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ith the first orbital flight of the Space Shuttle, the curtmnﬁses o an era that
will shape U.S. space ‘exploration for the next decade, and perhaps for the
remainder of the century. C olumbia and her sister ships will be fat more than -
odd:looking heavy-lift launch vehicles, though they will bethat. Each Space °
- Shuttle will bean element in a total transportation system linking Earth with
- space: vehicles, ground facilitles, a communications net, trained crews, established
freightdates and flight schedules———and the prospect of numerous unportant and
exciting tasks to be done. .
Columbia will be as different from previous one-use space vehxcles as an ocean
* freighter differs f:omfhe Clermont. Although the Space Shuttle has been a Iong
time in development and won't be workaday for several years, it will transforin
space travel. We'will go.into space not just to meet the challenge of exploration
buttodo many useful and productive jobs; at reduced cost, returning again and
again. We ire initiating an era of “routine utxhzancm of space, and it signifiesa
new epUch in the history of the planet. S - ..
“ AS the Space Shuttle first ascends above the atmosphere it is fitting to describe
) the new space transportation system: how it came to be, why it is designed the
~ way it is, what we expect of it, how it may grow. This book is such a description.
All new. technologies can be expected to underdo change and adaptation. It is
natural foran endeavor as révolutionary as the Space Shuttle to develop in’
different and unforeseen ways. For this reason, an account of the initial expecta-
tions for this remarkable venture should have value. I commend the following
narrative that describes how the United States plans to ntake space an cxtension
of life on the Earth’s surface. 5

)

June 1979 ' 5
| ADLAI E. STEVENSON
a ‘ Chairman, Subcommittee on N
“ Science, Technology and Space ‘{
United States Senate 3
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N UNLIKELY LOOKING FLYING MACHINE sean&s on ::s m{ B

- above the warery, thicketed Florida sandscape. The time .
. mthemxi 1980s,andtheSpaceShutdcprcparmgforiannch’
* is gne of a fleet of Your that now plies’ routinely, about one
. round ttip a week, Between the United States and Earth ochie. © .0
‘ ﬁeﬁrst:mcacmpacevehxcle,thesmtﬂemkeso&hhe. |
" a rocket, operates in orbit as a spacecraft, and lafds like an

airplane. To do this takes a complex configuration of threg
snainelements: the Orbiter, a delta-winged spacecraft-axrmfy

" about the length of a twin-jer commercial airliner, bue much
- bulkier, and built to last for at“}eas: 100 flights; a dz.n,gibies _-
" like expendable External Tank/containing half a million gal-~
*lons of propellants, secured to the Orbiter's belly; and, at- = .
tached to thd sides of the tank, apaxrcf:eusableSohd,Rocket-
Boosters, each longer and fatter than a railway tank car. L

The countdown clocks biink to zero on the consoles in
Launch Control at the Kennedy Space Centér, in Mission Con-
trol at the Johnson Space Center, Texas, and in the: Shuule’s
cabin. Three main enginés in the Orbiter’s stern ignite, gulp-
ing liquid hydrogen and liquid oxygen from the External
Tank through feedlines thicker than a man's body. As. they

* build to 90 petceﬁt of full power, in about four seconds, the ..

two Solid Rocket Boosters begin firing in 2 storm of flame
and smoke. The whole assemblage rises from the same mobile

. launching platform that was once used for Saturn V rockets |
that sent Apollo astronauss to the Moon. o
. Clear of the servicing tower, the Shuttle turns toward its

destination in space and begins grcing over on s back—the
crew heads-down, the tank and boosters on top of the upside-
down Orbiter—and slants up over th¢ open Atiantxc, its
ditection’ controlled by slight swiveling of the engines and
rocket nozzlesaJn their spacious cabin up front, the crew of

 three astronauts ad a scientist feel no more acceleration than

a comfortable theee times normal gravity. They wear ordinary
clothes, ‘work :at room temperature, and breathe normal air
at sea-level pressure. | : |

After two minutes of flight, 50 kilometers ‘(31 miles) up,
the two sdlid—fuél boosters, their work done, ‘burn out, are cut
loose from' the tank by explosive separation devices, and are

'pushed clear by small rocket motors. The spent boosters coast

upward to about 67 kilometers, then drop back toward the
sea, At 4.7 kilometers each discards its nose cap and ejects a
small parachute this pulls out a. Iarger chute that, in turn,”

*

f. ’ - ' : -
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out rocket case, nozzle first, into the ocean about 280 kilo-
meters (175 miles).¥rom the laugch site. Waiting tugs collect
~ the parachutes, attach lines to the rocket cases, and pymp in
air so that they float. honzontall,y while being towed ashore
to be repacked with propellant fot reuse.
The Orbiter’s three main engines continue firing until about
.eight minutes into flight, then shuc down just before orbital
- velocity is reached. Ten to fifteen seconds later the big Exter-

nal Tank,%osc empty, is cast off like the booster. rockem

$
- . .

1 s

A slow roll 1o the bead: down pmmon occurg as the vehicle,
:zcz:elemtmg ata relm‘wely mdd 3-g rate, clsmb.f toward space.

=4

pulls out thtee b:gger main chures. These lower the bumed-

. '
.

-
L4

lln a storm of ﬂame, five giarg rockets deliver al

seven million posnds of :bm.r: at the momm of
lsf:-aﬂ ' :

&,
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After two minutes, 4&93: 3@ msles\ud, their wo
 the two sofid rockets are cus loose and shoved aside by

one;

1

earlier, and foliows a ball trajectory. 18 500 kdameters
down range. Unlike the ters, it breaks up reeatering the
-atmosphere, its surviving fragments falling into a remote
ocean area—the only main element of the Shuttle that doesn’t

_return to Earth to be used again. .
Free Of the tank, the Orbiter, after coasting for'a short-ume, .

fires iw'two small maneuvering engines—fed fram internal
tanks—for about 105 seconds ¥ reach dibital vekx:lty of
7847 fnetets a second (17 500 mph). The initial elhpncal
orbit ranges from 110 km (60 n.mji,) at its lowest point to

* -

The Orbiter in oibi:, with cargo bay doors clased. In airless and
weightless space, its thrastets can oriens i in any d:rec:ms dcsmd The
srip up fram the pad taie: le:.r than 10 minstes.
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4 280 km (150 n.mi.) ag the apogee. A second firing of 95 sec~

onds, half ay around the world from the launch site, re-
shapes the egg-shaped ﬂight path to a circular orbit, and tﬁe
Space Shuttle is ready to'go to work.
- From forward- -facing seats, much like those in_an airliner
" cockpit, the NASA astronauts serving as ship commandér and
pilot now shift to occupy orbital work stations facing aft.
~ The commander on the left as usual, handles the Orbiter’s
manéuvermg affd-attitude controls. The pilot "directs the mo-

tions of a triple-jointed, 15-meter (50-ft) mechanical arm -

in the cargo hold that lifts payloads out and in. An astronaut

mission spectalist and a scientist payload specialist, seated

behind the commander and pilot during ascent amd maneuver-
ing,*now work at stations on either sidée of the flight deck,

conducting checks and- other chotes concerned with experi- -

ment packages carried in. the hold and with satellites to be

deploycd retrieved, or serviced in orbit.

_ Oveér Australia, an hour after lifeoff, a pair of clamshell
““doors, split along the top of the fuselage and hinged at the

as big gs a trailer truck. On ¢his flight the payload to be de-
ployed is another in a series of.the’ oldest kind of workaday

-spacecraft, a communications satellite for relaying telephone -

calls and television programs berween continensS. Attached to
it is a solid-fuel rocket, called an upper stage, that will propel
the satellite into 4 higher, geosynchronous transfer orbit. There,

at- 35 900-kilometers (22 306 mi)- altitude 28t the apogee

motor is fired, velocity will exactly match Earth's$ rotation,
* keeping the satellite always over the same area of land or
ocean. - ' ~
After a fmdi on-board chegk-out, the satellite and attached
upper stagd are nudged out of the bay by ejection springs and
left free to drift in space. When the crew has determined that
the satellite and its upper stage are precisely a;mcd and the
Orbiter has moved off to a safe distance, the upper stage is
ignited by radio signal from 'the Orbiter'®s all cross the eqmmr
.. over South America. : -

) - sidés, swing outward to-open the full length of the cargo bay, .

Next day—if one can- measpre time by days in a world -

where the Sun rises every hour and a half—the crew change
orbit to rendezvous with a 9100-kg (10-ton) space telescope
14 meters (46 fr) tall that was brought up on an earjier
Shuttle flight. This huge and powerful observatory has been
designed both to be serviced in orbit and periodically brought

At work aloft, the Orbiter Prepares to deploy the exciting
unmanned Space Telescope, Two space-suited mission specialists
perform a findl check. o .

-



R O

. back to Earth for overhaul and relaunch over a “lifetime of
. : -+ fifteen to twenty years. Above the hazy, turbulent atmosphere
: ' that blurs the view of tciescopes on Earth, the space telescope,
" its five extremely, sensitive instruments aimed and focused by
radio, can see into several hundred times the volume of space
viewed by the largest ground based ones, observmg objects so
far awgy that their ixgh: has taken billions of years t reach us.
The data, transmitted by radio and shared’ by U.S. and Euro-
pean asttonomers, are used, among other things, to study
events that happened soon after the universe was created, to
watch for new galaxies being formed, and to see whe,ther other
" stars like our Sun also have planets. T - ‘
. When the Shuttle’s flight path has been matched ptecxseiy
with the telescope’s, the manipulator arm-is extended to cap-
ture the satellite and stand it upright into the:cargo bay: The
pilot #nd mission Specialist put on space suits and crawl into
the bay through an.aiflock that lets them out while ke€ping
the air.in the cabin at sea-level pressure. In.the first of two

Moving gently away, the Orbiter leaves thg big selescope in
space, its solar panels :md arztemm: deployed its Sun shields

working well, six-hour work periods they inspect and photograph the tele-
' - seope, open its access doox\ and make minor corrections and
i . -7 : - adjustments while the scientist, a woman-asttonomer with no"

formal astronaut or pilot training, watches from the ﬁxght

deck and talks with them by intercom. :

In a second six hours next day, after having_gone back to
the Orbiter cabin to eat'and slecp, the pilot and mission spe-
| ~ cialist, again in their space sults, reenter the bay, remove one

‘ of the telescope's instruments, and replace it with an improved
model that hadn't been ready for the original launch. After
they have returned-again to the <abin, the telescope’s various
circuits and mechanisms are tested femotely by the astronomet
on the flight deck and by ground controllers. It'is then pow-

' ered up, lifted out of the hold by the manipulator arm, and
set free again in orbit. "The Orbiter swands by while the crew
make sure all is working propcrly, then pulls away to preparc

' for its next task. :

T & ' After the crew relaxes, cats, and sleeps, the Shuttle’s small
engines are fired briefly to readjust the orbit and rendezvous
with a free-flying spacecraft—also brought up on ‘an carlier

- flight—that has no maneuvering ability, attitude controls,
" power supply, datacollecting equipment, commuaications, or
instruments of its own. This is the Long Duration Exposure

_ Facility: an empty -aluminum canister resembling a huge

Japanese lantern, 9.14 meters (30 fr) tll and polygon-

| 17 | o
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.6 shaped, its outer surfaces divided into bays that hold shallow ' ’ R ' o ‘
© | trays, seventy-two of them around the periphery and two on . o A
,each end. The trays, 3.t 8 centimeters (1 to 3 in.) deep,s = .. =+ . A T PR
some open and some closed over, contain experiments pro- T : T
vided by scientists and engineers of UsS. and foreign govern- © v SRR '

ment agencies, universities, and industrial companies. Their
«Wrurpose is to expose various instruments, materials, electronic
parts, and dust collectors to the space environment—high -
vacuus, fear-zero gravity, solar radiation, cosmic rays, micro- -
.meteoroids—for six months or more. Cs :
The Orbiter moves close to the passive ftee-flyer, grasps it
+ with. the manipulator, and hauls it into the cargo hold. The
crew tike breaks for meals and sleep. Then they close the
. cargo-bay doors, move into their seats, fasten their, belts hke
any airline passengers, and prepare to head home. "
Half way around the world from the Florida base, the small
“attitude-contro} thrusters are fired in short bursts to turn the
spacecraft tail-first. The .Iargetlerbital maneuvering efigines
then are fired for ahout two minutes %o slow the ship and
lower~xs flight path in a slow curve toward Earth, Half an
‘hour later, about 150 kilomerers up and the ship again ﬂymg
nose-first, the crew begin to feel the drag of the thin top Iayer o
of the atmogphere. . 3 ’
Now begins the most Ctitical zmd dtm‘mdmg part of the .
voyage. Why this is so was explamed by the- dzrector of the
ace Shuttle Program, Myron §. Malkin, in a vivid “account
of the last half hour of a Shuttle flight from here 10 touch-
down: ¢ . ‘ :
The Orbiter must change from a spacecraft to an-aircraft.  Spending its speed, sbe Orbiter prepgres to change from
whxle siowmg from its orbital speed‘bf nearly 8000 meters spacecrals 5o aircrafs. This is the angle of “mcé used soward
the end of the reentry process. ‘
" a second {18 QD0 mph) to about 100 rieters a second (225 p . ‘ .
mph) “for landing. Above the atmosphere, maneuvering is ' '
done by firing small rockets in the noge and tail; in the
atmosphere, attitude and dx:emon are controlled by a con-
ventional aircraft rudder and flaps. At middle speeds and alti-
tudes, during reentry into the atmosphere, rocket and aero-
dynamic controls must be skillfully blended. The commander
.and pilot are gided in this tricky task by five computéts on . ‘ .
"board that decide which rockets should be fired and for how
long, andghow much'to move the cBatfol surfaces, to keep the
craft steady and headed in the right direction. ‘ .
Edging into the atmosphere, the pilot uses}the actitude- 7
control thrusters to angle the nose up so that the craft pushes - 2 ‘ . .

] I
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: o ! R "+ . of attack, the’ term -aeronautical engineers use o describe the .
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much as 2000 kilometérs (1200 mi) to the right or left of
its entry path to make an enjergengy landing at any of several
U.S. airports or military air bases. In such an event, it would

be ferried to its home base on the back of a sptcially ficted:
NASA 747 air tansport.) '

About 48 kilometers above Earth, the Otbiter's nosc is
pushed down to reduce the angle to about 14 degrees. At 24
kilometers (15 mi) height the fipal approach begins, with
the craft about 92 kilometers (57 mi) from the Keanedy.
Space Center. The greae glider dives for- the runway nosc
down at 22 degrees and an airspeed of ul(oJut 158 meters a
second (395 mph). At 520 meegrs (1700 ft) the pilot begins
to flawen the glide to only 1.5 degrees, extends the speed
brakes, and settles che ship for a landing. At 90 meters (300
ft) the landing gear goes down, and scconds later the tires
touch the 4572-meter (15 000 ft) concrete strip——just thirty
busy minutes fram the smooth, silent weightlessness of space.

Immediately after the landing, ground cooling equipment .

like thar used for airliners is attached, and the. Orbiter is

towed into a servicing building. Leftover propellants are™

drained from the tanks and feedlines, and any unused explo-
sive actuators are removed. The cargo doors are opened, the

lLong Duration Facility is hoisted out, and the experiment-

trays are distributed to the scientists who will study how the
contents were affected by their stay in space. After general
maintenance. work on the Orbiger, a new payload is lowered

“into the bay. For the comiag flq,lu it is th¢ Spacelab, a com-

plq(t:ly fitted-out laboratory, dtsnbnul .md built by members
of the European Space Agency, in which four scientists can
work for a week to a month in an Earthlike atlm)sphuc
but in the zero gravity of orbit.

The Orbiter, with its new payload, is next towcd to thé
Vchicle Assembly Bmldmg originally designed for stacking.
Saturn/ Apollo vehicles. Hererit s rotated to a vertical “posi-
tion and mated with a new External Tank and reloaded Solid
Rocket Boosters dn the mobile launching platform.

Erect on the plagform, as big as a bascball diamond and

carried .by four enormous crawler. tracks, the space vehicle
moves slowly to the launching pad. More than 700 tons of
super-chilled propellants are pumped into the tank, a new
‘crew of three astronauts and the four scientists board, and the
Space Shuttle is ready, two weeks after its landmg for another
working voyage.

Spced bmkcs cxtendcd (note split balves of the rudder), tbe
Orbiter whistles to the runway at more tban 200 knots.

Computers aid the pilots. K .
+
3 Fy
. +
" ¢ v
- )
. IR
> E— . -«
e
L& !
3 !
. R "
AL - .
' LA Ui ’," ® .
' . f -
. 4 ‘.' R ; Be v
L . + L
» L . "- o
. .. . A
. LY

k4




N

A —

) - Landing gear drops only seconds before touchdown, with the main gear tguébz’ng first and - ’
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N CONTRAST 0 'rx-xs ROU’!‘INE TWO-WAY mpsxc ‘made 11
' possible by thé Shutde, every payicad sent into orbit for the -
ﬁ:st twod decades of, ‘the space era—every bug, plant, and ani-
:mal every man, woman {one, a Russizn), and automated -
laboratory—rode’ on. the nose of a one-trip mcket that” was
discarded after a workmg I{fetime measured in minutes. How-

- ever castly,sthose p:oneermg vehrures into. space sent back -

. startling news of the umverse'and brought countless changes S

for the bester in the wiys'we live: changes in the economy, in. - -

hea th 2ad safety, i science and technolagy, in education, in .. '

,‘. the protection and use of natuml resautcs, m natxonak defense
and mtematmn,gl cooperatiofl. .. R

R < The, ﬁxst was 2 revolution i in commumcatmn. ' B o i

o fe Xnthe middle of the night of July 10, 1962 television relay .,,;_
R stations at Goonhilly Downs, Cmnwan, and Pleumeys-Bodou, '

254w/ Brinany, picked up a ‘Black-asid-white pxcmre of an America

LS © flag: ﬁappmg in the breeze to the accomypaniment of the Star 4

R " Spangled Bannet, The pmgram was a demonstratios being . ’

- transmitted skyward from 3 ‘huge horn-shaped antenna in
+ " Maineto a glistening new Earth satellite, Telstar I, and down

N to receiving dish in New Jersey for disrribution to USS. view-

ers. Though not inténded, the signal also was being bounced .

. from Telstas across the Atlantic to Efigland and France.

Next day the experimental sftellite relayed.the first TV pic-'
‘tures westward from ‘Europe, black-and-whites from both
Ftance and England, and within a week the first in ‘ color. Be- -
fore the month was out, mass audiences on both sides of the

- Atlantic watched with awe the first jﬁ?:erna'Mal exchange of

, \\ . S live TV. Viewers in Europe saw the Statue of Liberty, a base-

‘. , ‘ _ ‘ . ball' game between the Phillies and the Cubs in Chicago, a
¢ ! . | - - press conference by President Kennedy, buffalo foaming the . ¢
Sl e ‘ . ‘South Dakota plains, the Mormon Tabernacle. Choir singing

/ P ; . : fromy Mount Rushmore "Americans, in turn, got glimpses of -

AU A T Bxg Ben from one¢ "of London's Thames bridges, the Coliseurn’

' o ' 6 in Rome, the Louvre in Paris, the Sistine Chapel in Vatican

' - '  City, Sicilian fishermen reefing their nets, reindeer rodming

near the Arctic Circle in Norway. ' )
_ 'The uouble with Telstar (and its early successors) was that
’ " it could be used only when its relatively low-altitude orbit of .
< . .- . 945 by 5600 kilometers (580 by 3500 miles) brought it

‘ ‘ _ within range of both U.S. and European ground stations for a -

few minutes during each 158-minute circuit of the globe. This

. o problem was solved the next year by the Syncoms, whose

. : . .
@ . : )
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12 speed in circular orbits of 35 800 kilometers (22 300 ‘miles) - Scanaing rhe whole Barth, the LANDSAT

above the equintor kepe pace with Earth's rotation, so thge che .- ¢ assessed plansiary resources,wnd gavé cluesso >
X changes that were takingplace. '

. spacecratt scemad to hover stutionary over the same place on
Lafeth: heace the description as geostationary or geosynchro--
nous. Thus one satellite could be used continnously by ground = .
Stations within its view, which covered almost a third of the
globe. The Syncoms sct the pattern for mort than fifty -com- » .
mercial and research ~communications satellites launched dut- @
ing the nexe fifteen Years. . - . )
Before the end of\'thc'l(ﬂ()s a global commupications satel-
lite system, Intelsac, was being used by newfly 100 countrits-—
from Afghanistan to Zambin-—to exchange TV news, tele-
phone calls, and business data. It was continuously expanded
. to meet a growing demand for services. More than a billion
people, one out of every four on Earth, could see n major evept
as it happened: "live via satellite.” Worldwide investment in

communicatons satellite systems was more than $1 billion,
and revenues were more than $200 million a year. Despite in-
flation, international telephone calls were cheaper’ than when
the first Intelsac began service in 1965. ..

In 1972 Canada launched the firse space telay station whose
{\ﬁic:un vould be tocused to fall within a single country. It now
has three such domestic communications satellites and a net-
work of fitty ground stations serving the entire country, in-
cluding tar northern settlements tormerly reached only by
unreliable radio. Four companics soon were operating domestic
communications satellites in the United States, and a dozen
other countrics had them. In some developing nations it was
casicr 10 make a phone call o a city a-thousand miles away
than to the next town.

Mecantnie, a series of NASA research sacellices demonserated

« how space communicatiops could be wseful for such varied
purposes as transmitting educational programs and medical
instructions directly to isolated villages via  low-cost local

receiving stations; providing emergency COMMUNICALONS i

disaster arcas; scarching for lost aircraft and disabled ships and

- guiding rescuers, to them; exchanging classroom  lectures” be-
tween colleges thousands of “miles apart; directing air trafliq

far at sea; and bringing businessmen in different cities face-to-

face eleceronically for two-way conferences, saving travel time -
y } & Perched jauntily on its carrier 747, Space Shuttle Enterprise

-~

and fuel ) » . » Y stops in Texas on its way to the Gape. Crowds were heavy at -
Weather obscrvation from orbit quickly followed space - cach stop, for the U.S. public bas high expectations for the -
. communications into cveryday operational service to ;\}illig)lls"- &uins to be made by the new American space transpors,

¢ .
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" Qther sacellites (@ biwo-ton
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Nimibus is shown below) studied
behavior of the atmolphere.
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been photographed daily from space, and no tropical storm has
escaped detection and tacking. Thousands of lives and billions
of dollars-—~there is no way to count them precisely-—have

been saved by improved forecasts, carly storm and flood warn- __
ings, reports to shippers on wind conditions and iccberg haz: -

ards, advice_to Farmers on when o plang, icnigate, futihzc,

spread insecticide. . -

- One kind of metcorological satellite circles the globe on
north-south tracks, looking down’as Larth turns uaderncath.
Its reports are assembled by camputers in the United Stites,
to make a complete picture of worldwide weather condi-
tions cvery twelve hours and also are trangmiteed directly to
hundreds of inexpensive local stations in scores of countfies as
the spacecraft passes overhead. A second™kind of weather sat-
cllite, in geosynchronous orbit, appears o stand !l in space,
keeping continuous watch ont large arca-—two of them cover |
all of North and South America and the adjacent occans. They
return a fresh picture every half hour, day and night, 1o pro-
duce, among other uses, the timc-lapse movie strips now com-

- monly seen on television weather programs.

Besides cloud cover and movements, weather sacellites re-
port air and sea-surface temperatures, wind speeds, atmos-
pheric pressure and moisture content, rainfall, snow cover, and
icc fields. Same collect data from uneended sensors and gauges
in remote arcas, at sca, and’ on billoans. The pictures and
measurements ‘are used not oﬁly for routine docal, regional,
national, hemispheric, and global forecasts but also o track
dangerous  fast-moving  storms: hurgicancs and  shogt-lived
severe thunderstorms that may set off tornadoes. '

In the mid-1970s observations of large wheat-gtowing arcas
of the world from both weather and sagtural-resources survey
satellites were combined with surface ihformation to measure
acreage and ‘estimate yields inea successful demonstration that
crop forbeasts could be imp:;)vcd with data from space. In-
formation was gathered not only over the United States but
also over Canada, Russia, Ching, India, Australia, Brazil, and

“ of people uround the warld. Since 1966 the entite Barth has 13

.

-

Argentina. Obviously, carly production estimates made . regu- - -

larly in this way could be of significant help in planning food
distribution and avoiding the market shocks of unforescen
shortages and bumper harvests.

Pictures and computer data fron a series of Farth resources
survey smcllm,ﬁ .md .nlqo from the manned Skylab space sta-
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tion were used in dozens of ways in the 1970s to hefp federal .

" agencies, state and local gofernntents, regional planning N o
~ duthorities, private industry, and foseign .countries manage. - I S
. =%- Jimited natural tesources and monitor the threatened environ- o - S R
mde MRS e L
Examples A . o ' ' S I ' ‘ '
T J Mapping mountain 'Snaw covet ‘to forecast sptmg ru:wﬁ e : _, ;.‘ BRI : , .
- - available for irrigation and power genemuen A B o R I
* . '® Detecting oil slickg at sea; - N, . e . e YooY S
s . Compxhngaglebal atlas of g’lacxex’s Lo T S A
G, R e -Making m%nmnes of standing timber dnd gmssiands e o . St
e Monitoring offshore dumpxpg of sewagesiudge and indus-. Y e e e €
L trial wastes, - . . L . IR
s, ‘® Mapping floods to help in evaluatmg damage and planning o e - I
St relief; - L _‘. e S . e
‘e Checkmg on the envu'onmental effects of developmg new . - . el o Lo T
- .+ energy sources, such as strip mining; . S ' o ' ‘ o
| © @ Detecting potential earthquake zones as an axd in planning
" future construction; . . A d o o
. ® Measuring forest-fire damage and the gxtent of ciea:-cumng - . ‘ : T SR UPUIRE
= . and gypsy-moth defoliation; : . o S . e R p
" ® Tracing air pollution and lake silting; - B T e SR : ,
. Magpmg land-use changes’as an aid to wiser urban plan- . - I )
' mng, ) | L ;
: - ,
L
b .
et . H &
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"Gathering data by satellite is speedy. Hére cold and Winds
bave pxledwp ﬁ‘ﬂ ice oﬂ :be east shore of Cbammh Bay

.
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Detailed land-use map GW“ of four states
shows 11 categories of use Y growth, invaluable
to locat governments and planners, It was made in
days from LANDSAT duta, would bave taken

 months and cost 10 to 15 times as much if based
on conventional aeridl, {.{betos.

.. Countmg and meagurmg the area of dams anci lskes
~=® Watching glaciegs for signs. of rapid movements that could

e € e

.

sy 3

..

- dam up melt waters and [ifer catise floods;
® Mapping uncharred coastal shoals - that, could cndange:
- . shipping;
® Making and updating o:heg maps an\ﬁ' navxgatmn charts
- Makmg low-cqst soil surveys and geologic maps. .
" The savmgs, compare& with the cost o.f “aerial" su:vcymg, .y

made mappmg from space am’amve, New Jersey, for m%s—‘
bea

-

saved 32 8 mdhan by. using satellite } :mages tocalculate - ', o ’
eronqn ‘Ancther state found, that foutteen space pictures abd. . -
“one atd . a half man-yem‘: of work, c&stmg §75 000, could . _‘V»,'Q

p:oduce a Tand-use map that would have taken 20000 gir-
- craft photos, forty-four: man-yea:s, and -$1.7° million.

Half a dozen foreign countries built their own ground sta-
tions for Teceiving transmissions ditectly from the Earth survey. -
., satellites when overhead. All the picrures: and dgta were put
cn sale to anyone anywherte by the Us. Depdrtment of In-
serior. To no one’s surprise, the biggest buyers were oil and
‘mmmg compames looking for likely new places to drill and
dig; orders were strong for information on the vast uncxplored’
reaches of Alaska. Clearly, monitoring Earth's shrmkmg nat-
ural resources from orbit was the next area of, space activity
‘ripe for routine usc. Govéinment agencies and private groups
began discussions of how an operational service, like those of

.



« 16 communications and weather sueelliges, should be organized SRR f
and managed and the information distributed. .
Other Earth-oriented  satellites demonserated  space-based h

. navigation for ships and plates; made precise measurements
of the globe's size, shape, bumps, and hollows;_detected slightJ LT By T T e
movements of large land masses—tectonic plates—in search . . R ' : _
of the causes of carthquakes; collected data on acean surface- . _ N o .
~winds, currents, and waves; measuréd the daily héating ‘and a . [) Soo ' C o
. cooling of rocks for clues o oil and mincral deposits; mapped, : ‘ . ) ' T
worldwide air pollution; and--in a’demonstration—-tracked . .
an arctic explorer and his. dog sled across the North Pole.”
The military services put up their own satellites for rapid
global communication and  reconnaissance o vunfy arms-
v qontrol agreements. . s

This quick skereh of Amerjcan achievements in space dur-
g the 1960s and “70s has emphasized activities leading to
immediate benelies in daily Living. Much of thomoney, man-
power, and. ingenuity spent on the nation’s spage program,
however, during the years of reliance on expendable launch
vehicles, before the toming of the reusable EQhu{tlc, was de-
voted o scientific exploration of the solar system And the
universe beyond and to demonstrating that man can live and
work in space.

\)“ ’ v ’. - b - -(‘ ‘ - .- P
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The results were spectacular und pomntmlly lcwuldmg 17
~Increasingly complex x automated laboratorics, from the first
simple Explorers to the almost- huma Vikings, mapped inter->»

planetary radiation and magnetic ficlds; analyzed the turbu-

dent Sun from above Earth's obscuring blanket of air; photo-

v C t X - graphed the entire Moon from lunar . orbit, then landed

~No longer a total mystery, the Moon has given way ¢0 ;,ently on its cmtercd surface; observed Venus, Mcrcury, Mars,
unprecedented sciensific assauls. Here Apollo 15's Scoss aml “and Jupiter Ll()SCllp and sent back magnificent pictures; tested
Ireingxplore the Hadley-Apennitio site. - the Martian Soil for signs of past or presehe life; and probcd
the heavy atmosphere of Venus down to the planct’s broiling
surface. Orbiting  obscrvatorics  extended , enormously. the

depth and. breadth of astronomers’ vision and discovered

mysterious energy sources at incredible distances. New knowl-

edge of other worlds will lead to better understanding of our

own, as obsgbations of other planets™ atmospheres arc already

opening fresh insights into the mechanisms of Earth’s weather.

A succession of twenty-cight US. manned flights from

Mercury through Apollo-Soyuz proved that people can per-

form useful tasks together in space and survive long periods

. of weightlessness without sertous or - lasting harm.  The

Gemini flights worked out the techniques of mancuvering in
orbit. Apollo's heroes, as all the world knows, explored the

Moon first-hand, gathered samples of its soil and rocks for

'.'_"\:m-.llysis back home, and set up science stations that continued
_to radio data long after the last men left. Three Skylab crews

" produced useful medical knowledge about the body’s reaction
to stress, studied the Sun with a large manned telescope and

Earth with multispectral scanners sharper than the human
eye, and demonstrated the -possibility of manufacturing in
zero-gravity new and better products that cannot be made on
‘the ground.

>
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- The handshake in ogbit by an astronaut of the last Apollo
and a cosmonaut of Russia’s Soyuz symbolized more than a
promise of futung inrernational cooperation in space. Amer-
ica’s program of the 1960s and "70s was conducted in the open

- and the resules shared with all the world. NASA launched

PR A i 7ex: Provided by ERIC

scicntific and communications satellites for a dozen natons.

- US.-spacecraft carried experiments by scientists of twice that

many countrics, ihcluding the Soviee Union. Two @undred

fifty foreign researchers ftom twenty-one nations participated

in Skylab investigations; 600 gciendific and technical groups
v more than 130 countries used images from the Landsat
natural-resources satellices. In a year-long demonstration a
U.S. experimental communications satellite transmitted edu-
cational television programs to 5000 villages in India where
most people had never seen a TV picture. As the ewo decades
ended, Canada and members of the Furopean Space Agency
were at work on major roles in the Shuttle-based Space Trans-
portarion System.

Mccting the’ time schedules, safety requirements, and per-

formance goals of space exploration stretched and pushed

American technology 1n all directons. Yankee ingenuity had
to come up with strong new alloys and composites, lubricants
that wouldn't evaporate in a vacuum, tong-lasting batterics,

tny yet highly reliable clectronic parts, ultrasensitive fire de-
- tectors, more cflicient solar-power pancls, compact computers,

foods that keep, fresh without refrigeration, high resolution
cameras, low-power  communications  cquipment, improved
welding and wiring  techniques, miniature  sensors,  light-
weight pumps, tougﬂ ficeproof fabrics. The list could go on for
pages. Thousands of innovadions in materials, devices, and pro-
cedures were destribed in NASA publications and catalogued

. in cgmputer-tape libraries open to U.S. industry. Hundreds of

then, called spinoffs, soon were turning up in commercial uses
and medical products from the silvery dome of the Detroit
Lions” new stadium o rechargeable heare pacemakers.
‘Spending od' space projects, including the Shuttle transpor-
tation system, stimulated the cconomy both directly and in-
directly. The. dollars were not shot off into orbit when they
might better have -been spent on Earth, as some critics liked
to say, but went mainly to pay workers—more chan 400 000
at the peak of the Apollo program—in every state. And be-

" cause acrospace wages were reladvely high, much of dhe

money tended to bcnp;lsscfd along promptly, creating more

Handshake in Earth orbit, above, be-
tuween US.A's Stafford and USSR's Leonov
symbolizes cooperasion between foremost
spaccfaring nations. At right, a hand-held
snapshot of Russian Soyuz spacecraft as
seen from a window of the Apollo com-
mand module. '
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jobs. Morcover, as cconomists have long known, technological 19
advance is the primary source of higher productivity and
* economic gfowth. High technology industiics also- contribute
more than others to the nation’s export trade, helping o offset
Cimports of raw nunerials, nuncrals, and fucls.
Bue perhaps the greatese gife from the space proneers
men, women, and children of all nations was a new view of
thejr. home planet. Presidenc Carter, at a ceremony in” which

“he awarded Congressional Space Medals o outstanding -astro-

nauts, cxpressed it chis way: . .

We went to the Moon, in part, as a matter of national pride.
But when we got there, we discovered something very interesting.
Through the eyes of the cameras of the astronauts, we looked back
at the Earch, above the strange horizon of the Moon in a pitch black
sky; we saw our own world as a single delicate globe of switling
blue and wheee, green, brown. From the perspective of space our
planct has no national boundarics. Tt is very beautiful, but tt is also
very fragile. 1t is our special respoasibility 1o the human race 10
preserve it. Of all the things we have learned from our exploration
of space, nenc has been more imfortant than this perception of the
essential unity of our world.
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-IF AMERICA MANAGED to do so ‘many things in space with 21
expendable ldunch vehicles, as recounted.in the previous” » .

chapter, why the Shuttle?. The: answer begins—but by no
means ends—with the lowered cost of sxmply dehvetmg pay-
'
Freight rates<for the Space Transportation System are
based on recovering its operating costs and the US. invest-.
ment in the Shuttle fleet and ground facilities, though not the

origindT research and development expense, over a period of
- twelve years. Under the resuljing price schedule, the Shuttle

wifl place satellites in otbit for one- to two-thirds the cost
of Jaunches aboard the Delta, Atlas-Centaur, and Titan rockets -
used fer* most recent U.S. civilian and military missions and

 NASA launches for other countries, The expense of keeping -
‘up a varied inventory of launch vehxc!es and thezr\dxﬁcrent

ground 'systems i$ elimin :ed. Based on traffic projections of
more than ﬁf‘(y Shuttle sa yeat when the system comes

. fully into use, the launch savings alone could be half a billion

dollars a year or mare, depending on inflation,
Since about 80 percent of the cost of space missions has

Been going into payloads, and only shout 20 percent into
launch costs, still bigger savings—30 to 40 percent of total

payload program costs—will result from changes in space- - |

craft design made possible by. the Shurtle's great cargo capacity

and by what it.can do that one-way launch vehicles can't.
Thanks to the Shuttle’s relatively gentle acceleration, de- .

- signers of the spacecraft it carries may be sble to use some

off-the-shelf parts rather than creating and restmg costly and

- rugged one-of-a-kind equipment. Because of the Orbiter's Iarge

payload bay and great lifting ability—twice that of the biggest
expendable vehicle commonly employed—satellites can be
simpler: less tightly packed, less limited in weight, Standard-
ized parts and modular components may be used, and virtually
the same spacecraft can be employed for differgat purposes
by changing only its cameras or other Sensors. @ Shuttle’s
ability to check out satellites in space while they are still in
the Orbiter and again after they are deployed, to repair them
in orbit, gnd to return them to Earth for overhaul also justifies
designers ‘in relaxing some reliability precautions, such as
redundant circuits. This too saves money. Studies of how past
spacecraft could have been designed differently if the Shuttle
had been available to launch and service them showed that
their .costs could have been reduced substantially.

27
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Still other ‘payload savings are possible. Working models  Space Shirle launch costs compared to (d) the Atlas-Centasir )
of instruments intended for long unattended operation in orbit @74 () sbe Delta launch vebicle (1975 dollars).
~ can be deployed and left in space for weeks of months, then T '
be retrieved and returned to, Earth for examination and re-
working ‘if necessary. ‘This will improve the reliability of
future satellites and lengthen their lifetime at little cost while
also reducing the time for develqpment and ground testing. 20
Prototypes of new instruments can also be tested in space for  costin”
briefer periods while still attached to the Orbiter. Persistent ~ millons
_. problems can be pursued with early reflights. Satellites can .
" be retrieved at the end of their planned mission for refurbish- 10
‘ment and reuse. Or modular components can be replaced in
4 ~ orbit, reducing our-of-service time, without bringing back the s
. ~ entite spacecraft. Satellites can be updated in orbit as tech-'_:
\'\ " nology advances, increasing thexr performance and prolonging oY
their usefulness. Centaur -
‘When- all launches are made aboard the Shuttie and all i, I . .
spacecraft are designed to take advantage of its capabxlmes, ' , E .
v there should be greatly reduced risk of costly total failuses: o - B | .
<n spacecraft operations. Even a failure of the Shurtle vehicle : ‘ -

-

25

Snuttie Deta  Shuttie

itself need not be. catastrophic: the crew could carry out one
- of the abort procedures described in Chapter 7, landing safely
‘with the paykﬁd intact. A study of 131 failures of the 1960s
and '70s found that seventy-eight of them, related to the
launch or to malfunctions early in the mission, could have
been detected during checkout in the Orbiter or just after
deployment. They wetre problems’ that could have been cor-
rected immediately or by bringing the spacecraft back to the
launch site for repairs. The other fifty-three were lafer failures
or erratic behavior that could have been corrected by retrieving.
the satellite for repair and relaunch. : A
< ‘An interesting e:gaqufe was cittd by the deputy director B
~ of NASA's Shuttle Program, LeRoy E. Day. Two out of three ’ :
4 Orbiting Astronomical Observatories launched between 1966 |
and 1970 suffered fatal mishaps. A battery charger failure
after two days on the first OAO could have been corrected
by returning the satellite from orbit and repairing it. The
third one- failed to reach orbit’ begause the shroud that pro-
tected it during launch wasn't discarded at the right time;’
this would. have been avoided if the Shuttle had been’ the
launch vehicle, since the spacecraft would have ‘been carried
-inside the Orbdter and have needed no shroud. The second
- OAO performed beautifully, but even the problems that

. . . , . -
~ - . \




Early piggyback flights, and later drop tests, were dorm y
g mﬁwmly and syitematically, because of aerodynamic PTES
taingies. Note fasrings added vver Sbustle’s main engines, ani
- the clearance burdle imposed by the 747’: sadl mbd:zer and
. rudder.

\-

" occurred beyond its’ plzmne& opera:mg lifetime could - Tave =

been cortected in orbit, extending its service, if the Shuttle -

i ‘.hadbeenavniableanddmspacemfthadbeeﬁdesxgnedfm,

such maintenance., S
TheShutdchasod:e:umquevzrmes.Itmbcprepsxcd

for launch on :clanvciy short notice. Thus it could conceivably

carry out a fescue mission, one Orbiter bringing safely home

the crew of another Orbiter disabled in space and unable to
" return. It can be sent off quickly on a special mission to gather

information needed in an emergency on Earth, such as a flood - |

or crop blight. It requires no elaborate and expensive opgra-
. tion at sea to recover the crew;after each mission, as in Apollo
' andctherpas:mannedﬁxghts.Andztcantakcmmmd-
- engineers into space routinely to conduct their own experi-
. ments and observe the results first-hand, to test instruments
~ of their own design and make immediate ad;us:ments. The
“mission plan can be changed during a fhght to cope wxr.h

problems or take advantage of opportunities.
Both the Orbiter’s lacge weight and volume capacity snd

- the price schedule for flights encourage dse of the Space Trans- .

portation System by a wide variety of customers. A number
of sga:ecraft X bef carried on the same flight, and sharing

by diferent users is encouraged. Experiment packages intended

to remain within the cargo bay can be fitted in with primary. -

- payloads. To stimulate early use, rates are frozen for the first
three years, and ate the same for U.S. and foreign commercial - -,
" firms; later they will be adjusted annually on the bas# of
_ operational experience. A user that books a full flight and

finds there is some room Ie.ft over can sublet it. Discounts

‘are offered’ to shared-flight customers who agree to fly their . -
" payloads ori a space-available (standby) arrangement. Appli- R

cants who propose an exceptional new use of space or.a first-
time use of great potential value to the public are considered

. for special rates. NASA has established a small technical

gtoup to advisg and help people with little or no expetience
in space research.
Small self-contained experxmems will be flown as standbys

* for $3,000 to $10,000 (in 1975 dollars), depending on size
,and weight. Of the first 250 reservations, a quarter were for

educational purposes and a fifth were from individuals plan-
ning to test new concepts in the space environment. Some

‘were donated to high school and college students developing

expetiments as part of their academic work. Fifty-one were

N




24 fmmfogcxgmihun . es:,Germany; Depmark, the United King- |

- dom, Cdnada }apan, Israel, and Egypt. The payloads must be
for. xesearch or dcvek:pment—-—-m commercial gimmicks. Said

the or of NASA's Space Transportation System Opera-
tions, ﬁhestep M. Lee: "We have had to turn away a few

specujators who wanted to send up hunks of metal and later -

sell ‘gieces as souvenirs or who wanted to send up postage
stamjps and® sell thém at high profit.”

¥

A, about a fourth for the Department of Defense, and
{rest for other US. government agencies, U.S. pnvate

ks, large dnd ‘small, are expected to include communications
orks, - reseafclf’ foundations, universities, observatories,
te agencies, county and city planners, public utilities, farm
bperatiyes, medical research groups and health’ services, the

ﬁ&hmg and transportation industries, oil and mining interests,

mmfacmrmg and aerospace firms, chemical and pharmaceu-
v tical companies, water conservation and power generating
: authomzes and private citizens. Deve.%npmg countries can
begxp spate programs of- their own at affordable costs by

ghagx;xg Shuttle missions wich other users and flying modest

1at are exposed to space from the Orbiter, then

move up to more ambitious pxo;ects like domes~
~

System, then, come not oniy from reduced

launch, spacecxaft, operations, and man-in-space costs. They

will come\&:d rom both the increased and wider use of
. space stimulat ready access to reliable, frequent, flexible,
. economical mfo-wa,y freight and passenger service between
Earth and orbis. And‘ they will come, ultimately, from new
ways of using .space:;including uses not yet thought of.
NASA Administrator Robert A. Frosch e tO a committee

', »of Congress about changes in the basxc approach to space

flight:

For twenty years we have had to reach for the benefits of space
in small, expensive, prepackaged increments. Eack mission has been
‘such an increment, with its long lead time, one-way transportation
system, weight and volume constraint, demands for reduﬂdanqr,
extraordinary test rigors, and conservative failure margms . The
carly Shuttle missions we will see are relatively s:rmghtforward
evolutionary extensions of present approaches. . . . It will take time

.

early projections, about half of the payloads will be for’

' nizations, and foreign governments or companies, /Civilian .

’from America’s investment in the new Space .

“Ina special change-out room, pcyload: are reyaaxzcd and
dsﬁereﬂt ones m.rtal!ed with the l&ut dday

-



'szload iacmrs af]ectmg Space Shuttle economics expressed
“in percerthge of S'buttie beneﬁt over expeﬁdable vebicles.

) engstl
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expenmentssmnh:tothosewcuscondmgmund because ‘of the
easy presence of the human experimetsr, supervisor, techaician, or

mchmﬂhvemmptmnhm:nmofdmm -

missions, each with its own spacecraft, its own cnntml crntcr. its own

- ground network, its own clientele. . _
" In parallel with the changes in how wi will be operating in

space’ﬁ% the mphamons for what we can do there. Peshaps ‘the
best ‘current example in science is. thatr of the space telescope. .

It is imiportant to sealize that astronomers haveheenphnningfo: '

the telescope since the mly *60s—and that only the advent of the
Shuttle ‘révisit for orbimal maintendnce has made it pmcnal. The .

..'spacetclepcopcxson:ﬁmfuxhtymspue,mwnotmuchme :
. remote from human attention than the more limited. xnstmments
'wehawbmttmmmnmpsmund&ewld.... '

We\m at the begioning of another :evolutmn md:y 25 .uu

one in communications. It would be sppeopiste to term this the
“second communications revolution,” since the satellite developments .

of the past fiftren years havc already completely chasged domestic

and international pom:-to-pmnt telecommunications trafiic. . Jns: -

around the corner . . . is the next quantum jump in this ﬁeld
The geometry of :he ﬁorid and the space sround it, coupled wmh

the techiological capability to build large antennas and supporting
facilides in spacé while vastly simplifying and reducing ground = -
termingdssize and &complexity, make the possibility ‘of -hemispheric. -
interconnéctions at the "CB" level a reality, Cnnnepts of publicservicé -

telecommunications like electronic mail, mediéal information service’

before we recognize thet we can sfford in space an appeoach to. 25

delivery, continuing interactive educatiog,and broadly based informa- . . | L

tion access now await xmpiemenunon«*émans mthe: than (ech-:*
nological feas:bxhcy demcns:ratmn :

, .
Designers of cammercxal communications satellites are stud-
ying concepts for future ones that would be four times heav-
ier than today's and twice as bulky. The larger designs relieve
many of the problems of packaging antennas and providing

- more area for solar cells for increased power. They should be

more efficient and more reliable, and provide addmonal
channéls. ¢ . :

Frosch spoke also of a "global information system” based
on remote sensing of the land, sea, .and air from satellites

* launched and maintained by the Shuctle. T think that rather
than having individual satellites for individual purposes,” he

said, “we will more and more see ousselves as building a
multipurpose system of satellites and sensors, with the means

for broad-scale data transmission and archiving and pro@e{smg :

data into information. This type of system would look at all

‘features and characteristics of the entire surface ‘of the Earth

and ity atmosphere that can be sensed fmm space. With this>
. -

A\l
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: vemnh:y, we would be able to provxde a variety ofjata to

different users.”
High-resolution remote sensing of namral resources from
‘space will extend uses of such information that were demon-

strated during the 1970s (Chapter 2). Instruments aboard '

- Orbiters and a new generation of Earth-looking satellites will
. be able to detect crop and timber diseases and insect plagues,

map ocean currents and temperatures that affect the movement -

of fish, maintain a' worldwide watch on air pollution, proyide

information for experiments in weather modification and het-

ter understandmg of climate, and fotecast globai producnon
- of several food crops. :

#+,The Shuttle also permits mearchers to extend their inves-

tigations of how the unique conditions in space—virtually no -

© gravity, near-perfect yacuum, very low vibragion—might be
used in manufacturing products that are difficult or impossible
to make on Earth, Some ideas were tried out in Apollo, Skylab,

- and Apollo-Soyuz and in brief mckct -flights with promising

Jults. Government, university, and “fiidustrial scientists are

" planning both untended and hands-on experiments in Space-
1lab (Chapter 8). Moss-of these seek to take advantage of the
- lack of gravity. In ¢
of materials of
separating, as they would on Earth, by the heavier ones sink-
ing to the bottom. Liquids may be floated freely during proc-
essing without being contaminated by reaction with containes.
Large, flawless crystals can be grown without being distorted
by their own weight as they form.. Future possibilities for
 commercially valuable products include composite materials
and metal alloys, electronic and optical crystals, new kinds of
glass, and bioiogical materials for medical research and tfeat~
ment. : :
An entirely new activity seen as possible with the Shﬁttle is
the building of large structures in space. Size and weight need
no longer be limited to the payload of a single launch vehicle.
A serics of Shuttle flights could deliver structural members
or modules to orbit for assembly there. An Orbiter could serve
the construction crew as living quarters as well as provide
electrical power, communications, and data processing. One
or two electro-mechanical cargo-handling arms, attached to
the Orbiter, could assist the space-suited builders in moving
large pieces into place. Because there's no gravity, space struc-
tures could be very large yet relatively flimsy without collaps-

+

wei}htlessness of space, liquid mixtures
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F.mzs BEFORE EVEN THE FIRST- SPUTNIK, scientists and: 28 .
“aeronautical engineers recognized that econamical, every- -

day use, of space-would require a transportation system em-

. ploying vehicles that could m.ake tepeated voyages into sPace

and return.
Newspapers in 1947 carried a series of magmmve ‘stories .

+ describing “A Trip to the Moon and Back” that showed air- .
plane-like rocket ships. In 1954 Colliers magazine published . °
- articles by Wernher von Braur and his associates populasizing

the idea and economic advantages of Earth-to-orbit cargo
. ¢arriers that would be recovesed for repeated use. A’ paper-
~ given-at the 1958 meeting of the Ameritan Rocket Society.
was entitled "Commerc;ai Rocket Airplane: A Connec:mg
Link to Manned Space Flight.”

Howeves;-the technology needed for building returnable;. .

_reusable spatecraft was not yet in hand, particulacly knowiedge .
of how to design long lived, high-performance rocket engines

and insulation that weukint burn away. in 4 single: fiery re- - )

“entry into the atmosphere The urgency of ballistic missiles
and the perceived need to compete with the Russxans in’

‘manned flight, moreover, kept American emphasis’ in the |

1950s on conventional rocketry. One program to advance the -
technology-——called Dynasaar, for dymamic soaring, using a

vehicle that would bounce off the upper atmosphere, like a.
skipping stone—was begun by the Air Force but cancelled.
NASA studied an idea called Head-End Steering. This in-

.voyed putting a man-carrying, flatiron-shaped lifting body on
~ the nose of a big rocket of very simple design.. Expensive

guidance and control eqmpmem would be located in the lift-
ing body, which could maneuver in the atmosphere after its
reentry from orbit and be recovered for repeated trips—but
the booster tocket still would have been expendable. This -
scheme was dropped because it didn't scem to offer much
advarjtage over the simpler ballistic-capsule approach being
workell out for the Mercury, Gemini, and Apollo programs.

By the carly 1960s engineers studying the weight, propul-
siof, and’ thermal problems saw no practical way to design

a single aircrafr-spacecraft that would make the trip into orbit-
by itself with worthwhile loads and return. An economical
system required two vehicles: a reusable cargo carrier plus
some kind of booster to help it into orbit. Whether the booster
also should be reusable was debated at length, Juxtaposed

articles in the January 1963 issue of. Astronantics magazine
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‘emphasized the greater qperanng economy but higher originéi

de‘velopment costs of “a wmged recqverable rockeg, 4powe:gd
- launch system.”

Through the decade uncountcd engineers in Eutope as well

as the United States pondered various proposals for wholly

‘or partly reusable Earth-to-orbit transportation concepts. The
- European Space Research Organization (ESRO)—now the.

European Space Agency—initiated studies involving industrial
groups throughout western Europe. Titles of somie of the
papers given at a US.-European conference on Low Cost

‘Space Transportation in 1967 indicate the wide variety of ’

ideas explored: “French Concept for. an Aerospace Trans-

~--porter” ., . "A West German Approach to Reusable Lausch-

Vehicles” . . . “A British Reusable Booster Concept”', . . “Air-
Breathing Reusable Launchers” . . . “The Enigma of Booster
Recovery—Ballistic or Winged?” . . . "A Comparison of
Fixed Wing Reusable Boojter Concepts.” Meantime, aero-

“space technology was being advanced by flight research with

the X-15 rocker plane and litting bodies, operational experi-

-ence in Mercury, Gemini, and Apollo, and the development
‘of supersonic military and transport aircrafe, A series of studies
“for NASA, reported at 2 Space Shuttle conference in Wash- .
ington in the fall of 1969 concluded that building a reusable

—

0
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Concept of a reusable spamsh:p:bat could land like  plane
is far from new, as drawings from ‘1947 Sacramento Bee beiowu
suggest. Many different engineering variations like the one at
sight, below, weve examined, caloulated, and wind-tunnel-tested.

Tbe Orbiter Enterprise, r:gb: is the prodwct of years af de::dop

mens work, |
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- that 2 major objective of the U

| space transportanon System was now beccmmg techmcally

feasible and economically justified.. = .

" Befors even the first Apolio flight, U.S. policy planners were

shxftmg their sights to low=cost use of space for practical
oo & The President’s Science Advxsory Committee in

involving pareial or total recovery and use.” In September

1969, two months after the first Moon landing, in 2 report

to a task group estabhshcd.hy the President to outline the

fumre of the U.S. space program, NASA recommended buitd-

ing ™. ,". a low unic-mission-cost transportation system that

:would make Earth-Moon.space easily and economically ac- i 71--\"25:-1
“¢essible to man - for his use for exploration, applications,

 science, and technology research.” The head of the manned
flight program, George E. Mueller, wrote: “No law says space
must be expensive.” In

A space program was to.reduce
_ substansidlly the cost of space operations. A reusable trans-

- ‘portation system to shurtle between Earth and orbit was iden-
| tifitd as a way of achieving this,. ~  *

Two years of detailed feasibility, engmeermg, and eccnoxmc

~ studies by NASA, aerospace companies, and academx@@ﬁ@ups' |
focused on a fully reusable two-stage, piggyback vehicle thas

would take off vertically and-land horizontally. Each stage

. would carry its own fuel in internal tanks. When the first
stage ran out, the second stage would continue its climb into’

" orbit while the first returned to land on a runway. Since no
tanks were to be dropped, the pair couldtake off without
‘concern about passing ove} populated s in the early part
of the flight.

Each stgge 'would ‘have a ctew of two. The second orbital

stage could carry, in addition, twelve passengers, since one
of its main jobs would be to ferry replacement crews, as well
as supplies, to a permanent space station. The cargo bay would

be big enough to.carry up modules from which the station -
_could be assembled in orbic. Both stages would- have new

high-pressure hydrogen-oxygen rocket engines, two or three

+ for the Orbiter and ten or twelve for the booster. The engines

would be capabie of repeated use and of being throttled back
to half power to keep acceleration during ascent to less than
three times normal gravity.“This was important for crew and

1970 ‘the Fresxdem announced

passenger comfort and would permit carrying less. rugged,

ANEE
g sl

"’:'Fe‘bm:ry 1967 said: “For the longer range, studies should - -
be made of more economical ferrying systems, presumably )




and therefore cheaper, gaylba& that-would not be damaged '

by high acceleration and vibration. Engines were recognized

‘as the pacing item in the Shuttic\deveiapment,as they proved

vmbe

Two configurations for the Orbiter were -considered. One

had stibby, straight wings and was designed for reentry at a
high angle of attack, which reduced exweme heating from

- air friction but also reduced maneuverability from side to side .

of the descent track that might -be needed for an_emergency
landing. The secqpd .was a delta or t:nangular'\sha

crossrange manéuvering but also causing greater heating of
the nose, leading edges,"and underside of e fuselage and

thus complicating the problems of dgsigning adequate thermal

protection. "Thes systems analysts, weighing advantages and
- d&ivancages, chose the delta shape.
' e very success of Apollo in beating the Russians to the

Moon, and the subsequent trend toward reducing the annual

cost of the ULS. space program, then forced a major change

in the Shuttle design. The ultimate operating cost of a fully -
. reusable vehicle would be lower than that of systems using -

some simpler, expendable elements; "but the original develop-
ment costs would probably have been more than $10 billion

—1971 doliars—for two large piloted vehicles, both possess- -

ing features of a rocket launch vehicle and a supersapic ait-
craft. This seemed more than successive admxmstramons and
Congresses were likely to provide.

A search for ways to reduce the cost came up with a smaller,
more efficient Orbiter with external, expendable hydrogen
tanks; and the booster’s top speed was lowered to permit the
use of less expensive heat, shielding. These changes cut the
‘prospective price about 20 percent but not enough. So both
the liquid oxygen and liquid hydrogen tanks were removed
from the Orbiter in favor of a single expendable combined
tank, divided to carry both propellants, further reducing the
Orbiter’s size and development cost but not its performance.

With the Orbiter configuration essentially settled, the final .

major decision was to resolve the booster issue. Charles J.
Donlan, a leader in these studies, hgs described the interlock-
ing engineering and economic tradeoffs and choices:

Partly to save money and partly because of worries about
the safety of the booster crew in the event of a malfunction

or aborted flight, the planners decided to give up the manned -

. ape that
~could reenter at a lower angle of attack, permitting greater

One of dozens,\xbg Orbiter design a right bad some charag-
seristics of the ome chosen. Shown below are drawings of the
' 'cqmplg:e launsh vebicle now preparing.




boeSter. An unmanned one then presented the choice of liquid- 33
" pfopellant or solid-fuel rocket. motors. Liquid engines in a
eries-burn configuration; where the Orbiter engines would
h ignited after the booster had shut down and separated,
were compared with solid rockets that would be ignited simul-
raneously with the Orbiter engines at lifroff and burn in
parallel during the initial ascent. X . v
Because of the high price of g liquid-fuel booster, it would
be important that each one bg recovered, refurbished, and
reused. This was not so critical for the cheaper solid-fuel -
rocket. In effect, the cost of discarding a liquid booster would
be so much greater than discarding a solid that its use would
impair the ability of the Shuttle to maintin the low cost of
recurrent operations that was its major objective. Recovering
a liquid booster would also be more complicated and expen-
sive. Most of all, while the cost per flight would be higher
L » . with recoverable solid boosters and an expendable hydrogen-
wL A oxygen tank (fueling engines of a recoverable orbiter) than
' with the fully reusable vehicle originally favored, their choice
wwould cut the program developmerit cost almost in half. In the
face of tight budgets, the decision seemed obvxous. :
On January 5 1972 the Pxesxdent stated

SPACE
SHUTTLE

t

- The Um:cd States should prixeed 2t once with the development of
an entirely new type of space transportation system des:gm;d to help
‘ransform the space frontier of the 1970s into familiar territory,

easily accessible for human endeavor in 'the 1980s and '90s. . . . It
will revolutionize transportation into near space by routinizing it
. It will take the astronomical costs out of sstronautics. . . . This

is why commitment to the Space Shuttle’s program is the right next
step for America to take. ’ '

Separate solid-fuel rockets for abort from the launch pad’
and flyback jet engines for the Orbiter were later dropped
to simplify the design and save weight, but other changes were
minor through $even years of development, elaborate tumng
and initial production.

The three-part configuration sclected by NASA on March
15, 1972—reusable Orbiter, partly reusable Solid Rocket
Boosters, and expendable External Tank—is essentially the
Space Shuttle of today.

39
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“the gasiest part of the Shuctle’s journey. Itifollows a famshat',_g"i :

. patern tested by, earlier manned flights and htindreds of une . L
- manned-ones: simply deng oﬁ\pam of the vghxcie, as, ;hey SIS
. N L P A
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- use on a mannéd spacecraft, and the first designed for reuse. It
.« is assembled from seamless segments of half-inch s::e.!, lined .
: with heavy insulation, that are filled with pmpeliant at, :he

i

binder that also serves as a fuel. It is not sensitive to ignition = ...

-
Lo
-

mous- power required, getting: intd spa:e is in. sc.\m@ ways

run out of fuel, while the rest continues intw'orbis, |
The first to go are the Solid Rockeér Boostez's. T
‘Standing 45.5 meters from nozzle to nose}'and 3.7 meters in 7
dmme:er (150 £ by 12 ft ? the ,boosm's are ‘attiched near.

.thexr ends. to the External Tank, slightly talier and rwvice as- :‘ .
. fat, which-in turn is attached to the Otbiter. A Shurtle boaster. "

is the largest solid:fuel rocket ever down, the first buile for * ‘~

manufacturing :site in "Utali and- slnpped on railway flat cars

to the” Kennedy- Space Center for. assembly-——o:, £o¢ smth- ' \

north ﬁxghts Vandenberg Air Force Base north of Los ,Angtf‘es o ‘
The propellant looks"and feels like the hard rubber of a R

:';_typew'txter eraser. It js a migeute of aluminum powder a§ fuel, =~

atuminuh Perch'mt? powder as. an oxidizer, a dash of fron'
oxide as a catalyst o' speed thie burmng rate, and a paiymeg‘. S

by static, friction; of impact; anid it will not detonate durmg o
storage. The- case ‘segments are loaded from a single lot of
raw mntenais to minimize any ;hmst imbalance between :hc ‘
pair of boosters used for a given Shutcle flight, - K
“For launch, the propellant—500 000 kilogtams (1100 000 - L

N Ib) in each booster—is ignited by a small rocket motor. Flame .
‘spreads over thé exposed face of the propellant in about 0.15
second, and the motor is up to full operating pressure in iess'_

than half a second. As the propellant buens, at a temperature
of about 3200° C, huge quantities of hot gases speed through
the nozzle, which restricts their flow and increases the pres-
sure, producing thrust as-they spew from the exit cone. The
two boosters’ thrust of 5200000 pounds augmehts the

. 1125 000-pound thrust of the QOrbiter's: three main engines

through the first two minutes of ascent. The propellant is
shaped to réduce the thrust briefly by abouc a third at 62
seconds ifito the flight, to prevent overstressing the Shuttle
vehicle:- dutmg the critical transonic period of ' maximum
dynamic pressure. >

The nozzles, each 3.76 meters (12 ft) in diameter at 1ts

1]
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opening, can be swiveled hydraulically up to 6.65 degrgcso‘dn.
‘command by the Orbiter’s guidance computer to controlsthe
direction of thrust. With similar swiveling of the Orbiter
‘main engines, this steers the entire Shuttlé vehicle. The outside
. of the boosters is insulatcd agaiost the heat of air friction dnd
‘thie, blast of the Orbiter engines at separation :with an ablative
material that bur:;s away in temperatures {ha: reach 1260° C
Aftet sburmng out, the Sofid Roxker Boosfers are cut loose

“fram the External Tank by electrically fired explosive devices - .

and are moved away by small rocket separation motors, four
_near the nose of each and four aft, fired by command from th&
" Orbiter. The spent boosters coast upward and. then fall Earth-"
" ward’ for almost four' minutes, reachmg a 5peed of 4650
.knlometess an’ hour (2900 mph ) before bemg slowed by
. atmospherxc drag From ‘about 4.7 kxlomezers (3 mx) each is

.. . . - «

S

" Huge External Tank feeds fuel and oxidizer bo the three

engines until spacecraft is jusd shy of orbital vedocisy.




lowered by a succession of: parachutes, the ‘thiree ‘mains 35 -
metets in diamerer (115 &), deployed from the nose on signal
. fiom a bharomewjc-pressure switch, to a splashduwn cf abou: o
.- 95 kilometets an hour (60 mph). : "

~ Since the empty rocket enters the water with the nazzie
down, air is trapped in the upper énd ﬁqgt it upright until

- one of two recovery vessels, smnmcncd;_ y a radio beacon and .,
. flashing light, am:hesflines‘to tow. it back to the lauach .
center. There the booster is taken apart-and the rocker seg-.”

. meénts are shipped to the Utah factory, where they are cleaned

out, inspected for cracks; pr&ure-twed tehned, relaanie& and
. ffﬁ'ShlPPf?d to the site. When ‘the rocket throat and nazzle”_

* also have been relined with ablative insulation, the p

~ washed and tepacked m&othetpmr&fmbxshedmmpme‘dy: ok
theboosterxsreambledtoﬂyagam.memmmcm:e,* ’

L
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chremonai controls, and electrical syseem ace planngd for
twenty flighes,'the recdvery system for ten.

_The second element of the Shuttle that is d:scatded during
ascent to orbit, and the only major Part ot used again, is the

External Tank. As tall (46.8 meters) ‘as a fifteen-story build-
ing and as big (8.4 meters in diameter) as a farm silo, the

tank contains the liquid hydrogen and liquid oxygen ghat fuel .
-the Shuttle’s three main engines in the stern of the Orbiter, .
‘and forms the backbone of the ‘entire vehicle during launch.

-~ The tanks are built in. a former Saturn plant near New

Orleans and shipped by barge to the launch sites, those for the

West Coast. going through the Panama Canal.

~ .Made of aluminum alloy up %o 5. 23" centimeters (2 in.).
~ thick, the External. Tank is actually two propellant tanks -
A Cannected by & cylindrical collar that houses controi equip-

ment, The ‘hose curves to a point tipped by a ligh rod.
The forward tank is loaded with 529900 liters (140 000

‘gallons) of liquid oxygen, chilled to minus 147.2° C, weigh-
ing 603 983 kxiograms (1330000 b). The one forming the -
aft section, two and half tigpes Iarger contains 1 438 300 -

liters (380 000 gallons) of liquid hydrogen at minus 251° C.

“This weighs only 101503 kilograms (223000 Ib) because ,
" liquid hydrogen is sixteen times lighter.

The tank’s outside skin is ipsulated with spray-on polyure-
thane foam that reduces heat transfer into the tanks that

_ could cause excessive boiling of the propellants. It also helps

prevent the buildup during launch preparations of ice that
could shake loose in flight and damage the Orbiter. An

ablating material that chars away protects the tank’s bulges.

and pro;ectxons from friction heatmg durmg ascent through

7the atrnosphere. -
Horizontal baffles in the oxygen tank prevent sloshing that =

could throw the vehicle out of control, and anti-vortex baffles

 like fan blades in both tanks prevent the formation of whirl-
pools that could let gases, rather than liquid propellants, inta

the 43.18-centimeter (17-inch) pipes that carry 242 000'liters

(64 000 gallons) a minute to the engines. Propellants are fed |
~ to' the engine pumps by the pressure of gases formed by con-

trolled boiling in the tanks and, during flight, by vaporized

* propellant gases routed back from the engines into the tanks.

For cost saving, most of the fluid controls and valves are
located in the reusable Orbiter rather than the expendable
External Tank.

With the needed orbital ve.locity carefully compyted gsd e
the External Tank cut free, maneuvering engines now ém\ig__ oo
:ée Orl:wer np io the exm :peeé meded fer :im msma# '
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o~ Heavy, temperature-resistant windows givé astro-
mants @ view :st_f,bs fram ’

113 kilometers (70 mi) above Earth. There, eight minutes

ping when it hits the upper atmosphere and to assure that it

.

Afrer the Solid Rocket Bocgms separate at 50 kilometers J
(31 mi) altitude, the Orbiter, with the main engines still fir-
ing, carries the Exfernal Tank to near osbital velocity at about.

after takeoff, the now-empty taok separates and falls in a
planned trpjectory into the Indian Ocean on missions from the;
Kennedy Space ‘Center or the South Pacific on flights from
Va.ndenbetg Air Force Base in California. Venting of ugysed
oxygen controls the. tank’s rate of tumhimg to prevent sk:p- :

will break up and fall within the demgnated ocean areas far
from busy shipping Ianes. ' 24

A s




, M
-
R .
. v .
. : t
* -
i
. . ’ . * .
W ‘
. .
‘. €
LT
L . Y
3 )
M v
i R ia o
Y
/ .
» .
5
é N
Il
‘ . ¥
B [}
*
.
. ) A .
. EPRALLE
v t . ¥ .
. . - :
. e
L 2 . .
: [
B .
N
[t
- -
. :
. M £
.
- N ‘ ¥
* Y -
- "

ERIC - o ) -

. .



K74

The

Amczzzng

Orbzz‘er

portation System support ar depend on, looks like an air-

oy

craft: forty-nine engiftes, twenty-three antennas, five com-.

puters, separate sets of contxols for ﬂymg in space and in the

' air, electric-power generators that also produce drinking water.

“The thick-bodied, delta-winged aerospace craft is 37 meters’
long, has a span of 24 meters (120 ft. by 80 £t), and wexghs
=abdut 75 000 kilograms empty :( 165 000 Ib). Its ‘cargo bay,
18.3 meters-long and 4.6 meters in diameter (60 fr by 15 fr),

>

can deliver single or mixed payloads of up to 29500 kilo- ¢

grarhs (65 000 Ib) to orbits of up o 370 kilometets a}umde.,
or smaller- loads up to 1110 kilometers (230 mi to 690 mi).

It can bring payioads of 14 515 kilograms (32 000 1b) back .

o Earth; and it can .cargy ‘out a Variety of missions lasting

- seven to thirty days. It normaiiy carries a cgew of three astro-
natits and one. to fous ‘scientists or technicians to manage A

N .

the payloads. .
The airframe is mostly aiummum protected by reusable

: ‘surface insulation. The main sections are the forward fuselage, O
. containing the air-tight crew module; -the cafgocarrying mid- 7
fuselage, with full-length overhgad doors; the aft fuselage, o ’
including the engine thrust structure and the body flap that
' controls the craft’s pitch in atmospheric flight and shields the -
main engines from the heat of air friction during reentry;
" the wings, which house thgmain Iandmg gear; and the vertxcai

tail. o &
The forward fuselage is made of aluminum alloy panels,

frames, and bulkheads, with window frames of machined -

parts attached to the strugtural panels and frames. The crew
module, which will be described more fully in the next chap-
ter, is machined aliminum alloy platc wich integral stiffening
stringers. It has « side hateh for normal entry and exir and an
airlock from the crew living detk into thc unpressurized

- cargo bay.
~ The mid-fuselage is the  primary load-carrying structure

between the forward and aft fuselages, The skin is machined
and honeycomb-sandwich panels and the frames a combina-
tion of aluminum panels with riveted or machined integral
stiffeners and a truss-structure center section. The upper half
consists of the cargo hold doors, hinged along -the sides and
split at the top centerline. Made of grépixite~cp0)ky composite

~
17

S
W

_plane and acts like one during the last minuges of Hight.
But it'is far more complex than .the most sophxsacateé air-

_' THE OR‘Bs'rﬁn, which all other elements of the Space Ta 41‘ ik

s
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“frames and honéymmb panels, they mccrparate radiators that -
.- are exposed to space when the doors are open ro-dissipate heat

- from electrical equipment in the Orbiter and payloads.

The aft fuselage structure, which carries the main-engine |

. " thrust loads ta the mid-fuselage and, during - ascent, to the

External Tank, is a machined aluminum panel with 2 truss-

- type internal structure df titanium reinforced with  boron

“epoxy. The wings are constructed with a corrugated spar-and |
truss-type rib internal arrangement and skin-stringer stiffened
-aluminum alloy. The vertical tail is. A two-spar, mu}tisfib;
stiffened-skin box of aluminum alloy bolted to‘the aft fusclage

atsthe two main spars. The rudder and speed brake assembly,

‘divided into upper and lower sectxons, is alummum honey-

comb panels.

Insulation tough enough to pmtect the- Orbiter and | ns crew

from the searing heat of repeated reentries had to be invented.

I Carlier manned spacectaft, thermal buildup was controlled
by shedding glowing bits of the heat shif®itself. But NASA _
asked for materials that would last. through 100 missions . -

- before replacement, and effective enough to protect. the alumi-

‘num substructure beneath for 500 missions. The answer was
‘a special tile-like insulation that reflects away heat so effec-
tively that when one side is cool enough-to hald in your bare

hands, the other side can be red hot. S

Two types of insulation cover the top and sxdes of the

Orbiter: blocks of silica fiber with a glassy coating and flexible
sheets of nylon felt coated with silicone. The tiles, around

2.5 centimeters thick and 20 centimeters square (1 in, by .

7% in. square), protect the aluminum surfaces up to 6507 C,
the flexible insulation up to 370° C. The coating gives the
upper part of the craft a nearly white-color and. has optical
propertics that reflect solar radiation. Similar tiles with a
different coating protect the. bottom of the spacecraft and the
leading edge of the tail up to 1260° C. The higher-tempera-
ture coating gives the underside a glossy black appearance. Top

and bottom, there are morte than 32 000 of the tiles; for which °

the Orbiter has been called “the flying brickyard.” The nose

and leading edge of the wings, which get hottest of all, are
covered with a material called reinforced carbon-carbon

(carbon cloth impregnated”with additional carbon, then heat

treated and coated with silicon carbide) that protects them
up to 1650° C. . : _ v

‘‘‘‘‘‘‘
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Bulk alone is « scant clue to differences ip these three engines.

The F-1 was in Saturn V's first stage, used kerosene, and had

to work for minutes; the second- and third-stage ]-2 used

bydrogen, also bad a short design life. Shuttle engines (SSME),
. vastly more efficient, last %55 flights befove overbaul,

v L

‘The Orbirer’s three mam engines, developed by the Mar- . 65 |
. shalf Space Flight Cenn:r, which created che great Samm v

Moon ‘rockets, are the most advanced rocket e ever
built and the first designed for repeated reuse. - thrust
for “weight is the highest of any engine yet deveiopcd. and

they can operate for up to seven and a half hours of accumus-

lated firing tiine—fifty-five flights—before a ‘major overhaul.

‘Four and 2 third metcxsmllandﬁ!‘imc::rsmdmmetern
‘the 8are of the nozzle (14 fe by 8 ft), each produces. 375 000"

pounds of thmust—equivalent to about six and a half million
horsepower-—at the rated power level used for most launches
and 470 000 pounds thrust in the vacuum of space. The thrust

“can be varied from 65 to 109 percent of rated power to tailor :

the performance to different loads aad tw keep acceleratmn
within comfortable bounds.

L S

Space Shuttle
engine

Mouhted on the Orbiter aft fuselage in a triangular pattern,
the three engines can swivel 10.5 degrees up and down and

‘85 degrees from side to side during flight to change the -

direction of their thms:t and, with the two Solid Rocket Boost-

ers that assist during the first two minutes, steer the Shuttle
as well as push. They continue to burn for six minutes after -

the boosters are dropped off, each minute drawing about
47 000 galloss of liquid hydrogen amd 17 000 gallons of
liquid oxygen from the External Tank.

* “The propellants, ignited by devices similar to spark plugs, °

are burned in two stages, bemg partly combusted at relatively
low temperature in prcbumers and then completely burned

- at high temperature in the main combustion chamber, of cach

\.——"‘ v

e

51 °

e
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46 ‘engine. Propeﬂants aue fed under hxgh pressure . by turbine

pumps driven, by hot gases from the preburners. Operating
© pressure in the"main combustion chamber is 3000 pounds pes
- square inch—four times_ that of previous rocket engmes——as
the fuel burns at 5515 C

Each engine i5 controlled through a pair of computers

~ (primary and backup) that monitor its operation. They com-
_pare actual with programmed performance fifty times a sec- . -

ond; automatically correct any problems or safely shut down

thc engine; receive commands from the Orbiter's guidance -

and navigation computers for engine start, throttle changes,

and shutdown; ‘and keep a record of the engine’s operating -

 history for maintenance purposes.

Two orbital maneuvering engines in 9xtema1 pods to the
left and right of the upper main engine each produce 6000
pounds of thrust to speed the Orbiter up to orbital velocity
after the main engines shut down and the External T ank
drops away. They also supply energy to change orbits, rendez-

vous ‘with other spacecraft, and return to Earth. They burn

. monomethyl hydrazine as the fuel and nitrogen tetroxide as
the oxidizer, which ignite on contact when ‘mixed, requiring

no starting spark Propellants are force-fed to the engines,
i+ from separate pairs-of tanks in each pod by pressure from a
" tank of gaseous helium. The engines can be used separately

or together and can be swiveled plus or minus 8 degrees to

control th

fifteen hours of continuous firing.

Batteries of small. rocket engines, called reaction control |

~thrusters, in the Orbiter's nose and near the tail provide atti-
“tude control in space and precision velocity changes for the
final phases of rendezvous and docking or orbit corrections.

Along with the ship’s aerodynamic control surfaces, they also
~ control its attitude during reentry into the atmosphere and
at Qigh akitude. In the nose are fourteen primary reaction
control engines, each of 870 pounds thrust, and two vernier
engines of 25 pounds thrust for fine tuning. Aft, twelve pri-
maties and twa verniers nestle in each pod beside the maneu-
‘vering Lngme Their propellants are thé same as for the
maneuvering engines, and though the reaction control thrust-
ers have their own tanks, they can also draw on those of the
maneuvering engines. Each primary engine is designed for

100 missions, 50 000 starts, and 20 000 seconds of-cumulative’

thiter’s direction. They-ase designed to be re- .
usable for 100 missions and are capable of IOOO s:a.rtﬁ and -

i

- 8 ‘c.
i e .

Meticulous instadlation of beat-resistant eilés is
fussy. Almost no two siles are alike; their backs are

© comsoxr-machined. Closeness of ﬁ: with msgbbor
- fng tiles is wxcd. L
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Mazin gear touches as the Enterprise comes in
deads stick from an early landing test at Edwards
Air Force Base. Nose wheéls will soon touch.
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firing, each vernier engine for 100 mmons, 500 000 smrts,

and 125 000 seconds of firing. .

* Internal power for the Orbiter. is supplied ‘by separate
electrical and hydraulic systems. Hydraulic power is generated
by three pumps geared to gas turbines driven at 74 160 revolu-

tions per minute by the decomposition of hydrazine as it

passes over. a catalyst bed. Hydraulic actuators move the ele-
vons (wing flaps), body flap, rudder/speed brake main-

engine valves and swiveling mechanisms, landing gear, wheel
brakes, nose-wheel steering gear, and devices that disconnect

the propellant lines from :he External Tank to the Orbmet
on separationt.

Electricity for everydung else, frem computers 1 the pay-
"'Ioad.mz_xm lating arm, is generated by three fuel-cell power
plants. Developed in earlier manned flight programs, fuel

. cells generate direct cusrent through the ele¢trochemical reac-
tion of hydrogen and okygen. Electrical power needed may

e
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>3

.



N o “ o - \ k . N : R

s.. 48 vary from~20 t ‘;5() kilowatts durm}, the ten-mitiute x\socm Cnrgo l.my 5 ddapml)lc k0 an mﬁmw twwty bt %mbs. Tidus the ..y

"« to orbit and the half hour of recntry and landing, when mose_ Joad planpod for second mpcnmem‘dl orbital ﬂ‘&g»’;:,a.gql_qmou e
:@ payload equipmeit is turged off or on standby, up o an aver- of lost dnstrweonts, - -

« age of 14 kilowatts und peak of 30 kilowatts when the *
B equipment is in ()pcmtlon in orbit. A vahtable byproduct of
e e the fuel cells is deinking water for thé’ crew_and pn.sscng(,rs._.
« , The Orlmcrs cavernous cargo hold, Wlth payload attach- &

ment points alonggits full length, is aduptable. enough w0
accomniodate™Rs many as five unmanned spacccmft of various
‘- % sizes and shapes on a single mission, instruments that view

Farth or upper space from within the hold when the doors
~are open, small sclf-contained experiments for a variety of ... -
| users, or a fully cquipped manncd scientific laboratory, Space-

“lab, described more fully in Chapter 8. The Orbiter supplics -

them with electrical power, fluid and gas utilities, heating and

cooling, data transmission or storage and displays for the pay- .

load specialists aboard, and communications with ground sta-

“tions. Lor instruments that make their obscrvations  from
platforms in the payload bay, the Orbiter’'s computers fige

- the small vernier attitude-control thrusters to maintain pomt.' i
o ing accuracy within half a degree. g
. Using radar, the Orbiter can. rcndczvous from 560 ktlo-

meters away (350 mi) with a coéoperative target, like die . : .

space telescopg, or from about 20 kilometers (12 mi) with L c; S RERE . R

a passive ong, like the Long Duration Exposure Facility, both  + 7 = S o e

- described in ‘Chapter ‘1. Voice commuunications, television 7 . B . ‘\ ' L
signals, %ul scientific and engineering data are transmitted Lo . oL

and received on five frequency ‘bands through seventeen to . B ol

«  twenty-three antennas, depending on the mission, to and from-- D ‘

- free-flying spﬁcccraft being deployed, scrviced, or retrieved; ¥ ¥ . . . I

~to astronauts working.in open space, in their pressure suits ' I ' i

" and mancuvering backpacks; to two ‘tracking and data relay ' . e _

satellites, to be Jaunched on cacly Shuttle operational flights; ' ., o .

and directly to ground stations for use by coatrollers. ,md S R . .

LI experimgnt managers at the’ Johnson Spice Center, the God- C I

‘ _dard Space Flight Center in M 1ryland .md thc Jct Propulsnon ‘

Laboratory in Californja,...- - e | ) ,

Satcllites can be lifted out of oL h'mlcd into thc catgo hold - _ s - ve e

with a:manipulating arm controllcd remotely. from thic Orbiter ' L o o
flight deck. A second iumi.m be msnllcd on"ché other side B o s

~ of the hold for-ngissions’ on which very large or awkward pay- : X - ‘

 loads must be handled. 1)('§Ié,l'l(.d dcvélopcd, and - built by i : ' . _'
Canadian mdusm.ll firms undcr the dll‘(.‘(ll()u .md funding @f '. _ ' . _ L R

-~
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';-xs - robot human arm, 15 -meters’ lou,g (50 ft) ‘wjth jomts
at the shoulder, clbow, and. wrist, each operated by six electric -
_motors. Tt.ends in a device that éngincers call the “end effec- '

* that can take hold of a spacecraft to be deployed or U
gmb one flying oqtsxdc Tclcvxsxon TAMICIaS On the lower- urm T
“and hghts in the cargo. bay hclp the. astronaut nmssmn ‘special-: s
ist guide the arm's movyepents:from a-station on the flighe
“*deck. The arm could be used to rescuc the crew from a dns-;w,

‘abled Orbiter or to help assemble structures in space. There
is no doubt that this ingenious electro-mechanical extensnonf"’?‘
of men’s brain and muscle will _perform’ vuluablc service in.-
‘years to cothe. . What is vastly less’ tertam xs that‘.we wdl :
..accuauy call xts hand an end ¢ﬂcctor._ L '

. Multumssion satelfhto-bemg,.daployad by the Orbtter i5a rtaw tdea
' l Vg basse geneml—purpo.re “sasellite thqt can be tailored (and femtlored)
lm wany duﬂe(em ijI It w;ll fed‘:(. e the Iq;gb costs of Jatellues

._-a"
N ’
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ONCE THE SHUTTLE has campleted its tnal VOyages,. the S
list"of those who may go into space wxﬂ be greatly en-
larged. No loﬁger will travel beyond Earch's secumy blanket
of annosphere be restricted to 2 select popula:im,_af phgsx
cal.ly perfect and intensively trained astronauts. L
Acceleration stresses felt by “the Orbiter's crew and_pas-,
sengers during Iaunch and ascent to, orbit are neyer more :han
“three times normal gravity, only a third. of the peaks hit on

. earlier manned ﬂxghts and well within the physical limitations

of non-astfonaut scientists and technicians, who now }9_\
“into space’for the first time to tend their own experiinents

* there agd observe the results. The spacious cabin (71.5 cubic’

>

meters: 2500 cu ft) provxdes separate working and hvxitg
quartérs supplied with o:dmiry air-~22 percent oxygen; 78
“percent nitrogen—at standard sea-level pressure of ‘147
'pounds per square inch and comfortable temperatures of 11°C
to 27° C. Theshumidity is controlled, and gdors and carbon
dioxide ar¢ continuously filtered out\ .

"The upper section of the cabin is the flight deck ftom
* which the Shuttle is controlléd and most payloads are handled.
" It somewhat resembles théscockpit of a DC 10 jetliner. There
is.a conventional pilot-copilot arrangement of forward-facing
~ seats for Te ship. commander (on the left) arid pilot, TV-like"

displays,&nd duplicate sets of conventional- looking hand con-
wollers, pedals, levers, and sthches with which either astro-
naut can fly the craft alone. ‘During ascent and réwurn the
mission specialist, who is also a NASA astrfgpaut, and the
non-astronaut paylodd specialist, if there’s one along, sit
‘behind thegpilot and commander. - .

Behind and alongsxde the seats are four standup duty sta-
tions; two facing aft with windows and a windowless one
along each side of the deck, where the crew and payload spe-.
cialist work while in orbit. Looking aft. on the left is the
‘rendezvous and docking station, usually occupied by the com-
mander, containing radar displays and controls for maneuver-
ing the Orbiter close to another spacecraft. Alongsidet, to
the right, is the payload handling station, with displays and
* controls to manipulate, deploy, release, and capture payloads.
The crew member at this station, usually the pilot, can open
and close the payload doors; deploy the cooling radiators;
deploy, operate, and stow the manipulator arm; and operate
~the lights and television cameras in the payload bay. Two

k3 - -
TV screens display the pictures from the remote cameras.
: L\
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The mission statior, just behind and to the right of the ‘
pilot's . seat and occupied by the mission specialist, contains ' -
controls to manage the Orbiter’s interconnections with pay- e
loads and their equipment that is critical to the Orbiter’s ’
“safety. The station. is equipped to monitor, command, control,
and communicate with -payloads attached to the Orbiter 6r
ﬂymg nearby; a caution and warning display alerts the crew ‘ . o
members ta maifunctmns in payload comtponents. Orbiter - . . L e
functions that are not immediately critical to the flight can R ‘ | '
also be managed from here.

On the opposite side of the fight decix behind and to the
"left of the commander’s seat, is the payload station, occupied
A'by a payload specialist whenyThe mission requires one. Pay- _
loads are checked out and malaged-from here_and the station ' ‘ .
includes a surface two meters square for removable displays ‘ ‘
. ~ and controls that can be changed for different payldads on
© different missions. A cathode-ray-tube display and keyboard

fof communicating with payloads through the Orbiter's .data-

processing system may be added. Electrical power and air-
coné:txofﬁ‘xg for payloads that necd them are regulated from
this station. Lo
The Shuttle’s flight is controlled by what aerospace engi- ‘

. neers call fly-by-wire: there are' no old-fashioned rods, cables, ' .
" or hydraulic linkages. Movements of the pilots’ hand control- '

lers and pedals are converted into electronic signals and, like : 1

the programmed instructions for automatic flight, are routed

- through computers. The computers relay commands to the
/ ~
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operations, and reentry or to the Hydraulic actuators that

operate the elevon flaps, rudder, and speed brake during-de- o

scent and &nding. Data on the vehicle’s performance, ?m,itud,e,
position, acceleration, velocity, and direction flow to cockpit

_ displays and to the computers from rate gyros, accelerometers,

star trackers, inertial measuring units, thrusters, thrust-direc-’
tion controls, air-speed probes, radar altimeters, and air navi-
gation and .microwave landing systems. Four computers
(there’s also a backup one) process the same data simulane- -
“ously. Each compares its computations with those ef the
others and agreed-upon commands are sent to. the appropriate
control actuator, 1f and whep there is disagreement, the dom::"

32

“computer are ignored. - ~ 5 Tt
The cabin mid-deck, reached through an open hatch from
the flight deck above, is the livipg area. (It also contains -

- much of the Orbiter's electronics gear.) Here are three extra

sgats for additional Rayload‘speciaiists’ when the Shuttle 'is
carrying the manned Spacelab. Along the left side of this
deck are the galley and a washroom with a toilet. The galley +*
includes an oven, hot and cold water dispensers for preparing
frecze-dried foods, storage for- seventy-four kinds of food and *
twenty beverages, places for drinking cups and eating utensils,

a shelf for dining trays, a water tank, and trash bins. On the
right, besides boxes for the crew’s personal things, are three
bunks and 4 "vertical sleep station.” On a mission to-resCue
the crew of another Orbiter stranded in space, thé bunks couid
be removed and three morg sedts installed. The total of

ten scats, stk here and four on the flight deck, then would

accommodate the rescue flight crew of three and the maximum
‘of seven from the disabled craft. e~ o "
A lower scction of the cabin module, beneath the living
quarters and reached through removable floor panels, contains
more storage “space -and the Orbiter's environmental-conerol J
equipment. - . S
From the back of the mid-deck an ajrlock—a cylindricai‘gf
compartment with air-tight hatches” on oppesite sides—Ilcads
into the cargo bay. Astronauts in space suits enter from the
cabin and close the hatch on that side before opening the
other one, thus preventing cabin air from escaping into th‘c :
unpressurized bay and the vacuum of space. Handrails, hand
holds, and foot restraints at various locations in the cabin,

.
te
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- +space by the arm. during deplpyment, refurbishment; or re- -
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airlock, and payload bays help the weightless crew members,
scientists, and technicians to move about . and work as if neu-
‘trally buoyant underwater. They can go along a handrail

.

on'the load-manipulating mechanical arm to work on a pay- - -

“load at the far end of the bay, to reach a satellite held out in

trieval; or to get at parts of the Orbiter itself that may need
ipspection - of servicing. ' ,' '

Backpacks worn with' the space suits provxde oxygen- imd’
sulx coohng for six hqurs, and the 'Orbiter cargies supplxes
for .two more six-hour . periods , of EVA— extmvehxcula:
“activity"—for two crew - members. A space-suited astroniaut

- manned maneuvering unit:to fly outside the cargo bay. Wxth

~ this hand-controlled propulsive-device he can. reach a neatby

'loads or their components; installing, removing, o§.
ring film cassettes, materials samples, protective covers$hand
‘instruments; operating equipment, tools, and cameras; clean-

free-flying satellite, transport cargo of moderate size such as
may be required for servicing a“spacgcraft, or retrieve small

biter’s attitude-control thrusters. The maneuver: .
ing unit's own low-thgust nitrogen prapellant causes mmxmal
disturbance and no contamination. *
EVA tasks may include: msPemng and photographmg pay-‘
sfer-*

" ing optical surfaces; conncctmg, disconnecting, and stowing
‘fluid and electrical lines; repaxrmg, replacmg,-cahbratmg, N

" and inspecting modular equipment and instruments; depioy*—,

" ing, retracting, and positioning antennas, booms, and solar-

.. it impdssible or unwise o continue the mission to its full o

power panels; transferring cargo-zp?rformin'g Xxperiments
in the cargo bdy; and’ possibly refairing some damaged or
_malfunctioning Orbiter mechanism in orbis..

In case of serious trouble during asceng to orbit that made

duration, the Orbiter is expected to get back tosEarth with
its personnel safe and its payload intagt.. .
If a decision to cut the flight short had to be made during

the first four minutes-of powered ascent on the main engines, _

they would if possxble be kept firing until the vehicle reached -

an altitude of some 100 kilometers (60 mi). There the

atmosphere would be’thin enough so that the Otbiter, with

the, External Tank still attached, could flip over and pomt

backward toward the laiinch site. Continued engine - thrust
)

-

..caq also wear on his back a pezsbnai gocket kit called the

free-fiyers that may be sensitive to perturbation or contamina- .
. tion by th

4

c ‘\- ) ST
Landiag runout «ppewrs to pose no problems deipite absence
of reverse thrust. This was second drop test, with dstronauts
Engle and Trily.

-
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would slow the tail-first velocity to zero and then accelerate
the vehicle, nose first, back toward the launch site. When it
. reached the point where the Orbiter alone could glide home,
“the engines would be shuc down and the tank jettisoned into
"a not-toobusy ocean area selected ahead of lime. A computer
guidance program for just such an emergency would control
critical mancuvers until the Orbiter glided within range’ for *
/ﬂﬁ,rhc' crew tq make 4 manual landing on its usual base runway, _
~ “about twentw minutes after liftoff. . "
. In a mission aborted during the last half of the launch
phase there would be enough thrust left to power the Shuttle
to just shétt' of orbital velocity. The External Tank would be
droppeq into the normal disposal arca, and the Orbitlr's. tra-
jectory wWould take it once around the globe for a nearly
normal reentry and landing on the home runway about nigety
minutes after takeoff. If the trouble came in the last few
minutes of ascent, the tank would be dfscarded into the

« planned area and the Orbiter would make orbit, maybe at

a lower algitudc than planned, by firing its orbital mancuver-

» ing cngines longer than usual. The mission, though probably
shortencd, mighe last several days and ‘would conclude with
a normal return to Earth. | ’

If an emergency during orbital operations required urgent .
return, the crew could decelerate from orble-promptly but in
the normal way and, if not within range of heme base, come
into one of stveral air fields with long, strong. runways that

NASA has lined up as emergency landing sites.
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THE SPACE T:RANSPQRTATIQN SYSTEM is, broadly, the 57 =

Shutti&—-()rbmer fuel tank, and la\mch boo@éers—-plus
everythmg that goes with it: :
'® Spacelab, in which scientists and techmcums of many
nations -can conduct their own xme,nts beyond Ea_rths
gravity and, atmgsphere; . R
‘® Optional flight kits of special eqmpment and extra supplies,
such as additional tanks of fuel for maneuvering, to enhance -
 the Orbiter’s performance) and extend its_stay in space; . -
® The payload manipulating arm described in Chapter 6;
.® A modular spacecraft ‘that can 'be outfitted with dxﬁ‘erem
sets of instruments for a variety of missions; '
® Rockétsto’ “propel Shuttle payiaads to- hxgimef arbxts Ot on
', their. way to other. planets; .
* A complex communications nctwo:k
® Launch sites and service facxlmes,

® Ingenious cargo handhng equxpment to speed ground-_"

operatxons, ) . . _
® Ground control’ centers; o oy

. ® And the management structure ‘to put them aH together

into 4 working system.

The head of NASA’s Office *of Space 'Ixfansportatxon Sys-'

tems, John F. Yardley, has compared the operation to running
‘& scheduled airline with aspects of a charter Service.
- Twenty to thirty percent of all Shuttle missions will cafry

some parts. of Spaceiab a versatile orbiting laboratary for .

manned: and automated ges&zrch in the low-gravity, high-

~ vacuum environment of space In its laboratory .module men

"apd women working without space suits in a comfortable,
Earth-like atmosphere will conduct scxcxmﬁc and technical
experiments in close cooperation with .Lcﬂeagues on the
“ground. Its development is financed by tén European nations
undcr the European Space Agency. Agreements with the
"United States ‘provide thar ESA’ design and build one Spacelab
as well as iss test and ground cquipment. Others that ~may
be ordered later ‘will be paid for by the U.S. NASA is in
charge of operations. The European countries involved are
Austria, ‘Belgium, De&mark, West Gérmzmy, France, Iraly,
the Netheslands, Spain, Switzerland, and the United Kingdom.

Like the Shuttle itself—but unlike Skylab—Spacelab is -

reusable, designed to,be launched and returned with the
Orbiter as many as fifty times over. a life of ten years. It stays
in the Orbiter throuéhout the ﬂzght is exposed to space when

8 -
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58 the big cargo doors are open in orbit, and is removed on the S _
_-ground for rearrangement of its elements and changes of . ' -
instruments and equipment for dxfferent kinds of missions. -

~ Spacelab’s main elements are the pressurized -laboratory,

« . which affords shirtsleeve working conditions, and an .instru-
ment-carrying platform called the pallet, a sort’ of open back,

. porch, that exposes materials and equipment directly to space.
Each of these is segmented for mission flexibility; either can

' “be flown alone or in more than Half a dozen dxﬁerent com-

. - - binations with the other.
®nesegm§ntofthelabo Oy
. . 1% .5;":\.'
L ment hous@.:& 3&{;\ proeemmg

tions, the maxxmhm Qutsxdc length 1S 7 meters (23 ft)
ty . § L Y Y,

. N
: . . ”
. * : Y . . .

N

. vy : 3 . . . ‘
, A . ) . c ‘, . . . . . .

M

-t

Experiment module

" - Support module
¢

i\ w Tunnel adapter . o .
*

. : Spacelab design features.

Mockup of Spacelab :md drawing show one of many
paméle configurations, - -
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Ability to combine many tasks is a special virtue of the Orbiter, -

- Here a Defense Department spacecraft is réleased, soon to ascend
t0 its oun orbit. Aboard for later deployment are 6ther satellites,
including an Advanced Radio.Astronomy Explorer.

s
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As many as ﬁve pallet segments can be flown at one time, 59

ach three meters (10 £t) long. They serve not only as p K
forms for mounting instruments but also can coo equipment,
" provide electrical power (genemmd by one of the Orbiter’s
three fuel cells), and furnish connections for commanding
experiments and acquiring data from them. When pallets
alone are used, equipment for essential services for the éxperi-
" ments, such as a power. distribution box and cemputers, are
* protected in a small pressurized, temperature-controlled hous- -
ing called the igloo. Equipment and experiments &an be setv-
xced, if necessary, by astronauts, in space suits. The pallets
are used for large mstrumen:s—-{elescop&s, anteninas—and
experiments.that require direct exposute to space or néed un-
obstructed or broad ﬁeids of view. An instrument-pointing
systein provides attitude control and- stabilization for experi-
- ments,that requjre more precisé pointing than is possible with
the Orbiter controls. Pallet experiments can be controlled ,
from the laboratory module or the Orbiter flight deck or from
the grpund through the Orbxters communications; links. .
\ The laboratory module ¢an accommodate three people reg-
xaﬂy and a fourth for brief pu-xods, such as a change of
shxfts. Handholds, handrails, and. foet restramts help them
work in the most convenient body position and move about
o  safely. The ovsrheaﬁ structure contains lights and air: ducts.
The air is at sea-level pressure, as in the Orbiter, and is kept
at 18 to 27° 'C. At the work benches are electrical outlets,
laboratory-yw# élis;xmsers, writing instruments, paper, and
storage- cﬁrmem for equxpment kae microscopes, cen-
trifuges, incubators, materials-processing furnaces, and photo-
. graphic apparatus. There are view ports and, in the top, an
optica | window and an,airlock, a meter. in diameter, for
. ~»extending materials and sensors into spage and retracting them.
®Spacelab missions will concentrate ‘on intensive, relatxveiy
short investigations that complement long-term observation.
programs using free-ying satellites. Examples are studies of
the Sun and solar wind, comets and novas, and high-cnergy
‘radiation from distant regions of the universe; measurements
of Earth's electromagnetic environment and upgbr atmos-
phere; experiments in space processing of industrial and bio-
medical products; studies of the effect conditfons in space
have on human beings, plants, animals, and cells; and—with’
the Orbitet flying upside down—testing and calibration of

sensors that will be used later in Edrth-survey satglites.

-
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A pressurized tunnel leads. from thé laboratory module to ,’.'v ' R - ; o -

the Orbxte}» ‘cabin, where the experimenters, called payload : . o . T
specialists, will live when off duty. Unlike the basic Shurdle - : - L S
- flight crew—commander, pilot, gnd mission specialist—pay~ . - - T DN

load specialists need not be career NASA astronauts. They : .
are scientists or technicians in reasonably good health chosen, : . . .
with NASA approval, by the designers and sponsors of the L s ;
instruments and experiments -to be flown. NASA gives them

several weeks of classtoom instruction and training in flighe = TR o

_simulators to acquaint them with the §hutte and its equip- , S

“ment, living. and ‘working conditions, ig space, safety and PR ' B .

medical procedures, ahd their roles in cooperation with other A _ . _
*members of-the crew in carrying out the planned mission. - : S R '
. The first five sclected for training wete two Amcrxcsns and - Lo o o / )
‘three Europeans: German, Swiss, and Dutch. | o | e
‘The Multimission Modular Spacecraft, although not cias- E o o o

sified by NASA as part of the Space Transportation System, - o o IR “;

is a versatile new unmanned workhorse 1o be carried inito
space-in the cargo bay of the Shuttle. Designed to take advan- - -

.
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Sateihtes orbited by the Shutde begin life with a silver #
spoon: the orbit is exactly right; electronics get a lust- minuie
" test; solar panels dud antennas are snfolded gzu: right. This'

L
i

~ and updating in orbit, i

tage of the Shuttle’s unique capabilities, it will carry its own
propulsion, stabilization, and guidance equipment. It . can

61 .

rendezyous with the Shuttle for servicing in orbit or for |

return to Earth for overbaul Fitted with mterchang&bie

instrumentation, the MMS can take on a variety of missions

oriented toward Earth, the Sun, or stars. A considerable pro-©

portion of all aucomated satellite programs of the 1980s
may use it. y
The spacecraft\xs a Icad—carrymg structure with modules

It is_deployed from

attached for power, cammunicatidns and data handling, and .~
attitude control. Propulsion motors for changing orbits, solar-
power arrays, and vagious kinds of antennas can be added.
Orbiter and recaptured for servicing .-

or return by the mechanjcal cirgo-handling arm. For servicing |

ents can be removed and stowed
and replacemepts inserted\by mechamsqxs controlled frcm the
Orbiter flight deck.

Two low-cost, expendably

‘ fer

beyond its reach. They're called upper stages, since they do
the work performed by the final, tdp stages of earlier Jaunch

destmed for missions near apd far.
* For a launch from the Shuttle, the upper stage and anached

; spacecraft are,pointed in the right direction by the Orbiter’s
attitude<ontrol thrusters, and are then gently ejected by .

_ sters are being pmduced to
propel . spacecrafe  deployed \from ‘the Orbiter ‘to altitudes

" vehicles. Both are solid-propeéllant ockets that come in dif-, .

~ ferent sizes and combinations for small to, Jarge payloads i

springs. At the proper place in-the circular orbit to achieve

the desired destination (over the Equator for example, to
reach geosynchronous orbit), with the Orbiter maneuvered to

a safe distance, the upper stage is:ignited by radio command
or a timer to increase velocity and raise the trajectory.

“The stmpler of these boosters, developed by industry as a
commercial ventire for sale to NASA*and other users, is the
Spinning Solid Upper Stage, so named because its stabxhty
and direction in flight are maintained simply by stnmg,

. -like a gyroscope. The rocket and spacecraft together are spun
up mechanically as high as 100 revolutions per minute, de-

pending on size, before being released from the Orbiter. Two
sizes are designed to lift payloads of about 1100 kilograms ot
about 2000 kilograms (2400 Ib-or 4400 1b) to high transfer
orbits, with the spacccmft then provididg propulsion for final

injection into geosynchronous orbit. Final weights on station |

87 ' . 4‘ .
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62 will bc ﬂbout 550 and 1000 kilogeams (1200 and 2200 Ib) .

"“'\:»;{.._\ | rcspcctlvcly Four of the smaller spinning solid hppgr, amgc'-: ‘,‘..:;.‘ ot - %
SR '='ot two of the larger model, with their- spacg’ afe, an be 7 o R T
i “carried on a single Shutcle flight. Om:: or two may also share . S 5

a flight with other paylogds. - ' _ : . ' 0

. A huskier booster, the Incrtial Upper Sta},c ns _being devel-
e _~ : opcd Dy the US. Air Force “for uscnw:th,b\oth militaty and . -+
c:vjlmn snacecmft As the name implics, it has a_buile-ig
-‘guidance and prepulsion ;ystcm for stability and flight contgol. .. *, .
"Using two or three solid rocket maotors, it can placc hcuvy 7
. loads—2270 kilograms (5000 1b) or more-—in geosynchro-

aoul or other high-altitude orbits. It can also Anject spucct.mft
mnto trajectorics for.the Moon or pl.mcts

~""'s Onc of the first assignmenes fot the Inervinl Upper Stage ..

25, . will be to place in gcosymhronous otbit Tracking and Data ..

T Reluy Sutclfjtes to handle communications among adl clcments e
3 vof the Space J‘r.mspormnon Systcnh ace operations m,thc N

past have depended amainly oh ground Sations . itnd tnckmg
ships for communicfons, and there were large blind spots
in their- co‘cm;_,c (i\(s of manned spacccraft were out. of
toucly with Mission Control for part of gvery orbit, and % satel-
lites frequenely had to. record data on board and transmit:
thcm to Earth later when within range of a rc(‘envmb station.
** T'wo Trac king.and Data Relay Satelites] one on the Equa-
tor off Brazil and one over the Pacitic *Ocean, and’ a siné,lc .

. ~++ ground station at White Sands, New Mexico, make it (possxblc "

. -+ totrack and communicate with the Orbiter and most orbiting.

' *spacecraft for 85 to 98 percent of. the time. Several tr.lckmg

-stations and tracking ships can be climinated, and there will -

be less need for on-board tape rumdug »—oftc.n a tmublc

“prone part of a satellite., . 5

The Tracking and Data Relay ‘Satellites will bc supplc- :
mented by the rcnmmn&, stations of the -older global space

R ““tacking and-data-network, and the NASA ground commuii-

' cations peework, perhaps .m‘gmcntcd by domestic communica-
tions satcllites, will continue to link the tracking stations and «
“control centers. - _ T R :

I)urm&, operations in erbit, communications w1th tllC Or:
. biter are maintained, as”in previous manned. ﬂq’hts,&by the: {"‘
" Mission Control Center at the Johnson Space Center ncar ,
Houston, Texas: Experiment ground controllers will commu-’ S

- nicate with payloads through the Orbiter as long us these are ‘ -0
attached to it Aker separation, communications with free-

y
ey
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Opcranons Control Ccntcr ‘at ‘the” Goddatd Spnu, thht w
. Genter, in Maryland, near Wnélnngto’n, DC ‘Onc, at the Jet -
Propulsion Laboratory in Cahforma, near Los Angeles, con-
tols spacecrafg, headed for “the Moon or planets through

T.hns sttange spidery sutellite will be one of twoggreh key parts
' Space Transportation: System. They are Traclzmg a?zd‘,
d'ay satellites, and willlink Orbitery and grormd w:tb .
very fewo out-of -tonch pegiods. Theyll be up in geosym:bmhom

,' orb::——one oter ¢he Atlan{:w;d one over t@ Paaf . '

NASA's Deep Space Network. Payloads that gemain, nttached
“ togthe Otbxtcr, 1ncludxng Spacdab are ‘monitored from @
PayTOad Operations Control Center in the same building’ 'vgth
Mission Control, which provides separate_voice channels for «.
scienca and Ol‘bltel‘ operatipns and televisjon channcls sharcd
~.:by the flighe erew, and-payload specmllsts
. Launches of eatly Shuttle mlssnons, both than and mili-
tary, are from .the’ Kenncdy ‘Space Ccntcr Florida, out over
thc Atlantic Ocean t avoid flying ovet populated areas-in
> the critical first minutes. This directign ‘also’ gives spacc-r- -2
bound vehicles an extra velocity assist from Earth's eastward.
rotation. The pay]oads from here include all commumcnnons
szﬁcﬂhtcs and others for; g_eosynchtonous orbit. Missidns rc-
qumng north-south® ( polat) otbits,” including many,‘wcathet
and‘ Earth—sutvcy saccllites, are launchcd sout‘hwatd ‘oves: the 7
open Pacific from Vandcnberg All‘ Torce Ba{e, on g’ ponnt of‘ NS
. the Cahfornna«coast . S X S e
Grotind operations-at the two bases are similar; Usmg pro-;
ccdures like those. of commcrcml ajrlines, such as*servicihg
the engines-without :emoving therh ground: créws WOrkmg o
WO sltifts are expcctcd to have. an\Orbner ready for fclaumh. ~.
“in as short a time‘as *two wegks. after return to Earth.The - '
planned goal, when the Space Transpormnon System is fully *
ﬁoperanonal and running smoothly, is 160 wogking . hours:
an hour at' the landing. -funway fot. the crew to debark,.for e
qmck safcty inspection, .'and hookang up air-conditiongng -
Lqulpment and.n tow traclor; 90 Jbours in the Orbiter Proc~
esmng l"acnhty far- post*landmg safety proccdutes, remo\ung
. any' rgtut"ﬁcd payloads inspecting and serv:cmg of the space- \°' '
v craft, and xhsraUnng ¢ new payload; 45 hourt i in'the Vclqclc _
Assembly Bunldmg for hoisting the Orbiter to a_vertical posi-
;. tion and mating it with'a. new External Tank and refusbished : e
: ;Sohd Rocket Boostcrs sand - 24 hours for movnng the. '\sséfn oo '8

Teel

-«
R N

s B

_,extra sensglve pay-
B

10Ads here rather than (,dl'llCl', loadxng -
the new &rew Qn board, .and final LhCCkS dnrnng.\a two- -hours’

countdown to llftoff . e T e T
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HE SHUTTLE 1S PLANNED as the key element of American 65

‘opeérations in space through the 1980s and into the '90s. ;
What can we expect in growth of its abilities and extension

 of its uses? NASA is necessarily conservative in making firm

plans, limited by budgets and expreSSsd user needs, but is

‘ imaginative in the range of possibilities being examined.

Some of the ideas discussed here-may.startle anyone but a
reader of science fiction. All, in fact, have been looked at’
soberly by NASA planners or other hard-headed engineers,
‘scientists, and economists in the Government, mdusmal cam-
panies, and universities. ‘ '
NASA’s advanced studxes envisage an evoiutxoﬁary buddup
from longer Shuttle flights to free-flying Spacelabs, automated

“and then manned orbit-to-orbit freighters, Shuttle-tended and

then continuously occupied space bases, demonstrations of
solar power gerneration and other industrial applications of
space, and wide personal use of space technology like elec-
“tronic mail delivery andwrist telephones linked by satellite.

The first step is to gxtend the duration of the Otbiter’s
flight beyond the current capability with extra tanks of pro-
pellants for its atritude-control and maneuvering engines and
of hydrogen and oxygen for its power-generating fuel cells.
One solution planned js a utilities module that is carried to
orbit in the payload bay and left in space. It will unfurl large.
winglike ar;%Srs of solar cells to collect sunlight for praduc-

' .tion of electricity, generating twenty-five kilowatts of power

for the Orbiter and experiments on board. It will alse contain

“extra payload-cooling radiators ‘and 4 set of gyroscopes for

attitude control of the Orbxtef and attached payloads. The
gyroscopes save maneuvering’ fuel by eliminating the need
for frequent firing of the control thrusters. . '

& A twenty-five-kilowatt module can supply pc)wer for ‘2

: Spacelab or construction mission of sixty days or more. After .
sixty days the flight would be limited by such factors as food " .
and drinking water. The module could also supply‘p!ug-in’-:‘ o

power for free’flying payloads that would dock with i, and
it could be detached and parked. in Ofblt between Shuttle
missions. One version could itself fly free of the Orbiter with
instrugpeqts for, say, studying the Sun or Earth. Another could
be attached to a free-flying Spacelab for long-duration mis-
sions like observing the Sun continuously through two or more

28-day solar cycles or studying plangs or ‘animal specimens .

througlt several generations: A Spacelab with its own utilities
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and attntudc-control module could operate a lOng time—a step
toward a permanent space station—if resupplied pcnodxullly
by the Shuttle with food, water, and other consurnables.

NASA plunncrs foresee necds for consndembly more th’an

T )8()3 . o

sutellite serving hundeeds of thousands of very small receivers
on Farth—wrist tclephones—or a prototype materials-proc-
essing laboratory if carly Spacelab experiments prove promis-
ing;

* A hundred kifowatts for clectronic mas-eqpearly instan-
tancous facsimile transmission of 1
through satcllites—and ‘more foT \csting Sp.lcc-t0-und(:rwut€
communication; ~
® Two hundred and fifty kilowatts
base to construct a large precision anten

~. .
\

a Shuttlejnded space

r for/a low-orbit

- space-power test, project. This could’evaluate power transmis-

sion cfhicicncy, pointing. accuracy, possible heating of the
‘atmosphere, and other factors to be considered before pro--
ceeding with a large-scale, high-orbit, plant fo collect solar .
cnergy and beam it 1o Earth;

.® About fifty ki!owxms for a 'multi_bcam' communications.

® Several hundred kilowatts for solar electric propulsion for

moving large objects from low to high orbits or for some of
the exciting long-duration scientific missions like repdezvous

- with.a comet or flybys of the outer plancts. -
This .power could be generated by, nuclear reactors or by’

the Sun. For both technical and cnvnroqmcnml reasons, NASA
so far prefers solar power. The Sun can be used to drive
rotatjge generators; to convert solar heat directly into clec-

twicity with ‘thermionic systems; or to convert the Sun’s clec- -

tromagnetic radiation into electric current with photovottaic .
+ cells. These, commonly called solar celiy employ a semicon-

ductor such as silicon that releases clectrons when bombarded
by photons from solar radiation. Because of its successful
experience with solar cells for many years to power scores of
satellites, NASA favors coittinuing with them; it has devised
several configurations of an enormous 250 kilowatt. photO-
volt.uc powet module,’ L S :'..; B -

Preparing to build and use § solar power generator of that
size or larger, with dimensions in hundreds of meters, requires

advances in a lot of other areas: transportation systems, crancs

. and.remote m.uupul.ntots, jlgs. and f;lStcncgs, $O- ulllcd chérry

- . ‘~l'
. - ' .'_ .

[
<
»

Ceee

:tters and other docum;mo\ : - C
s . '

.((;‘“‘” ]

Automated beam builder could roll-form and brage sriangilar
" section bgams of the oxacs length noeded for large orb:ﬂng
SHrucsures. ley d bc hight lml strong.




pickers like. the ones that hojst powertline repaicmen, power

tools that can be handled by construction workers in spce .

suits. A* free-flying robot tractor designed in the 1970s for

_ moving large objects around in space—NASA calls it a tele-
v et -tns soperator—can be used not only ta assemble space striactures

5y
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RN .'but: Alse: € placc Shuttlc payloads in medium-altitude orblts \
L b(:yoml th¢ t)tblten s mngo and retriove them for servicing.
" For very largh: Steucutes, it-will make more sense to fabri-

., cate some sections in space rather than brmgmb up picces in

Ehc Shattle for ussunbly Aan acrospace company has devel-

“opéd an queomated- benm builder to fit in the Orbiter that .
can exttude triangular girders froth compace coils of ultra-

: llé,ht metal plate. It's fed throué,h rollers that shape it to the
desired cross scction in a manner similar to the on-site fabi§-

' cation. of alundinum r Jrain gutters. The beams would be. sp
light—less than a hundredth the weight of. comparable
ground construction—thgt a smgl( Shuttle flight could bring
up material for a structdre npproxmmt(.ly 300 by 100 by 15

meters ( 1000 by 325 by 50 fr). a

A numbert of large space structures of the futurc, including
multipuﬁ)osc communications- platfoims, must operate in geo-
synchronous orbits in order to -provide continuous coverage .

»
i

Big nntcgne{s will be needed in space for many high-data-rate
applications; and an array may ba casicr t/am one lmgo ane,, Hare swo-
Orbuerr donblo-taam the 1ob . -
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,—" e 68 of their service areas. They not only will outgrow the size and
R wu(l_,ht capacity of the fitst-generation Shutele-launched uppet

% stages des¢ribed in the previous chapter bue also will require

I‘\""i‘“scrvic"u\g in orbit to extend their working lives and spread
- -their high origal <osts over many -yegss- Some nay be so
« Jlarge—solar power stations, for-instance—that they can Best
be buile at their operating sites. Hence a need for reusable,
S“'manned vehicles to carry both cargo and work crews between
low and high orbits.. A two-stage hydrogen‘oxygen orbital
transfer vehicle could be assembled in low orbit from sgparate
wstages carried by :two Shuttle flights. Other Shutdle fliphts
would bring up the propellants, cargo, and crews.
os:To avoid the compllumons of loading. propcllants in orblt,_~
hmievu', NASA planners are studying ways to increase the
Shuctle’s life. A growth from the present limit of 29 500 kilo-
grams (65 000 Ib) to about 46 000 kilograms (100 000 1b)
~ would allow two upper stages, already fueled, to be carried
Lo low Qr[nt by two_Shuttle flights and linked there. Onc
e LOH(GP( for "n low-cost, hc.wy lift launch wvehicle uses the
. » - Shuttle’s solid-propellant launch boosters and its three hydro-:
B gen-oxypen main engines, attached to the big fuel tank, but
substitutes a large payload, covered only by a light protective
metal shrond, in place of the more costly Orbiter. A single
launch could then put more than three times the Shuttlé’s
present maximum load in low Earth orbjm (Still mighticr
v .Jaunch vehicles proposed by acrospace companices would team
~up sixtecn or twenty-four engines w lift payloads of 225 000
or 275 000 kilograms (500 000 or 600 000 1b).)
Looking beyond NASA's recent studies of possible future
space operations, the agency’s director of Advanced Programs,
\)olm H. Disher, predicted in an article pubhshcd as the
"~ Shuttle was being prepared for .its first orbital test ﬂlghts.‘
“. . . the Shuttle and Spacclib, 1 pelicve, will cnergize space -
ﬂ:ght as the DC-3 and DC-4 did gviation—prompting greatly -
1 increased use of the unique featukes of space both for appli-
cations we m{dcrst:md_to'duy and for applicatioss not yet con-
v '.\‘ - ceived. Given this spur, 1 can se¢ advatices 'bcing made
W subsmntmlly more rapidly than pmwdcd for by our current
o quntc conservative plans.”

-

)

gy shortages and pollutmn worrics, and the prospect of
orse to come, h.wc focused special interest on the idea of. -
converting space sunlight—unlimited, unfilicred by the at-

mosphere, uninterrupted by nightf?yﬁimo clectricity . for
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hvc-yhuwuu solur power station és concesvad ]or gewyn—
chronous orbit. Side refloctor panels would s sucrease cfficsency
of central-soldr-cell arrays. Microwave beam wonld transfer

_ potwer o Eursh? Bnergy for transfer of .mmou Hp ]rom low

i orbu m:gbt come I:om s own f)owcr '

'\"c'ousumcrs on Barth. The respectcd . Ametican ‘fnstitute , of -6,
““Aeronautics and Astronautics (AIAA) sclected space power, * 77 e

along with materials processing (discussed in C huptcr Thrce)
and life sciences research (such as gravity-free bed rest for
treatment of burns and fractures), as three particulacly prom-

. ising future ways to use the unique envitonment of space to-

help solve problems that are Lompltcut(.d by gravity and the
atmosphere. . .
While notmg that more rcscun.h will be nccdcd to establish

the economic feasibility of space power, the ATAA study said,

“There is little question of technical feasibility: all clements -
of prospective power plants have been established by efther
experimental tests or long periods-of operation in space. .. ."
The report listed a number of advantages besides ample frce

.sunshmc for locating power plants in orbit: isolation from
populated places, no earthquake hazards, easy disposal of ex-
cess heat, savings of natural resources by lightweight con-
- struction, no corrosion of materials, no pollution, no need for
energy storage or backup facilities.
~ The AIAA committec considercgl two- ways of generating
‘power: imménse arrays of solar cells and lirge collectors of
solar héat. The eollectors would focus sunlight on a central
receiver, heating a gascous working fluid to. drive a turbine,
compressor, and generator. Eithdn type of station would beam

- the energy to Earth as microwaves, which would be collected
" by large antennas and converted to alternating cusrent for

dnstnbutxon by ground gower grids. The generating plant the -
study said, might be o bled in low orbit from components
carried by future heafy-lift vehicles and then be moved to
geosynchronous orbit’by electrical thrusters usmg power, gens
eratcd by the plant itself on.the way up.. _

" (The report also mentioned as “extremely mtcrcsung a
proposal originally suggestcd by proponents of space coloni-

zation, for building space power plants from materials mined

on the Moon. The.material would be refined and structures

. fabricated in solar-powered factories at neutral-gravity loca--

tions between Edarth and the Moon. Cheaper transportation -

... than from. Earth, thanks to the Moon’s :low gravxty, would ,

offset the cost of the lunar mining base.)

The AIAA study suggested that a solar power system of
scveral gencrating stations, though it could cost tens of billions
of dollars, might be paid for while bcing built up over several

- ycars ‘from the, sale of power at prices. compenqve wnth .
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ground based plants. “"As a nonpolluting limitless,source of |
energy,”. the report said, “space-based solar’ power stations
_could lead to a system capable of producing much of the

" United States’ _power requirements early in the 21st century,

and in the very long term could concexvably develop into the

world’s primary source of electric power.”

The Government's position is more cautious. I§ is too early
to make a commitment to the development of a satellite
solar-power station or space manufacturing facility, due to the .

uncertainty of the technology and economic cost-benefits and
environmental concerns,” a” White House statement said in

1978, then continued: “There are, however, very useful inte¥- ‘

mediate steps that will atfow the development and testing of

key technologies and experience in space industrial operations = -

to be gained. The United States will pursue an evolutionary
program that is,directed toward assessing new options. . . .”

- Aerospace company officials, understandably, see grander

visions. One said his firm has identified 150 opportunities for

profit-making space industrialization, including thirty-five for .

.. space manufacturing of new or improved products ranging

from - pharmaceuticals to. hxgh strength permanent magnets’
He envisages extremely large multibeam antenng$ in space

.. making possible pocket telephones and also electronic tele-

| commuting: "Rather than driving to work each day, the

workers would op_erat'e -fr_om their homes or from a small
satellite offige where they could interact electronically with

people and machinery in a central office building in a nearby

city or in one located many hundreds of miles away. This . .

would help solve our energy problems and improve efficiency.
It would also allow a life-style wheteby people could live,
work, and play in small communities, but still p.crform jobs

_that are essentially urban.”

- He cited a study which cstimated that industrial uses of
space could create 100 000 new direct jobs by the mid-1980s
and nearly two million by the year 2010. Through the multi-
plier effects, the study forecast, this could lead to.two qr three

times as 'many total jobs and an increase of hundreds of bil-. .

lions of dollars in the gross national product.
Others dream of space tourism: a NASA consultant sces a

' 100r00m hotel by the year 2000 with rates—presumably not
for the average family vacation—starting at $5000 for the

round trip and a few days in orbit. And of permanent settle-

ments in space. In a.&c::ercise in realistic imagining, a group,
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Another solar powe:’.mz:s'osz might look like this. Unlimited
pollu:soﬂ free fmwer is theoretically astainable. But effecfs of
microwave or laser links ase not fully krnows.
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of engineers, architects, physical and social scientists, and
others met for ten weeks in the summer of 1975 at Stanford
University and the _nearby NASA Ames Research Center and
designed a city in space for 10000 inhabitants. The AIAA
assessment of future practical applications of space, in dxs-
cussing the potential of a {ife sciences laboratory, said: “It is
almost certain that studies on plants wil] lead to being able to
culture plants for space calonies and thgl these plants will be .
able to0 use human waste pr o generate food and

- oxygen.”

.

Dreams?
" An economist who has done several cost-benefit studies for
NASA on other subjects: “The establishment of space habita-
tion will be an evolutionary outcome of the current United
States space program. Mankind will achieve in the next 100

4
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72 years the most ngmﬁcant accomphshment yet: true Earth-
independent, self- -support systems which will lead to the estab- )
lishment of a multitude of nEw, dxﬁ‘etent, and enterpnsmg
civilizations.” ' .

And John sthc\ in hxs artxcle on NASA’s own advanced -

. studies: “No one can foretell when we may have permanent . TN

" settlements of people in space or large-séale use of resources -

from the Moon or asteroids for space constrm{xon The bene- \_,

fits, costs, and risks of such undertakings remain to ‘be estab-
lished. Fortunately, however, the necarer-term developments
discussed here will proceed on their own merits and constitute .
necessary developmental steps toward the longer-term possi-

. bilities. . .*.” ] 3
I Possibilities . . .2 o =
' Dreams . . .2 : R _ .-
r goals? ‘ o ‘ - ,
Time will tell. Decades from now some of these ideas may N
seem innocently unrealistic, based on ignorance of hard real- o

ity. But it's also possible that some will seem astonishingly

timid, cautious forays by limited imaginations. (One remem-

“bers those 19th Century visions of future air travel in ship

- ~ staterooms aboard sail-driven balloons.) There may be as

| much chance that we will undetshoot as overshoot in ‘predict-

ing the topography of the future. : i
~ What we are concerned with are not solely engineering - :
measurements like mass and specific thrust. Fully as important

is another kind of thrust: the questing human spirit.
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