for con-
cern. Operations will require high-voltage circuits
in space where conditions such as arcing, insulation
breakdown, plasma currents, ion bombardment,
electron bombardment, and x-ray and gamma ray
radiation effects can be anticipated. Electromag-
netic and electrostatic force field interactions and
coupling effects, particularly of high-power density

systems, would impact mechanical design as well
as stability and control of space system elements.

Electrical Power Systém

System concepts that are efficient, easily matntain-
able, lightweight, low cost, and long lasting repre-
sent a continuing need in energy system develop-
ment. Requirements exist for solar arrays with
flexible substrates and advanced engrgy-storage
devices (e.g., regenerative fuel cells, advanced
nickel cadmium or nickel hydrogen batteries, etc.),

Long-Duration Environmental Control

and Life Support Systems

The economic feasibility of long-duration missions
in GEQ will depend upon development of reliable
closed-ECS concepts for water and oxygen. Gen-
erally improved habitability features of all space
platforms represents a continuing need, whether in
LEO or GEO.

Question 10
WHAT ARE THE EXPECTED MILESTONES AND SCHEDULES?

As the Shuttle becomes operational, the use of
expendable launch vehicles will phase out and the
Shuttle-Spacelab combination will provide the
principal support for space research and operations
especially during the early years of the 1980s

(sce Figure 49). As requirements for on-orbit con-
struction facilities develop and requirements for
longer stay times emerge, it can be anticipated
that it will no longer be cost-effective to return all
system clements to earth at the conclusion of each
Shuttle flight. Many system elements will be left
on orbit and will only be activated in a Shuttle-
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tended mode of operation while the Shuttle/
Orbiter is on station. As demands grow, perm-
anently manned space stations/bases will be
required in order to provide continuous fabrication
and/or assembly operations as wetl as more com-
prenensive research and development capabilities
in orbit,

The key milestones in overall program develop-

- ment are summarized in Figure 50. The critical

point of reference is the date to be established fir
the initial operating capability {I0C). Historical
experience dictates a 52- to 60-month develop-
ment cycle, and if it is desired to have 10C in 1984,
4 Phase B activity must be initiated in calendar
1978.

Figure 51 shows the schedule for the develop-
ment of a permanently manned SCB. This schedule
includes SCB buildup, and construction of two
test articles for the solar power satellite program
(TA-1 and TA-2), and the 30-m radiometer for a
7-man permanently manned option. This schedule
assumes the DDT&E would begin at the start of
FY 1980 and that the first launch of the SCB
would be in December 1983. This allows the
SCB to be in place and operational by mid-1984.
The two SPS test articles may then be completed
before the end of 1986 and the 30-m radiometer
built and tested by early 1987,

The schedule to accomplish the major objec-
tives examined in this study is showti in Figure 52
for three different SCB crew sizes (7, 14, and 21)
for & permanently manned option. This schedule

“1s referenced to the time the SCB is certified as

ready for operational use.

In general, the 7- and 14-man cases cannot sup-
port simultaneously all of the potential research
and development activities which have been iden-
tified to date; therefore, the total time required to
accomplish all the objectives is long. Qbviously,
21 men can accomplish more activities in parallel,
and the time required to complete the objective
items is much shorter.

Figure 53 shows the schedule for the develop-
ment, SCB buildup, and construction and test of
the TA-1, 30-m radiometer, and TA-2 for the con-

struction part of the option which starts in the

Shuttle-tended mode. In this program opticn
model, the SCB would be operational in early
1984 in the Shuttle-tended mode and operational
in early 1986 in the permanently manned mode,

]
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Figure 50. Key Milestones

The scheduie to accomplish the objectives is shown
in Figure 54 for the three initial Shuttle-tended appro-
aches. All versions have a 3-man crew during the
Shuttle-tended portion of the option, and these parti-
cular schedules reflect a 7-man crew during the per-
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Figure 51. Development and Construction Schedule for
7-Man Permanently Manned Option

manently manned period. However, a larger crew
could be provided during the permanently manned
period by adding additional crew modules. This
would permit acceleration of the later activities. but
at additional expense.
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Question 11
WHAT ARE THE EXPECTED COSTS?

The cost estimates to develop, produce. place in
orbit, and operate the station elements of a 7-man
permanently manned space construction base
(SCB) (Figure 23) are summarized in Figures 55
and 56. Figure 55 presents the yvearly funding re-
quirements and cumulative cost, segregated by
major element, SCB, mission hardware. and trans-
portation. Figure 56 presents a breakdown of the
cost for each of the three major elements. For the
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SCRB. the cost of the individual modules that com-
prise it, the cost of management and integration,
the ground test and GSE costs, and the remaining
ground support costs during the operational period
are shown in the first bar in Figure 56. 1The mis-
sion hardware cost is divided into the cost of the
individual objective elements as shown in the sec-
ond bar of Figure 56. The transportation cost
shown in the third bar reflects the cost required tor
placing the SCB and mission hardware into orhit,
and the logistics transportation cost for the opera-
tional period.

In a similar fashion, the cost estimates tor the
various initially Shuttle-tended approaches are pre-
sented in Figures 57 through 62, To understand
the cost data that is presented for the Shuttle-
tended options, one must remember that each of
the Shuttle-tended options grows into a perma-
nently manned facility after about 1-1 2 vears of
operation. Accordingly. the cost data presented for
these options encompasses the total cost of the
Shuttle-tended option, including both the Shuttle-
tended and permanently manned portions

The annual and cumulative cost to accomplish
the Shuttle-tended option by using the “strong-
back™ configuration is given in Figure S7. The
“strongbuack™ configuration for the Shuttle-tended
part of this option is relatively austere. It consists
of only a rudimentary fabrication and assembly
module. with a Shuttle-derived remote manipulator
system (RMS), and it relies to a maximum extent
on the basic Shuttle Orbiter tor habitability.
power, stability and control. communications, and
data management, By comparing the annual fund-
ing on this figure with that ot Figure 55 (the per-
manently manned option) a major advantage of the
Shuttle-tended approach can be seen, namely, a
reduction in the annual funding required during
the early part of the program. This reduction re-
sults from the tact that the Shuttle-tended portion
of the option is accomplished first and consequent-
Iy the schedule for the development of the perma-
nently manned elements can be delayved with a re-
sultant postponement in ihe relatively higher fund-
ing required for these developments. This reduc-
tion in early year funding holds true for the other
Shuttle-tended cases as well. although the magni-
tude varies somewhat with cach program option.

Figure 58 shows the cost breakdown for the
“strongback™ Shuttle-tended option, tor the three
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major categories of SCB. mission hardware, and
transportation, These are further divided to show
the cost of the individual modules and elements of
the SCB. the individual objective elements cost for
the mission hardware, and the transportation costs
for the SCB. mission hardware. and operational
logistics support

Figure 59 summarizes the yearly tunding and
cumulative cost for the “single launch™ option.
s configuration is somewhat more autonomaous
than the “strongback.” principally in the areas of
power and EVA capability, but it is still dependent
on the Shuttle for many tunctions in addition to
habitability . Figure 60 shows the cost breakdown
tor this option,

I'he cost for the last Shuttle-tended option, the
“dhirect g=owth™ case. is presented in Figure 61,
For this option, the modules tor the Shuttle-
tended portion of the SCB are the same us those
used during the permanently manned portion, ex-
cept that the crew habitability and cargo Tunctions
are provided by the Shuttle. This option represents
the most autonomous of the Shuttle-tended config-
urations. Whea growth to the permanently manned

configuration takes place. all that must be added
are the two crew modules and a cargo module. Fig-
ure 62 presents the cost breakdown tor the direct
growth option.

A comparative cost summary for all of the
options is given in Figure 63, The data are divided
mto SCB costs, mission hardware costs, transporta-
tion costs, and the total tor cach option. For the
three Shuttle-tended concepts. the cosis are given
for both the Shuttle-tended portion and the total
for growth to a permanently manned configura-
tion. In the Shuttle-tended modes the cost of
design, development. test, and assembly of the SCB
up to the time o mital operational capability

ranges from S400 million tor the “strongback™ ap-
proach to S 1460 milhon for the “direct growth™
approach. This reflected the increase in the number
and complexity of the modules needed to form the
hase i the “simgle launch™ and ““direct growth™ ap-
proaches. The SCB has basically the same contigu-
ration in its final evolutionary state tor cach of the
options,

I'he total cost figures of the SCB tincluding
gro wth) were progressively greater tor the “single
launch™ (53240 million) an<! the “strongback™ ap-
proaches (53350 million) when compared with the
“direct growth™ approach (53100 million). This
was due in part to the fact that some of the single
launch tand still more ot the strongback ) modules
were inttially of imited capability as conceved,
and needed to be augmented and or replaced dur-
ing the period ot buildup to the permanent station
capability .

I'he mission hardware tor the Shuttle-tended ap-
proach also mcreased from the “stronghack™
option (5640 milhon) to the direct growth option
(5760 million). This reflected the fact that the
tooling tor tabricating these items was determined
to be considerably more sophisticated in the

.

“dhirect growth™ case than in the “strongback
option,

I he total cost for mission hardware to accom-
plish all objectives was tound to be about the same
tor cach of the opuions. Shight variances in the
costs oceurred because of minor ditferences in the

tooling approaches
Fhe transportation cost for the Shuttle-tended |
options varied from S.90 million for the “single l
launch™ to S420 million for the “stronghack.”

Ihese figures reflect the number of Shuttle thghts |
required. The “strongback™ required more flights
because of the smaller crew size and the less sophis-

OPTION SPACE MISSION TRANSPORTATION TOTAL
CONSTRUCTION HARDWARE
BASE
STRONGBACK
SHUTTLE-TENDED MODE 400 640 420 1460
TOTALWITH GROWTH 3350 2020 1200 6570
SINGLE LAUNCH
SHUTTLE-TENDED MODE 710 660 290 1660
TOTAL WITH GROWTH 3240 2040 1020 6310
DIRECT GROWTH
SHUTTLE-TENDED MODE 1460 760 360 2680
TOTAL WITH GROWTH 3100 2030 1070 6200
PERMANENTLY MANNED 3060 2030 860 5950

Figure 63. Program Option Cost Comparison (S Millions)
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ticated equipment used to build to TA-1 and 30-
meter radiometer. With this approach, approxi-
mately 1-3/4 years at one launch per month (total
22 launches) were required before building of the
permanent configuration is begun. The “single
launch™ option required only 1-1/4 years in the
Shuttle-tended mode, still at one launch per month
(total 15 launches), before building of the perma-
nent configuration. The “direct growth™ option
required about four months longer or 1-1/2 years
(a total of 19 launches) because more modules are
launched. and the power medule was not phased
into the operation as early as in the “single launch™
option.

The transportation costs also reflect the fact
that only three launches were necessary in the
“direct growth™ option to deliver the new modules
required for the permanent stations. The “single
jaunch " required five, and the “strongback™
required seven. The number of launches required
for mission hardware and logistics was the same for
all the options once they evolved into the
permanent seven-man configuration,

On the basis of the cost studies of the config-
urations analyzed during Part 2 of the SSSAS, the
following conclusions may be drawn:

1. The use of a Shuttle-tended mode of operation
that later evolves to a permanently manned station
can lower the annual funding requirements for the
initial vears of the program as compared to a pro-
gram Hased only on a permanently manned station.
2. However, the total cost of the program. includ-
ing the growth required to accommodate all the
objectives, will be higher for options that initially
use the Shuttle-tended mode as compared to the
option that is based on carly activation of the
permanently manned station,

Question 12
WHAT HAVE WE LEARNED SO FAR?

During the study, a number of points have emerged
which are not only of general interest but serve to
highlight factors which should be considered in
future planning activities.

Briefly. the issue of space fabrication versus
ground fabrication with orbital assembly remains
an open issue. The resolution of this issue is highly
dependent upon the dimensional requirements and
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the number of units to be constructed. and these
factors in turn are dependent upon the objectives
to be accomplished and the schedules established.
As a general comment. it can be said that space
construction appears to be an easier task than
initially believed. Also, fewer manhours appear
to be required for a given task than originally
visualized, equipment requirements are modest and
well within the Orbiter capuability, and even the
largest jobs can be broken into smaller segments
for ease of accomplishment,

The one area where an increase in demand
was noted was in the extravehicular crew opera-
tions. In construction tasks. approximately 5077
of the working hours are spent in EVAL 1t also
appears at this time that a single multipurpose con-
struction facility is very expensive for value gained
when compared with several construction facilities
cach dedicated to a specific task,

The procedures for amortizing costs of DDT&E
and production for both ground and space facil-
ities must be standardized across all program ele-
ments. A common philosophy must be developed
for Shuttle (Oi iter) costs and other space plat-
forms. This is essential if valid program costs and
user cost policies are to be established.

From a program planning standpoint, specific
goals are needed by both NASA and the aerospace
industry. The initial Space Station/construction
base will be the basic building block for all future
development and to provide a 1984 initial oper-
ational capability, the development cycle must
start in 1979 and the Phase B must occur in
calendar 1978,

Of the many potential objectives examined to
date. energy. telecommunications, and space
processing appear to be the most promising areas
of application. and the development of space con-
struction technology will be key to the pursuit of
each.

Finally. it must be remembered that the deci-
sions we make today will determine what is accoms-
plished in the 1980°s and that the alternative
courses of action which will be open to vur nation
in the future will be predicted upon the rescarch
and development steps implemented during the
next 10 vears.




Question 13
WHAT PLANNING AND ANALYSES REMAIN TO BE DONE?

In the current study, our next iminediate step is to
define further the program or system optinn which
represents the most likely candidate for early
implementation. Selected SCB concepts will be
defined in terms of (1) support systems which pro-
vide the resources (crew habitability, power, com-
munications, cte,) for the conduct of all on-orbit
aclivities and (2) construetion systems which pro-
vide the tooling and operational control for on-
orbit construction efforts. We will focus on LEO
operations. In this regard, the initiul test articles
for a satellite power system, earth services (com-
munications and radiometric surveys), and space
processing will represent the key mission elements.
The key issues which will be examined during

the next phase of the current study will include
both techiizal and programmatic consideralions.
From a tevhnical standpoint, considerations will
include development of a concept for on-orbit
construction of the power supply as a first step

in the SCB build up, better definition of EVA
operations (optimal durations, mobility aids, work
platforms, and racdiation protection); examination
of the stabilization, control, and orientation
requirements for multiple combinations of mod-
ules; definition of crane-type operations, including
dynamics and control and display requirements;
and engineering definition of space construction
tooling requirements. From a programmatic
standpoint. comparative data on relative produc-
tivity and cost-effectiveness of system options will
be prepared. In addition, recommendations for
establishing the crossover points for the Shuitle-
tended versus continuous manning, deployment
versus assembly, and assembly versus fabrication
and assembly operational modes will be developed.

When the SCB configurations have been

designed and the various technical and program-
~-matic issues resolved, the best SCB approaches

"~ will be selected and preliminary program plans
written.

Question 14
AT THIS TIME, DOES THERE APPEAR TO BE SOUND
JUSTIFICATION FOR A NATIONAL COMMITMENT TO
PROCEED WITH THE DEVELOPMENT OF A SPACE STATION?

Based upon the work sccomplished so far, and the
wealth of information developed in previous stud-
ies the development of a continuously manned
Space Station appears inevitable. It is our firm
conviction that the next NASA-industry objective
should be the development of a modular, low cost
approach to a general-purpose space construction
base. This SCB must be designed to support con-
struction of the initial test articles essential to
carly decisions on the feasibility ol solar power
satellites, and it must be designed to support the
construction in space of large antenna systams. In
addition, the basic space platform must provide u
fucility for the development of space munufactur-
ing and processing technology and for the con-
tinuing support of other emerging objectives.

As the costs of operations per available service
hour in orbit are reduced, more industrial, commer-
cial, and non-government institutions will find it
practicable to invest venture capital to use space
fucilities for the development of new products and
processes. By providing space platforms capable
of supporting 6 to 12 crewmen for 90 days or
more. the costs of orbital man-hours become much
more attractive to potential industrial or commer-
cial users of space (see Figure 64), When operating
costs can be reduced to fess than $5,000 per hour,
they will become comparable to those experienced
in a wide variety of ground-based reseuarch and
development operations*. In space processing, for
example, facility operating costs of gbout 32,000
per hour would appeur to provide attractive
inducements to many industrial users.

IT it can be agreed that the development of a
continuously manned Space Station is inevitable,
whether accomplished through evolutionary steps
from an initially Shuttle-tended mode of operation
or whether accomplished directly, the only question
remaining to be answered is, when? In committing
our nation to proceed with the development of a

*Operating costs of DC-10 average 51,065 per hour; of a Boeing 747, $1,602 per hour (3rd quarter, 1976),
* the 4-foot wind tunnel at McDonnell Douglas Aerophysics Laboratory, §1,125 per hour.
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permanently manned Space Station, it is essential
that the design development, and scheduling
activities recognize realistic budgetary lincitations
and ettectively use and build upon ongoing acliv-
ities. With this in mind. it does appear that the
costs of developing a permanently manned LEO
facthity are compatible with the Office of Space
Flight NASA budget tsee Figure 65) and can be

achieved with an imitial operational capability in

F984. That capability data, is predicated. however,

upon a 1978 Phase B and a 1979 Phase C/D
go-ahead

Remembering that the “longest journey starts
with the first step.” itis our recommendation that
the first step be taken now
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AS AN EXAMPLE ASSUME ORBITER FLIGHTS AT $19M EA, OPERATIONS COSTS
AT $50M/YR, ADDITIONAL STATION MODULE AT $200M WITH 5 YR LIFE, TO
REPRESENT $19M + 12,5M + 10M OR $31.5M PER 90 DAY PERIOD

Figure 64. Crews of 6 to 12 Men for 90 Days or More Provide Attractive Orbital Costs
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