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Chapter 7

FUNCTION, FORM, AND TECHNOLOGY: .
THE EVOLUTION OF SPACE STATION IN NASA

Sylvia Doughty Fries'

Space station designs developed by the National Aeronautics and Space Ad-
ministration or its contractors since 1960 exhibit a consistent relationship between
function, available technology, and form, or configuration. Serious engineering de-
sign of space stations, of course, predates the creation of NASA in 1958. Setting
aside Edward Everett Hale’s fanciful vision in The Brick Moon (1869), and the turn-
of-the century schemes of Hurt Lasswitz (On Two Planets, 1898) and Konstantin
Tsiolkovsky, U.S. space station designers could draw upon a rich conceptual heri-
tage reflected in the space station designs of Hermann Oberth (The Rocket in Inter-
planetary Space, 1923; design revised in 1929 and 1957), Hermann Noordung (The
Problem of Space Flight, 1928), Baron Guido von Pirquet (articles in Die Rakete,
1928), H. E. Ross and R. A. Smith (1948), H. H. Koelle (1951) and Wernher von
Braun (1952) [1]. For none of these designers was the existence of a manned, per-
manent station in space an end in itself. Such an achievement was to serve the more
enduring purposes of (1) increased understanding of the cosmos through celestial
observation, (2) service to Earth-bound humanity through large-scale meteorologi-
cal observations and global communications, and (3) manned interplanetary explo-
ration through the provision of an Earth-orbiting service and logistics station.

Each of these early designs’ configurations was predicated by its several func-
tions. Astronomical and Earth observations required platforms for instruments; sci-
entific research, servicing and manned planetary exploration required a protected
environment for human habitation—which, the early designers assumed, meant
simulated gravity; and the space station as a whole would require a power source as
well as access by Earth-to-orbit and return logistics vehicles. Power would be ac-
quired from the solar rays that warmed the steam boilers on Noordung’s "wohnrad,"
or that were reflected to the Earth in Oberth’s 1923 design. Simulated gravity —not
necessary for every space station function —was to be achieved through the centrif-
ugal force of rotating elements.

* Presented at the Nineteenth History Symposium of the International Academy of Astronautics, Stockholm,
Sweden, 1985.

t National Aeronautics and Space Administration, Washington, D.C.
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While the number of space station design studies conducted by NASA or its
contractors since 1959 easily exceeds a hundred, four examples will suffice to
illustrate how the changing functions of a space station, and available or anticipated
technologies, have continued to determine the changing forms most characteristic
of each design. Our examples will be taken from the pre-Apollo, post Apollo and
STS periods in NASA’s history.

LANGLEY RESEARCH CENTER AND THE ROTATING HEXAGON:
1959-1962

NASA’s engineers at Langley Research Center in Hampton, Virginia—the
oldest of the former NACA aeronautical research laboratories transferred to the
new space agency —formally launched a study of a "manned space laboratory" (the
term was then used interchangeably with a manned space station) in October, 1959.
Placing such a laboratory in orbit was conceived "as one of the initial steps in the
actual landing of a man on the Moon in 10-15 years." Specifically, a manned orbit-
ing space station would enable the fledgling agency to explore the "materials, struc-
tures, control and orientation systems, [and] auxiliary power plants" required for a
space station; it would enable study of "means of communication, orbit control and
rendezvous;" and finally, it would allow NASA to investigate the necessary condi-
tions of human life and operations in space —to study "the psychological and physio-
logical reactions of man in a space environment over extended periods of
time . . . his capabilities and usefulness" and "techniques" for manned "terrestrial
and astronomical observations" from space. Joseph A. Shortal of Langley’s Applied
Mechanics and Physics Division (in which the Langley space station office was lo-
cated) regarded "the orbiting laboratory as an extension of ground facilities for a
broad range of engineering and systems studies," or a research and development
laboratory in space [2]. Developing the technology of long duration manned space
flight was a sufficient purpose unto itself.

By August of 1962 the Langley group was ready to share the results of its work
with the young aerospace community. Their principal design requirements were the
necessity for rotation to achieve artificial gravity, and for unitized structure, since
the station would have to be "carried aloft on a single launch vehicle." Both require-
ments, however, entailed critical structural and dynamic constraints. Assuming a
“range of gravity from 0 to 1 g" for experiments and human livability, a station
rotating at an acceptable rate would have to have a radius of 75 ft. A station of that
size —too large to be launched, wholly constructed, in any single, conceivable vehi-
cle —would have to be "broken into elements which, when suitably folded or pack-
aged become a reasonably compact payload." Just as rotation would affect the dy-
namics of a space station, so also would unitized structure impose certain dynamic
constraints. The need for launch vehicle and payload compatibility was obvious, lest
"the destabilizing aerodynamic moments . . . overpower the control system." Nor
could the combined structures’ “natural frequencies" be allowed to "couple among
themselves or with the pitch frequencies."

Langley’s engineers explored six space station configurations (Figure 1):
(1) cylinder rotating about an axis perpendicular to the length of the cylinder, with

80



solar panels extended from the cylinder’s sides; (2) a cylinder attached by a tether
to a terminal stage booster, again rotating about an axis perpendicular to the length
of the terminal stage and tethered cylindrical station; (3) a station consisting of two
cylindrical living modules, about 100 feet apart and extended from either side of a
central, 200 foot tubular core having a nuclear power plant at one end and multiple
docking facilities at the other (rotation would be about the horizontal axis of the
central core); (4) a spoke configuration, with two or more radial habitable elements
extending from a central hub, in which rotation would be perpendicular to the ver-
tical axis of the hub; (5) a configuration consisting of two or more habitable mod-
ules positioned at the end of spokes extending from a central hub, and with axis
parallel to the axis of rotation; and finally, (6) the familiar annular "wheel" rotating
about the central hub to which it was connected by one or more tubular spokes, and
lying "essentially within the plane of rotation" [3].

(a) (5) (6)

Figure 1 Langley Research Center: Space station basic configurations studied
1959-1962. Source: Langley Research Center, A Report on the Research and
Technological Problems of Manned Rotating Spacecraft. NASA TN D-1504
(Washington, D.C., August, 1962).

Expected problems with dynamic stability, single vehicle launch and subse-
quent erection of the launch package, and degrees of movement required for
human crews (which could entail the disorienting Coriolis effect) led the Langley
team to reject all but one of the candidate configurations —the large annular torus
with a radius of 75 ft. Launching such a structure into orbit then determined the
special characteristics of NASA’s early "wheel."” Wernher von Braun had suggested
that a toroidal space station could be inflated in orbit; but the Langley group con-
cluded that the station’s equipment could not be properly installed in an inflatable
structure prior to launch and would have to be stored in a "central hub," to be
moved into place once the station was in orbit. The motion thus required, however,
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would jeopardize the station’s stability. If, however, the living and working sections
of the station were rigidly constructed, and equipment put into place before launch,
the problems posed by the inflatable configuration could be avoided; moreover, a
rigid station could be constructed with materials that could provide "adequate pro-
tection from the space environment." Even this solution, however, had the defects
of its virtues: a rigidly constructed space station would have to be assembled in
space. This defect, however, might be minimized if assembly could be automated.

Langley’s engineers finally adopted, as the reference configuration for a feasi-
bility study contracted to North American Aviation, an automatically erectable
manned orbital space station which, in their view, combined "the best features of
the inflatable and rigid space-station concepts, that is, the compactness of inflatable
designs and the prelaunch equipment installation features of the rigid designs."
North American Aviation, in turn, narrowed the range of conceivable configura-
tions for an automatically erectable rotating space station to three: an annular

torus, a hexagon, and a modified hexagon.
GII FT
[

SOLAR-CEUL. PANELS

A

k33 FT-

Figure 2 Langley Research Center hexagonal configuration (North American Aviation,
1962). Source: Langley Research Center, A Report on the Research and
Technological Problems of Manned Rotating Spacecraft. NASA TN D-1504
(Washington, D.C., August, 1962).

The configuration finally chosen by North American Aviation for systems anal-
ysis was the purely hexagonal configuration (Figure 2), which offered the advan-
tages of a wheel configuration and overcame some of the disadvantages of the in-
flatable torus or modified hexagon, which related primarily to problems of orbital
deployment and creating a "launch package" adaptable to the straight-sided launch
vehicle. Six rigid cylindrical modules were arranged in a hexagonal shape; every
other module (three in all) was joined to the core with a telescoping spoke; and the
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modules were joined at their ends by a system of six compound hinges devised at
Langley, thus avoiding the need for any exposed flexible fabric. Mechanical screw-
jack actuators at the six joints would do the job of deploying the space station from
launch configuration into an orbital configuration. The hub of the station would
incorporate docking facilities for Apollo-type ferry vehicles. The total volume and
weight of this proposed space station would be 45,000 cubic feet, and roughly
171,000 pounds, respectively, just under the 210,000 pound then anticipated payload
weight capability of the Saturn rocket [4].

1966: A SPACE STATION FOR SCIENCE

By 1966 the value of access to space for research in such scientific disciplines
as astronomy and meteorology had been proven, and NASA became more attentive
to the scientific disciplines’ insistence that their requirements be fully incorporated
into planning for the agency’s projects and programs. It is clear from the results of
NASA'’s space station studies carried out in 1966, that the agency hoped the scien-
tific community would support continuation of an agency-wide effort to develop a
space station. A space station requirements steering committee, headed by Charles
J. Donlan and a parallel group to carry out the resulting design work (headed by
E. Z. Gray), sought to develop a configuration that would satisfy the numerous and
sometimes incompatible requirements of a space station designed to satisfy the
needs of a variety of scientific disciplines.

NASA Deputy Administrator Robert C. Seamans had specified that a space
station program emphasize "Astronomy, Earth Resources, Meteorology, Biology,
Long-term Flight (including aerospace medicine), Research and Development in
Advanced Technology and Orbital Operations and Logistics" [S]. However, accom-
modating the projected research programs for astronomy, Earth resources and me-
teorology on one station would prove difficult. The telescopes required for the as-
tronomy program (gamma-ray, x-ray, optical and radio telescopes), dictated station
deployment above the ionosphere, at a minimum time in radiation belts and maxi-
mum time in darkness. They would have to be maintained in an inertial space ori-
entation with a stabilization accuracy of 0.001 degrees, gimbal mounted, and rotat-
ing 360 degrees along one axis and +/-40 degrees along the other for as long as 10
hours; that portion of the station upon which the telescopes were mounted could
not be rotated. Nor could the instruments for the Earth resources research program
be rotated.

At the same time, the full complement of projected, Earth resources instru-
ments would have to be operated in continuous alignment with the local Earth ver-
tical at orbital altitudes of 200 nautical miles or less, and at an orbital inclination of
50 degrees or greater for maximum observation over the entire United States. The
space station would have to provide a cumulative pointing and holding accuracy of
+/-0.05 degrees and, for a tracking telescope, a pointing accuracy of less than 10
seconds. Similarly the meteorological program, with its photographic equipment,
optical and infrared telescopes, spectrometers and radiometers, would prohibit in-
strument or station rotation and require low-altitude (200 nautical miles), low-incli-
nation orbits, with an instrument stabilization accuracy of 0.05 degrees. Thus the
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astronomy, Earth resources and meteorological research programs projected for the
space station in 1966 imposed design requirements that would be difficult to meet
on a single station.

Long-term flight and biological research experiments, on the other hand, im-
posed no requirements on station orientation or stabilization, while advanced tech-
nology research and development could be carried out with both inertial and Earth
orientations and 0.1 degrees stabilization accuracy. These programs could be ac-
commodated with nominal zero or 105 gravity and a centrifuge (for biology and
long-term flight experiments). Orbital operations required no particular orientation
or stabilization accuracies, and could be conducted in nominal zero gravity.

The Donlan Committee considered two strategies for resolving the problem of
integrating a multi-disciplinary research program with varying, and in some in-
stances incompatible, engineering design requirements. One strategy was to attempt
to integrate all the projected research programs "into a single, unified research pro-
gram, and to equip a space station capable of pursuing an entire program." As the
committee explored the "unified approach,” however, it found that meeting the
functional requirements for the entire assemblage of planned research activities
would dictate a "big station with both rotational and nonrotational components giv-
ing a tendency for the design to be large, and possibly somewhat strained." A sec-
ond, and favored, program integration strategy identified by the committee was the
"group approach,” or one in which the entire program was divided "into a sufficient
number of parts to separate the conflicting requirement items, and to group to-
gether those not in conflict for location in separate modules." Thus the Donlan
group arrived at the multi-station or group concept, which offers an alternative
means of resolving the requirements conflict by the expedient of physical separation
[emphasis mine]" [6].

If the need to satisfy the scientific disciplines was one critical determinant of
NASA’s 1966 space station design, the heavy investment being made in the hard-
ware for the Apollo and the Apollo Applications ("Skylab") programs —especially
the mammoth Saturn booster with its 285,000 1b. lifting capability —was the other.
(The Skylab program, inaugurated in 1965, was itself designed to capitalize on the
capabilities of the Saturn launch vehicle and Apollo hardware) [7].

The design work for the space station suggested by the Donlan committee’s
study was carried out at NASA’s George C. Marshall Space Flight Center (MSFC).
Twin stations, each dedicated to three scientific disciplines with compatible func-
tional requirements, was MSFC’s response to the "group approach" solution pro-
posed by the Donlan committee for the incompatible requirements of a multi-pur-
pose space station. Each zero-g station, which could be fitted to the top of the
Saturn IV-B stage, would contain within it three 22’ in diameter and 7 wide dough-
nut shaped experiment modules (or "cans") dedicated to a single discipline. Simi-
larly configured modules would house each station’s subsystems and living quarters
for its nine-man crew (Figures 3 and 4). Both stations could orbit at altitudes of 260
nautical miles, since none of the initial experiments required geosynchronous or
higher orbits. Each station could be deployed in the orbital inclination best suited
to the disciplines being served by it. While Earth resources and meteorology would

84



require high inclination—ideally polar orbits—the "heavy energy cost" for "initial
launch and logistic flights" suggested a reduced inclination of 55 degrees, which
would still allow major land masses to be covered. The second station, serving as-
tronomy, could be space fixed and orbited at an inclination of 28.5 degrees which,
approximating the latitude of the launch site at Cape Canaveral, would enable
launch vehicles to take advantage of the Earth’s natural orbit for orbital placement,
and thus considerably reduce the energy requirements (and costs) of logistic flights.
The dual station concept, with three modules in each, would thus enable each re-
search discipline (astronomy, Earth resources, meteorology, biology, advanced tech-
nology R&D and long term flight biomedical and behavioral research) to have a
dedicated module.

SOLAR CELL PANELS

RESUPPLY MODULE

S-ivB WORKSHOP

9 MAN MODULE

TELESCOPE ORBITAL

CONFIGURATION

Crew Size: 9
Duration: 5Syrs
Compatible with
Saturn IV-B
Figure 3 Marshall Space Flight Center manned space station (1966). Source: George C.
Marshall Space Flight Center, Responses to Requirements for a Manned Space

Station, Part I: Summary Report. (NASA: George C. Marshall Space Flight Center,
November 4, 1966).
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Figure 4 Marshall Space Flight Center dual manned space station concept (1966).
Source: George C. Marshall Space Flight Center, Responses 1o Requirements for a
Manned Space Station, Part I: Summary Report. (NASA: George C. Marshall Space
Flight Center, November 4, 1966).

The need for artificial gravity was among the most problematic of all space
station design considerations. The Marshall group found that most experiments re-
quired 107 gravity or less or were gravity independent, and that, therefore, neither
station required rotation; those few experiments requiring artificial gravity could be
accommodated with a centrifuge. NASA’s Manned Spacecraft Center (MSC) in
Houston, which worked on the technical systems "applicable to any space station
configuration," was unwilling to proceed on the assumption that a manned, orbiting
space station would not require artificial gravity for its manned elements [8]. None-
theless NASA accepted the biomedical findings of the Skylab program as sufficient
evidence that man could live and work without artificial gravity for limited periods
(about 90 days), if not permanently, in space [9].

SPACE CONSTRUCTION BASE

In 1969, NASA management decided to phase out production of the Saturn V
and to emphasize development of the Space Transportation System (STS, or "Shut-
tle"). Making use of remaining Saturn and Apollo hardware, the agency launched in
1973 Skylab, a manned "workshop," which remained in orbit for three years. By the
spring of 1975, NASA once again began to take a serious look at space station
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design. Studies during the 1970s had emphasized use of the STS as the launch vehi-
cle, modularity based on Shuttle-launched Research Applications Modules
(RAM’s) under study since 1972, and a much expanded view of the possible func-
tions of a space station. Space Station, now beginning to be conceived as a multi-
purpose orbiting facility, would be used not only for science, but for commercial
space manufacture and such space-based operations as assembly of large structures
in orbit. In 1976 NASA awarded contracts to McDonnell Douglas Astronautics Co.
and Grumman Aerospace Corporation to carry out parallel space station systems
analysis studies. "‘Space base,’ rather than ‘science requirements,” would ‘drive con-
figuration design™ [10].

The concept of a space base, in turn, was "driven" by the same cost-conscious-
ness with NASA that led to the abandonment of the large Saturn booster and de-
velopment of the Shuttle. The operational costs of individual space missions had
been among the largest of the entire space program, and the space station concept
advanced by McDonnell Douglas in its 1976-1977 study was calculated to achieve
the most "cost-effective” approach to future space activities. A space station "facil-
ity" was needed "to provide the economies associated with long duration manned
mission in Earth orbit." Such a facility should, moreover, be designed to grow from
a modest Shuttle-tended construction base to a permanently manned structure
based on the Shuttle-Spacelab program [11].

In carrying out its study, McDonnell Douglas was also guided by the 1975
"Outlook for Space" report prepared by an ad hoc group at the request of NASA
Administrator James C. Fletcher. The "Outlook" report’s strong emphasis on terres-
trial applications and human benefits was translated into three principal areas of
space activity, for which a space station system would provide unique and substan-
tial support: space construction (satellite power system, nuclear energy, Earth ser-
vices, and space cosmological R&D, such as the construction of a large microwave
telescope), space manufacture (micro-processing), and support (cluster support sys-
tem, depot, multidiscipline science laboratory, sensor development and living and
working in space). Given the "energy crisis" of those years, development of a satel-
lite power system—by which solar energy could be transmitted to Earth through
microwave systems —seemed to hold out special promise.

The space station concept which McDonnell Douglas developed to satisfy
these objectives was a modular concept which would provide power, space con-
struction facilities, and habitability and sub-system support for the crew and opera-
tions; McDonnell Douglas named the concept a "space construction base." Further-
more, the concept was designed to be evolutionary, that is, an initial base could
"grow" from a basic station and construction base intermittently manned and tended
by the Shuttle (which would provide crew and operations support) and joined by a
“strong back" truss beam to a permanently manned construction base using
Spacelab and additional mission hardware. A key element in the permanently
manned base would be the "construction shack," a module that would "replace the
[Shuttle] Orbiter in providing habitability support for the crew for extended-dura-
tion activities," and to which Spacelab modules could be berthed as necessary (Fig-
ure 5). Power, logistics and fabrication and assembly modules fitted with mobile
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cranes, which could be added incrementally as needed, would complete the "evolu-
tionary" station designed to support an initial crew of seven [12].

L4

BASIC STATION & CONSTRUCTION BASE

ORBITER /_\-

DOCKING CARGO

STATION /
CREW

CONTROL
CENTER

50Xw
SOLAR ARRAY

FABRICATION
AND ASSEMBLY

MOBILE
CRANE

CONSTRUCTION BASE AND
ADDITIONAL MISSION HARDWARE

Figure 5 Initial construction base, McDonnell Douglas - 1976. Source: McDonnell
Douglas, Space Station Systems Analysis Study, Part I: Final Report Executive
Summary. September 1, 1976, p.29.

A "POWER TOWER" IN SPACE

Concepts developed by McDonnell Douglas and Grumman Aerospace (not
detailed here) provided the foundation for the reference configuration which
NASA used when the agency again approached industry for space station design
proposals in 1984. Mission analyses studies contracted by NASA to eight aerospace
firms in 1983 concurred in concluding that an evolutionary space station "architec-
ture" comprised of a combination of manned and unmanned elements, tethered or
free-flying in various orbits, and serviced by a station in low-Earth orbit, provided
the best means of achieving a truly multi-purpose, long-term national capability at
lowest cost. Such a concept would reduce the cost of continuous, routine space
operations by allowing for on-orbit servicing and maintenance, thus reducing the
need for ground-based maintenance of a growing inventory of "high value space
assets." Moreover, a space station conceived as a multi-purpose architecture of dis-
crete elements would not only enable transfer of payloads from low Earth to geo-
synchronous orbits by orbiting transfer vehicles, serviced by the station, but provide
as well in-orbit utilities (e.g., power, data management, thermal control, course
pointing, and communications) [13].
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NASA’s 1984 space station reference configuration, unofficially dubbed the
"power tower," was one of a number of configurations explored during the past
three years by NASA and the aerospace industry (Figure 6). The configuration got
its name from the graceful 450-foot long skeletal truss structure —three times as
long as the diameter of Langley’s hexagon—designed to orbit the Earth with its
main axis perpendicular to the Earth’s surface, achieving stability through gravity
gradiance. Attached to and serviced by the "power tower" would be a common set
of modular elements, which could be arranged in various ways to meet different
design requirements. Those elements include pressurized modules, articulated
solar-inertial power generation devices, and assembly hardware connecting modules
and power devices, and supporting externally mounted systems, payloads, and facili-
ties." Also essential to its design is the space station’s capability for on-orbit proxim-
ity operations such as remote maintenance, servicing, checkout and retrieval for
orbiting unmanned platforms.
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Figure 6 NASA Space Station “Power Tower" Reference Configuration (1984).
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The design offered an elegant solution to a basic problem of accommodating
both astronomy missions —with their sensitive pointing and stability requirements —
and manned laboratory and orbital servicing operations, which entail considerable
dynamic disturbance. Instruments for celestial observations would be mounted on
the heavenward end of the “tower," while laboratory modules, service sheds and
docking ports would be located at the "lower," or Earthward end. The total space
station system architecture included co-orbiting and polar-orbiting unmanned plat-
forms for Earth and celestial observations at inclinations of 28.5 degrees and 98.2
degrees [14].

VHKO093

Figure 7 Dual keel space station.

In the fall of 1985 the NASA Space Station program office’s "requirements
update review" process resulted in a change in the space station’s basic configura-
tion from the "power tower" to the "dual keel," a double-truss version of the 1984
configuration foreshortened to a length of 297 feet. (The inclusion in the over-all
space station concept of two unmanned orbiting platforms at 28.5 and 98.2 degrees
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remained unchanged.) The revised configuration offered advantages which would
render the space station more useful to anticipated users of a micro-gravity labora-
tory environment, viz., a larger area to which micro-gravity payloads could be at-
tached, and the placement of micro-gravity payloads closer to the station’s center of
gravity to achieve a more perfect zero-gravity environment. Shifting the substantial
mass of laboratory and living modules closer to the station’s center of gravity would,
however, have destabilized the power tower which was intended to maintain stabil-
ity through gravity gradiance. Thus the original lengthy truss structure, with pay-
loads for celestial observations placed at its heavenward end, was foreshortened to
minimize natural instability. Even so, the "dual keel" space station will require a
more powerful attitude control system to maintain a perpendicular orientation (Fig-
ure 7) [15].

SUMMARY

The evolution of space station forms, or configurations, developed by NASA
and its contractors in the aerospace industry since the agency’s beginning, exhibits a
continual adaptation to changing functional requirements and changing technologi-
cal capabilities. The transitions from the orbiting R&D laboratory designed by
Langley Research Center and North American Aviation, to the space station for
science of 1966, and from the “space construction base" of 1976 to the "dual keel"
station of 1985, represent an expanding notion of the purposes of a space station.
These purposes have extended from an orbiting technological research center to a
scientific laboratory in space, to a space station that served not only those functions,
but provided as well a multi-purpose space facility adaptable to a wide array of
possible space operations and missions. Of the many technological developments
which helped to determine the configurations of each particular space station, two
are paramount. First, the realization (from the experience of the Skylab program)
that for limited periods of about 90 days human crews would not require artificial
gravity offered the possibility of "manning" a space station without rotation. Sec-
ondly, NASA’s decision in 1968 to abandon the costly Saturn vehicle in favor of the
reusable Space Transportation System provided not only a relatively cost-effective
means of rotating crews and expendable supplies, but of using the Shuttle orbiter
itself as an element of a space station which could be constructed incrementally on
orbit from a modest initial "space base" to a multi-purpose space "architecture" pro-
viding an evolutionary, long-term national capability in space.
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