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With the first orbital flight of ihe M3ace Shuttle, the curtaincses on an era that

will shape U.S. space explortion for the next decade, and perhaps for the
remainder of the century. Columbia and her sister Ships will be fat more than
odd:looking heavy-lifi,launch vehicles, though they will bethat. Each Space
Shuttle will bean element in a total transportation system linking Earth witlk

space: vehicles; ground facilities, a communications net, trained crews, established

freigfitiates and flight `schedule's----and the prospect of numerous important and

exciting tasks to be done.
Columbia will be as different from previous one-use space vehicles as an ocean

freighter differs fromthe Clermont. Although the Space Shuttle has been a rong

time in development and won't be workaday for several years, it will transforin

space travel. WKwill go.into space not just to meet the challenge of exploration
but to do many useful and productive jobs; at reduced cost, returning again and

again..We are initiating an era of "routine utilization" of space, and it signifies-a

neyirepoch in the history of the planet.
d As the Space Shuttle first ascends above the atmosphere, it is fitting to describe

4
the new space transportation system: how i t 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 descriptidn.

All new., technologies can be expected to undeilo chinge and adaptation. It is
natural for.an endeavor as revolutionary as the Space Shuttle to develop in

different and unforeseen ways. For this reason, aci account of the initial expecta-

tions for this remarkable venture should have value. I commend the followinl
narrative that describes how the United States plans to nuke space an extension

of life on the Earth's surface.

June 1979

4,

ADLAI E. STEVENSON

Chairman, Subcommittee on
Science,T echnology and Space
United States Senate
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AN UNLIKELY WOKING FLYING MACHINE stands on its tail

above the waterY, thicketed Florida sandscape. 'the time
is the mid-1980s, and the Space Shuttle preparing for launch
is one!,4 a fieet of four 'that now plies routinely, about one
round trip a week, between the United Stares and Earth orbit. ..

'Mae first true aeroipace vehicle, the Shuttle 'takes off like .

tiL rocket, Operates in orblt is a space9raft, and lands like an
airplane. To do this takes a canplex configuration of three ,

MaiweJements: the Oibiter; a delta-winged spacecraft-aircraft,
about the length of a twiri-jet copmercial airliner, but much
bulkier, and built to lait for at feast 100 flights; .a
like expendable External Tank4ontaining half a million gal-

, Ions of propellants; secured to the Orbiter's belly; and; at-
tached to thh sides of, the tank, a pair of reusable SolidAocket
Boosters, each longer and fatter than a railway tank car.

The Ountdowri clocks blink to 2ero on the, consoles in
Launch Control at the Kennedy Spare Center, in Mission Con-
trol at the Johnson Space Center, Texas, and in the. Shuttle's
cabin. Three main engines in the Orbiter's stern ignite, gulp-
ing liquid hydrogen and liquid *gen from the External
Tank through feedlines thicker than a man's body. As theY....61
build to 90 percent of full power, in about four seconds, the

two Solid Rocket Boosters begin- firing in a storm of fiarne
and smoke. The whole aisgmblage rises from the same mobile
launching platforro that was once used for Saturn V rockets
that sent Apollo astronauts to the Moon.

0

, Clear of the gervicing rower, the, Shut tle turns toward its
destination in space and begins arcirig over on its backthe
crew heads-down, the tank and boosters on top of the upside-
down Orbiterand slants up over the open Atlantic, its

dicection controlle4 by slight swiveling of the engines and
rocket nozzles.in their spacioui cabin up front, the crew of
three astronautsind a scientist feel no more acceleration than
a comfortable three 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 solid-fuei boosters, their work slone,'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 .larger chute flit, in turn,-



2 pulls out three bigger main c'hutes. Thes e lower the burned-
-

out rocket case, nozzle first, into the ocean about 280 kilo-
meters (175 miles ),rom the launch site. Waiting tugs collect
the parachutes, attach lines to the rocket cases, and p4mp in
air so that they float, horizontalbr while being towed ashore
to be repacked with propellant fOr.reuse.

The Orbiter's three main engines continue firing untikabout
eight minutes into flight, then shut down juit before orbital
velocity is reached. Ten -to fifteen second; later the big Exter-
nal Tank,Vrnost empty, is cast oft like the booster, rockets

A slow roll to the beadsTdown position occurj art& veh-icle,
acceleratini at a relahlielY mild 3g rate, climbs toward space..

IL a storm of &me, five giarit rockets deliver al
seven million poands of ammo as the mornens of
lift-off.



After two minutes, about 30 milesup, their wor##ne;
the two said rockets are cut loose as shoved aside by,
small rockets. They'll be recovered by achute. 1

.

C

a

earlier, and follows a ball trajectory. 18 500 kilometers 3,

down range. Unlike the ...ters, it breaks up reentering the
atmpsphere, its surviving fragments falling into a remove
ocean areathe only main element of the Shuttle that doesn't
return to Earth to be itsed again.

Free,f the tank, the Orbiter, aftei coasting fOr' a short-time,
fires two small maneuvering enginesfed froM internal
tanks---for about .105 seconds lb reach o4bital velocity of
7847 hiders a second ( 17 500 mph) . The. initigd
orbit ranges from 110 km (60 n. mi,) at its lowest point to

The Orbiter in orbit, with cargo bay doors closed. In airless and
weightless INGO, Os thruster.; can orient it in any direction desired. The.
trip up from the pad takes less than 10 ,mingtes.

.1
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4 280 km (150 n. mi.) at the apogee. A second firing of 95 sec-,
onds, half Akay around the world from the launch site, ;re-
Thapes the egz-shaped flight path to a circular orbit, and i.rie

Space Shuttle is rea dy. to go to work. /1

From forward-facing seats, much like those in.an airliner
cockpit, the NASA *astronauts sOving. as ship commander and'
pilot now shift to occupy orbital work stations facing aft.
The commander, on the left as usual, handles the Orbiter's
nianeuveiing adattitude controls. The pilot directs the mo-
tions of a triple-jointed, 15-meter (50-ft) mechanical arm
in the cargo hold that lifts phyloads out and in. An astronaut
mission specialist and a scientist payload specialist, seated
behind the commander and pilot during ascent and maneuver-
ing,*now work at stations on either side of the flight deck,
conducting checks and other chores concerned with experi-
ment packages carried in the hold and with satellites to be
deployed, retrieved, or serviced in oi-bit.

Over Australia, an *hour after liftoff, a pair of clamshell
doors, split along the tolls of ihe fuselage and hinged at the
sides, swing outward to open the full length of the cargo bay,
as big as a 'trailer truck. On this flight the payload to be de-.

ployed is another in a series of.the oldest kind qf workaday
spacecraft, a communications Satellite for relaying telephone
calls and television programk between continentV. Attached ,to
it is a solid-fuel rocket, called an upper stage, that will propel
the satellite into a higher, geosynchronous transfer orbit. There,
at- 35 900-kilometers ( 22 300 mi)' altitude oiter the apogee
mot& is fired, velocity will exactly match Earth'4 rotation,
keeping the satellite always over the same area of Lind or
ocean.

After a final on-board ch.k-out, the satellite and attached
upper stagerare nudgM 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 aimed; and the
Orbiter has moved off to a safe distance, the upper stage is
ignited by radio signal from the Orbiter" all cross the equator

, over South America.
Next day--if one can measure time by days in a world

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

1-,

4

At Work Aloft, the Orestei prepares to deploy the exciting
unmanned Space Telescope. Two space-suited mission specialists
perform a final check,

a
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Moving gently away, the Orbiter leaves the big telescope in
space; its solar paneh and antennas deployed, its Sun shields
working well.

ear

'back to Earth for overhaul and relaunch over a.lifetime of
-"fifteen to twenty 7c*ri. Aboye the hazy, turbulent atmosphere

that blurs thF view of telescopes on Earth, the space telescope,
its five extremely,.sensitive instruments aimed and focused by
radio, can see into several hundred time; the volume of space
viewed by the largest e;,ground-based ones, observing objects s
far awqy that their light has taken billions of years ti) reach us.
The data, transmitted by radio and shared-by U.S. and Euro
pean astronomers, 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 oui Sun also have planets.

When the Shuttle's eight path has been matched precisely
with the telescope's, the manipulator 'arrnis extend's& to cap-

ture the salellite and stand it ulirieht into the.cargo bay: The
pilot Ind mission ipeckalist put on space §uits and crawl into
the bay,through an .aiiqock that lets them out .while keeping
the air.in the cabin at sea-level pressure. In, the first of two
six-hour work periods they inspect and photograph the tele-
scope, open its access dooN, and make minor corrections and
adjustments while the scientist, a woman astronomer With no-
formal astronaut or pilot training, watchei from the flight
deck and talks with them by intercom.

In a second six hoirs next day, after having.ione back to
the Orbiter cabin td eat and sleep, the pilot andimission spe-
cialist, again in their space sults, reenter the bay, remove one
of die 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 -cabin, the telescope's various
circuits and mechanisms are tested temotely by the astronomer
on the flight deck and by ground controllers, leis then pow-
ered up, lifted out of the hold by the manipulator arm, and
set free again in orbit. 'The Orbiter stands by While the crew
make sure all is working properly, then pulls away to prepare
for its next task. .

After the crew relaxes, eats, and sleeps, the Shuttle's small
engines are fired briefly to readjust the orbit and rendezvous
with a free-flying spaceaaftalso brought up on `an earlier
flightthat has no maneuvering ability, attitude controls,
power supply, data-collecting equipment, communications, 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 ft) tall and polygon-



6 shaped, its outer surfaces divided into 'bays that hold shallow
trays, seventy-two of them around the periphery and two on

, each end. The trays, 3 to 8 centimeters (1 to 3 in.) deep, ,
some, open and some closed over, contain experiments pro-
vided by scientists and engineeri of US. and foreigri govern-
ment agencies, universities, and indistrial companies. Their

Almrpose is to expose various instruments, materials, electronic
parts, and dust collectors to the space envirorunenthigh
vacuuln, ear-zero gravity, solar radiation, cosmic rays, micro-.

meteoroidsfor six months or more.
The Orbiter moves close to the passive free-flyer, grasps it

with the manipulator, and hauls it into the cargo hold. The
crew take breakS for meals and sleep. Then they close the
cargo-bay dZ)ors, move into their seats, fasten their. !pelts like
any airline passengers, and prepare to head home.

Half way around the world from the Florida base, the small
attitude-control thrusters are fired in short bursts to turn the
spacecraft tail-first. The larger 'orbital maneuVerIng eligines
then arc fired for about two minutes to slow the ship and
lower-its flight path in a slow curve toward Earth. Helf an
liour later, about 150 kilometers up and the ship again flying
nose-firit, the crew begin to feel the drag of the thin top layer
of the atmosphere.

Now begins the most c.:Htical end 'demanding van of the
voyage. Why this is so was explaf"ned'by the director of the
Stace Shuttle Program, Myron S. Malkin, in a vivid `account
of the last half hour of a Shuttle flight from here to touch-

.,
iown: .0

The Orbiter must change from- a spacecraft to an- aircraft
, while slowing from its orbital speedSf 'nearly. 8000 meters

a second ,(18 000 mph) to about 100 riceters a secorid (225
mph) for landing. Above the atmosphere, maneuvering is
done by firing small rockets in the nor and tail; in the
atmosphere, attitude and direction 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
ancrpilot are aided in this tricky task by five compute'rs on

'1)oard that decide which rockets should be fired and for how
long, and.how much 'to move the cantiol surfaces, to keep the
craft steady and headed in the right direction.

Edging into the atmosphere, the pilot useshhe Attitude-

control thrusters to angle the nose up so that the craft pushes

Spending its speed, she Orbiter preppes to change frorn
spacecraft to aircraft. This is the angle of attack used toward
the end of the reentry process.

I.
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into the thkkening *blanket of air at about a 40-degree -all&
of attack, the'term .aeronauOcal engineers use to describe the
upward slant of an. aircraft's lifting, 'sUrfacis in reration to.its
.direction of moveinent. Air friction heats the Orbitsr's heavily
insulated,.underside to rripre than 1000° C, and ionization of
the surrounding atmosphire blaoks 'out communication with
the ground' for some secondsZAt about 93 kilornett# (58 mi)
altitude the aif becomeadense.enough so that aerodinataic
controls take hold, and the Orbiter becomp a heavy glider. .

(Without,fifil for its main ehgineOth e. cr4Cliiiildril,i be
able tosgolrotinci for, a secorid lanfling approach hi case of a
miscpltulation, as .anirliner could; it 'call, howeVer, shift as,'

Final approach sees the Orbiter lined up with its long runw6e4 The same runwZY can also be approached ftom the opPosite directio
at Kepnedy. The runway end used depends in part on wind NASA has assessed potential emergency runways around the world.
direction. a

hp
6
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8 much as 2000 kilometers (1200 mi) to the right or left of
its entry path to make an enirgency 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 fitted

. .NASA 747 air transport.)
About 48 kilomewrs above Earth, the Orbiter's nose is .

pushed down to reduce the angle to about 14 degrees. At 24
kilometers (15 mi) height the final approach begins, with
the craft ,about 92 kilometers (57 mi) from the Kennedy.
Space .Center, The great glider .dives for the runx;ray nmC:'
down at 22 degrees and an airspeed of ak._ jnit 158- meters a
second ( 355 mph), At 520 meters (,1700 ft) the pilot begins
to flatten the .glide to only. 1.5 degrees, extends the speed
brakes, and settles the ship for a landing. At 90 meters (300
ft) the landing gear goes down,' and seconds later the tires
touch the 4572-meter (1) 000 ft) concrete stripjust thirty
busy minutes from the smooth, sileni weightlessness of space.

Immediately after the landing, ground cooling equipment
like that 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
1.ong 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 Orbiter, a new pay load is lowered

rinto the hay. For the counsel; flight it is thi. Spacelab, a com-
plvely fitted-out laboratory, designed and built by members
of the European Space Agency, in which four scientists can
work for a week to a month in an Earthlike atmosphere
but hi the zero gravity of orbit.

The Orbiter, with itS new payload, is ncxt towed to the
Vehicle Assembly Building .origigally designed for stacking.
Saturn/Apollo vehicles. tierce it is rotated to a vertical 'posi-
tion and mated with a new External Tank and reloaded Solid
Rocket Boosters bn the mobilt launching platform.

Erect on the platform, as big as ,a baseball 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. landing, 'for another

working voyage.
\De

46,.',

Speed brakes extended (note split halves of the rudder), sk.
Orbiter whistles to the runway at more than 200 knots. .
Computers aid the pilots.

j

,

1A



Lapding gear drops only seconds before. touchdown, with ;he main gear touching first and
then the nose. The Kennedy stHp is almost three miles long', affording plenixof braking time.
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CONTRAST TO-THE 'ROUTINE TWO-WAY TRAFFIC 'made i

possible by the Sluittle, every payload sent intei orbit for the

fitst twO decades of:the space:'era-,--every bug; plant, and ani-

mal; every mhn, Woman (one, a 'Russian), and autoinated
labOratoryrode- or the .no3e of a one-trip rocket that' Was
discarded after a working liletime measured in minutes. How-

eirer costly;? those piOneering yetitures into space spt back
startling news of the. universe .and brought couitless changes.

for e bster in 'the vSyrwe live: changes in the economy, in

hea

.

th and safety,. in science and technology, in education, in

, the protec4on and use of natuial resources, in nationsAdefense

.and intetnational cooperation.
The,first was a. revblution in communication..
Iri the middle of the night of Jnly 10, 1962, television relay'

.stations at Goonhilly Downs, Cornwall, and Plenmew-Bodou,

Brittany, picked up a black-and-wOte picture of an Arnetican
flag flapping in the breeze -to ,the acconvininientof the Star
Spangled Banger. The program 'was a demonstratiott being .

transmitted skyward from 4 huge horn-shaped antenna in

*bine to a gliitening new Earth satellite, Telstarl, and down
to-a receiving dish in Nevi jersey for distribution to U.S. view-

ers. Though not intended, the signal also was being bounced
from Tasty across the Atlantic to Efigland and France.

Ntxt Ly the experimental#Ilite relayed.the first i'V pic-*
tures westward from Europe, black-and=whites from both
France and England, and within a week the first in'eolor. Be-

fore the month was out, mass audiences on both sides of the

Atlantic watched with awe the first .internailiral exchange of
live TV. Viewers in Europe saw the Statue of Liberty, a base-

ball gamb between the Phillies and the Cubs in Chicago, a

press conference by President Kenn*, buffalo roaming the
South Dakota plains, the Mormon .Tabernacle, Choir singing
fronN Mount Rushrnore. :'Americans, in turn, got glimpses of

Beg Ben from one of London's Thames bridges, the Coliseum
in -Rome, the Louvre.in Paris, the Sistine ChaPel in Vatican

City, Sicilian fishermen reefing their nets, reindeer roaming

near the Arctic Circle in Norway.
.

"The trouble wtth 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

problem, was solved the next year by the Syncorns, whose

*a.
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12 speed in circulat orbits of 35 800 kilometers (22 300 .miles)
above the eq'tiatof kept pace with Earth's rotation, so thy the
spacecraft seemed to hover stationary over the same place on
Eafth: hence the description as geostationary or geosynchro-
nous. Thus one satellite could be used continuously by ground
stations within its view,Avhich covered almost a 'third of theK

globe. The Syncoms set the pattern, for ntort than fifty -coin-
mercial and- research-communications salellites launched dur-
ing the next fifteen 'years.

Bef9re the end ofthe'1970s a globai communications satel-
lite system, Intelsat, was being used by neliffy 100 commits--
from Afghanistan to Zambiato exchange TV news, tele-
phone calls, and business (Etta. It was continuously eicpanded
to meet a growing demand for services. More than a billion
people, one out of every four on Earth, could'see a major event
as it happened: "live via satellite." Worldwide investment in
communications satellite systems was more than $1 billion,
and revenues were more than $200 iiUion a year. Despite in-
flation, international telephone calls were cheaper. than -yawn
the first Intelsat liegan service in 1965.

In 1972 Canada launched the first space relay station whose
wani-c011fd be focused to fall witInn a s.iagle,country. It no

hits three such domestic communications satellites ancl a net-
, wotk of fifty ground stations serving the entire country, in-

cluding far northern settlements formerly reached only by
unreliable radio. Four companies soon were operating domestic
communications satellites in die United States, and a crozen

other countricl.s had them. In sonic developing nations it w;i1-
easier to make a -phone Call to a city a -thousand miks away
than to the next town.

Meantime, a series of NASA research satellites detnonstrated
how space communications could be useful for such varied
purposes as transmitting educational programs and medical
instructions directly to isolated villages via low-cost local

receiving stations-, providing emergency communications ip
disaster areas; searching for lost aircraft and disabled ships and
guiding rescuers, ,to them; eXchanging classroom lectures' be-
tween colleges thousands of*miles apart; directing air trak
far at sea; and bringing Gusinessmen in different cities faCe-to-

face ekctronically for two-way conferences, saving travel time-
and fuel.

Weather obscfvation from orbit quickly followed space
conimunications into everyday operational .service to millions

A

I'

*

Scanning the whale Earth, the LANDSATs
asIesied Nano:aril resources,und gave clues to
changes that were takingrplacc.

. 7
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Perched jauntily on its carrier 747, Space ShuttleEnterprise
Stop" in Texas on its way fo the Cape. Crowds were Iieary at -
each Imp, for' the U.S. public has high expectations for the
gains to be made by the new American space transport.



Qthcr satttllites (a two-Ion
Ninibtit it shown below) itudied
behavior of the atmaphere.

of people -around the world. Since 1966 the entire Earth has 13
been photographed daily from space, and no tropiCal storm has
escaped detection and tracking. Thousands of lives and billions
of dollars----there is no way to count them preciselyhave

. .
been saved by improved ioret asts, -carly storm and 11004 warn-____
ings, reports to shippers on wind conditions ttpd ic.eberg haz.

,
ards, advice to larmers on when to plant, irrigate, fertilize, ... . 4

spread insecticide.
One kind of meteorological satellite circles the globe on. .4 ..

north-south tracks, looking down-as Earth turns miderqeath. ,

Its reports are assembled by computers in the United States,
to make .a complete picture of. Worldwide weather condi- .
time every twelve hours and also are trairitted directly to

,,..

hundreds of inexpensive local stations in scores of countfics as
the spacecraft passes overhead. A secoicirkind of weather sat-
ellite, in geosynchronous orbit, appears to.stand viill in space,
keeping cOntinuous watdi ontm large areatwo of them cover
all of North and South America and the adjacent oceans. They
return a fresh picture every half hour, day and night, to pro-
duce, among.other uses, the- time:lapse movie strips now com-
monly seen on television weather programs. .

Besides cloud cover and movements, weather satellites re-
port air and sea-surface temperatures, wind ,speeds, atinos-.
pheric pressure and moisture contemn, rainfall, snow cover, and
ice fields. &Nue collect data from untensled sensors and gauges
in remote areas, at sea, andi on balloons. The pictures and
measurements 'are used not only for routine .local, regional.
national, hemispheric, and global forecasts but also to track
dangerous fast-moving storms: hurticanes and short-lived
severe thunderstorms that may set off tornadoes. ,

In the mid-1970s observations of large wheat-gowing areas;
of the world from both weather and.u: tural-resources survey .
satellites weme combined with surface illfornlatioñ to measure
acreage and 'estimate yields i t a successful demonstration that
crop fori:casts could be impr wed with data from space. In-
formation was gathered not only over the United States but
also over Canada, Russia, (lin& kndia, Australia, Brazil, and
Argentina. Obviously, early production estimates made. regu- -...

larly in this way wuld be of significant help in planning- food
distribution and avoiding the market shocks of unforeseen
shortages and bumper, harvests.

Pictures and c)mputer data from a series of Earth resources
survey satellite's and also from the manned Skylab space sta-



4 tion were used in dozens of iways in the 1970s to help federal
agencies, state and local gekernments, regional *planning
guthorities, private industry, and foseign -.countries manage
limited natural resources and monitor the threatened environ-
mat.

1-

Examples; -`

Mapping mountain %noW cover 'to forecast 'spring runoff.
availitSle for irrigation an'd pbvfer generation;

Detecthg oil slick4 at sea;
.4 'Compiling a global 'atlas of glade's;

Making in4ntories a Standing timber and grasnds;
Monitoring offshore dumping of seWage- sludge and indus-

trial wastes;
6' Mapping' floods to help in evaluating damage and planning
relief;

Checking on the environmental effects of develoPing new
energy sources, such as strip mining;
' Detecting potential earthquake zones as an aid in planning
future construction;

Measuring forest-fire damage and the extent of clear-cut?ting
and gypsy-moth defoliation;

Tracing air pollution 'and lake silting;
Mapping land-Use changes' as .an aid ,to wiser urban plan-

, ning;
)

.1
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e.7,athering data by satellite is y. Here cold aidalias
&we piled,* 41) ice ost the e:tot shore of Chesapeake Bay.

9. 9

t.

Detailed land-use map otpv-ts.of four _states
shows 11 categories of use%Sed growth, invaluable
to locat governments and planners. It was made in
days frOm LANDSAT data, would have taken
months at'ul cost 10 to 15 times as much if haled
on conventional aerial. photos.

4

'Counting and meaiuring ihe area olf darns and lakes; 5
.

- Watcling glaciers for signs of :lipid movements that could
dam.UP 'limit watcts and raTer caise floods;

Mapping uncharted coastll shoals that, could endanker
. shipping;

Makingand updatir$ other maps a1 4 navigation charts;
Making low-Tst soil surveys and geologic imps. ...

The' savings, compared with the cost offaerial. 'surveying,
, 4. e. eti v . . 'maae mayping Tim space atacvs. New Jersey, for i ti

saved $2:8 millithiby using-satellite itnages.io ;calculate' bea -. r

erosion: AnOttier ate found. th;i f;utteen,sPaCe. pictures ahd -
one aaliel a half, man-Yeah ,4 work, cistirig $75 000, could
produce a 'land-use map that would have taken 20000 air- .:.

IP.
craft photos, forry-fout man-years, and $1.7. million.

Half a dozen foreign co*tries built' their own grOund sta-
tions for ieceiving transznisSions directly from the Eaith survey

satellites when ov'erhead. All the pictures' and d3ta were pui
251.

on sale to anyime anywhere by the U.S. Depirtrnent of In-
terior. To no one's surprise, the biggest buyers were oil and
.iinining companies, looking for likely new places to drill and "
dig; orders were strong for information on the- vast unexplored
reaches of Alaska. Clearly, monitoring Earth's'Ishrinking nat.-
ural resources from orbit was the next area of, space activ_ity
ripe for routine use. Goveinment agencies and Private groups

began discussions of how an operational gervice, like those of



16 communications and weather satelltres, should. be .organized
and managed and the information distributed.

Other Earth-oriented satellites demonstrated space-based
navigation for ships and plaiks; made predse measurements
-of the globe's Sin., shape, bumps, and hollows;_detected slight
movements of large land mosestectonic platesin search
of the causes of earthquakes; collected data on ocean surface-
winds, currents, and waves; meastird the daily heating and
«yoling of rocks for clues to oil and mineral deposits; mapped*
wi)rldvide air pollutiox andin a .demonstration---Ltracked
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 to verify arms-

.
control agreements.

This quick sketch of American achievementg in space dur-
ing the 1960s and *70s has emphasized activities kading to
immediate benefits in daily living. Much of thco4uoney, man-

.

power, and. ingenuity spent on the nation's spwie program,
however, during the years of reliance on expendable launch
'vehicles, before the Coming of the reusal)le Shuttle, was de-
voted to scientific exploration of the solar system 'ant the
universe beyond and to demonstrating that man can live and
work in space.

t
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-No longer a.total mystery, the Moon has given way tO
unprecedentent'scientific assault.Here Aix.) Scott and
liwintolore the liadky:Aprunitie site.

The results were spectacular and'potentially rewardino,
-Increasingly cosuplex automated laboratories, froth the first

.simpie Explorers to tlw ahnost-human Vikings, mapped inter-."
planetary radiation and magnetic fields; analyzed the turbu-
km Sun from above Earth's tkscuring blanket of air; photo-

. graphed the entire Moon from lunar . orbit, then landed
gentlY-iin its crat&ed surface; observed Venus, Mcrcury,'Mars,
and Jupiter closeup and sent back magnificent pictures; tested
thc Martian r)il for signs of past or prescht life; and probed

,

the heavy atmosehere of Venus down to the plumes broiling
surface. Orbiting observatories 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 ob. ations of other planets atmospheres arc :already
opening fre insights into the mechanisms of Earth's weather.

A succes. ion of twenty-eight U.S. 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 serious or. lasting harm. The
Gemini flights worked our .the techniques of maneuvering in
orbit. Apollo's -heroes, as all the world knows, explored the
Moon first-hand, gathered sainpfes of its soil and rdcks for

. analysis 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, studiwd the Sun with a large manned telescope and
Earth with multispectral scanners sharper than the humim
eye, and demonstrated the -possibility of manufacturing in
zero-gravity new and better products that cannot be .made on
'the ground.

17



18 The handshake' in 4it by an astronaut of the last Apollo
and a cosmonaut of Russia's Soyuz symbolized more than a
promise of flaw* inrernational cooperation in space. Amer-
ica's program of the 1960s and '70s was conducted in the open
and the results shared with all the world. NASA liunched
scientific and communications satellites for a dozen inuions.
U.S.-spacecraft carried experiments by scientists of twict that
many countries, including the Soviet Union. Two fiumndred
fifty foreign researchers ftom twenty-one nations participated
in Skylab investigations; 600 c.-ieritific and technical groups
in more than 130 countries used images from the Landsat
natural-resources satellites. 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 fhe two decades
ended, Canada and members of the European Space Agency
were at work on major roles in the Shuttle-based Space Trans-
portarion System.

Meeting thitime schedules, safety requirements, and per-
-formance goals of space exploration stretched and plafilied
American technology in all directions. Yankee ingenuity had
to come up with strong new alloys and composites, lubricants
that wouldn't evaporate in a vacuum, long-lasting batteries,
tiny yet highly reliable electronic parts, ultrasensitive fire de:
tectors; more efficient solar-power panels, compact computers,
foods that keep, fresh without refrigeration, cligh resolution
cameras, low-power communications equipment, improved
welding and wiring techniques,. miniature sensors, light--
weight pumps, tough fireproof fabrics. The list could go on for
pages. Thousands of innovations in materials, devices, and pro-
cedures were deseribed in NASA'publications and catalogued
in cQmputer-tape libraries open to U.S. industry. Hundreds of
them, called spinoffs, soon were turning up in commercial uses
and medical products from the silvery dome of the Detroit
Lions new stadium to ,rechargeable heart pacemakers. .

Spending ori space projects, including the Shuttle transpor-
tation system, stimulated the economy both directly and in-
directly. The dollars were not shot off into orbit when they
might better havebecn spent on Earth, as some critics liked
to say, but went mainly to pay workersmore than 400 000
at the peak'of the Apollo programin every state. And be-
cause aerospace wages were relatively high, much of the
money tended to be passed along promptly, creating more

Handshake in Earth orbit, above. be-
tween U.S.A.'s Stafford and USSR's Leonov
symbolizes cooperation between foremost
spacefaring nations. At right, a hand-held
snapshot of Russian Soyuz spacecraft as
seen from a window of the Apollo com-
mand module.

49
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jobs. Moreover, as economists have long known, technological 19

advance is the primary source of higher mxiuctivtty and
economic growth. High teclmology indusdies also contribute
more than others to the nation's export trade, helping to offset
imports of raw materials, minerals, and fuels.

But perhaps die greatest gift from the space pioneers to
men, women, and children of all nations was a new view of
their, home planet. President Carter, at a ceremony in' which
he awarded Congressional Space Medals to outstanding astro-
nauts, expressed it this way: .

We went to the Moon, in part, as a 'nano of national pride.
But when wc got there, we discovered something very interesting.
Through the eyes of the cameras of the astronauts, we looked back
at the Earth, above the strange horizon of the Moon in a pitch black
sky; we saw Our own world as a single delicate globe of swilling
blue and white, green, brown. Nom the perspective of space our
planet has no national boundaries. ft is very brautif ul, hut it is also
very fragile. It is our special responsibility to the human raLe to

..preserve it. Of all the things we have learned frinn our exploration
of space, none has been more iniSortant than this perception of the
essential unity of our world.

9
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ore,

Better,
Cheaper

r

P AmEittc.A MANAGSD to do so many things in space with 21

. expendable launch vehicles, as recounted? in the previous
chapter, why .the Shuttle?. The answer begins..-but by no.
means ends2Lwith the lowered cost Of simply delivering pay-.
loads into orbit.

Freight rates for the Space Transportation System are
based on recovering its operating costs and the U.S. invest-
ment in the Shuttle fleet and groand facilities, though not the
originirresearch and development expense, over a period Of
twelve years. Under the resuling price schedule, the Shuttle
wifl place satellites in orbit for one- to two-thirds the cost
of launches aboard the Delta, Atlas-Centaur, and Titan rockets
used iiiimost recent US. civilian and military mislions and
NASA iaunehes for other countries. The expenseof keeping
up a varied inventory of launch vehicles and their\ different
ground 'systems is elimin .ted. Based on traffic projections of
more than fiftry Shuttle ts a year when -the system comes
fully into use, the*launch savings alone could be half a billion
dollars a year or more, depending on inflation.

Since about 80 percent of the cost of space missions has
been going into payloads, and only iilgout 20 percent into
launch costs, still bigger savings-30 to 40 percent of total
payload program costswill result from chankes in space-
craft design made possible by the Shuttle'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 able to use some
off-the-shelf parts rather than creating and testing costly and
rugged one-of-a-kind equipment, Because of the Orbiter's large
payload bay and great lifting abilitytwice that of the biggest
expendable vehicle comMonly employedsatellites 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 differsis purposes
by changing only its cameras or other sensors. ilk 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, and 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.

0$of



22 Still other 'payload savings are Possible. Working models Spaee Shiattle launch costs compared to (a) the Adas-Cernasir

of instruments ifttended for long unattended operation in orbit
can be deployed and left in space for weeks of months, then
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 development and ground testing.
Prototypes of new instruments can also be tested in space for
briefer periods while still attached to the Orbiter. Persistent
problems can be pursued with early reflights. Satellites can
be retrieved at the end of their planned mission for refurbish-
ment and reuse. Or modular components can be replaced in
orbit, reducing out-of-service time, without bringing back the
entire spacecraft. Satellites can be updated in orbit as tech-
nology advances, kncreasing their performance and prolonging
their usefulness.

When all launches are made aboard the Shuttle and all
spacecraft arc designed to take advantage of its capabilities,
there should be greatly reduced risk of costly total failures
in spacecraft operations. Even a failure of the Shuttle Vehicle
itself need not be. catastrophic: the crew could carry out one
of the abort procedures described in Chapter 7, landing safely
with the paylAd intact. A study of 131 failures of the 1960s
;and 70s found that sevenry-eight of them, related. to the
launch or to malfunctions early in the mission, could liave
been detected during checkout in the Orbiter or just after
deployment. They were 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 laser failures
or erratic behavior that could have been corrected by retrieving
the satellite for rep- air and relaunch.

( An interesting exanisPie was cittd by the deputy director
of NASA's Shuttle Program, LeRoy E. Day. Two put of three

) Orbiting Astronomical Obser.vatories launched between 1966
and 1970 suffered fatal miihaps. ,A battery charger failure
after two days on the first OAC) could have been corrected
by returning the satellite from orbit and repairing it. The
third one failed to reach orbit' because 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 tbe Orbiter and have needed no shroud. The second
OAO performed beautifully, but even the problems that

and (b) the Delta launch vekicle (2975 dollars).

25
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Cosi in
millions
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ha.

Atlas- Shuttle Delta Shuttle
Centaur



Early piggyback flights, and later drop tests, were done
cautiously and synematically, because of aeroilynamie unot .
taiwies.'Note fairings added over Shuttle's main engines, gird
the clearance hurdle imposed by tbe 747's tidl stabilizer and
rudder.

occurred beyond its planned operating lifetime could have
been corrected in orbit, extending its service, if the. Shuttle
had been available and the spacecraft hati beeft designed for
such maintenance..

The Shuttle has other unique virtues. ft can be prepared
for launch on relatively short notice. Thus it coultkonceivably
carry out a rescue mission, one Orbiter bringidg safely home
the crew of another Otbiter 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 evensive opera-
tion at sea to recover the crew, after each minion, as in,Apollo
and other past manned flights. And it cani,take scientists and-
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 adjustments. The
mission plan can be changed during a flight to cope with
probleins or take advantage of opportunities.

Both the Orbiter's large weight and volume capacity and
the price schedule for flights encourage Use of the Space Trans-
portation System by a wide variety of customers..A mimber
of skacecraft cat be carried on the same flighi, and sharing
by different users is encouraged. Experiment packages intended
to remain within the cargo bay can be fitted in with primary.
payloads. To stimuLlte early use, rates are frozen for the first
three years; and are the same for US. and foreign commercial,
firms; later they will be adjusted annually on the bast of
operational experience. A user that books a full flight and
finds there is some room left over can sublet it. Discounts
are offered to shared-flight customers who agree to fly their
payloads ori a space-available (standby) arrangement. Appli-
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
group to advise, and help people with little or no expetience

in space research.
Small self-contained experiments will be flown as standbys

for $3,000 to $10,000 (in 1975 dollars), dep,snding 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
v.rre donated to high school and college students developing
experiments as part of their academic work. Fifty-one were.
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'24, from forieign dies...Germany, Denmark, the United Kink-
dam, Ciinada,t' Japan, Israel, and Egypt. The payloads must be
for reselare4 6r developmentno commercial gimmicks. Said
the Or of NASA's Space Transportation System Opera-
tions, estei, M. Lee: "We have had to turn away a few
spec tors who wanted to.send up hunks of metal and later
sell leces as souvenirs or who wanted to send up postage
sta44s anct sell them at high profit,"

early projections, about half of the paykr;ds will be for
A, about a fourth fOr the Department of Defense, and
est for other U.S. government agencies, U.S. 13rivate

nizations, and foreign governments or companiesXivilian
rs, large and 'small, are vxpected to include communications

orks, resealch' foundations, universities, observatories,
e agencieg, county and,ciry planners, public utilities, ,farm
peratiyes, medical research groups and health services, the

fiebirig sad transportation industries, oil and mining interests,
% 3

mandacturing and aerospace firms, chemical and pharmaceu-
t

r tidai companies, water conservation and power generating
authoritiei, and private citizens. Dev`tleiping countries can

,

:begiit spa e programs of their own at affordable costs by
!haring S uttle missions with other users and flying modest
payloads at are exposed to space from the Orbiter, then
later. perha move up to more ambitious projects like domes-
tic cocsynu cations satellites.

The%retu from America's investment in the new Space
TranspOrtaf System, then, come not only from reduced
launch, si* aft, operations, and man-in-space costs. They
will come am both the increased and wider use of

, space stimulal t ready access to reliable, frequent, flexible,
economical two-way freight and passenger service between
Earth and orbit. An'd ,they will come, ultimately, from new
ways of using space-:including uses not yet thought of.
NASA Administrator Robert A. Frosf.12.,si<Ze to a committee
of congress about changes in the basic approach to space
flight:

For twenty years we have had to reach for the benefits of space
in small, expensive, prepackaged increments. Each mission has been
such an increment, with its long lead time, one-way transportation
system, weight and volume constraint, demands for ,redundancy,
extraordinary test rigors, and conservative failure margins. . . . The
early Shuttle missions we will see are relatively straightforward
evolutionary extensions of present approaches. ... it will take time

In a special change-out room, payloads are renOved and
different ones installed with the least delay.

3

4



I.

Paybad
reliability

Low mist
payload
design

Payload
'reuse

Payload tactors affecting Space Shuttle economks expressed
in.percentve of i'buttle benefit over expendable vehicles.

before we recognize that we can afford in sPace an approach to . 25
experiments similar to those we use on the ground, because 'of the
easy presence of' the human experinieter, supervisor, technician, or
repairman. We will have to stop thinking in terms of discrete space
missions, each with its own stsacecraft, its own contrel center, its own
ground network, its own clientele. .. .

In parallel with the changes in how weJwill be operating in
spaceWe the implications for what we can do there. Perhaps the
best 'current example in science is that of the space telescope. .

It is ittiportant to 'realize that astronomars have, been planning far
the telescope since the earli '60e--and that oitly the advent of the
Shuttle revisit far orbital maintenance has made it, practical. The
'space telescope is oar first facility in space, now not much more
remote from human attention than the more litnited.instruments
vie have built an mountain tops asOund the world....

. .

eNare at the beginning of !mother revolution today a ilia:
one in communications. It would be apiroptiate to term this the
"second communications revolution," since the satellite developments .

of the past fifteen years have already completely changed domestic
and international point-to:point telecommunications traffic. . Just
around the corner . . is the next quantum jump in this field. .

The geometry of the Aprld and the space around it, coupled with
the technological capability to build large antennas and supporting
facilities in space while vastly sipplifying and reducing ground
terminalosize and scomplexity, make the possibility 'of heraispheric
interconnections at the "CB" level a reality. Concepts of public service
telecommunications like electioniC mail, micilialAnformatiOn service
delivery, continuing interactive educatipos,*nd broadly based informa-
tion access nqw await implementatiorodeCisions tither than leech-
nological feasibility demonstration.

Designers of 'commercial 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. yhey should be
more efficient and more reliable, and proyide .additional
channels: 1110.

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 Shuttle. "I think.that rather
than having individual satellites for individual purposes," he
said, "we will more and more see ourselves as building a
multipurpose system of satellites and sensors, with the means
for broad-scale data, transmission and archiving and protetsing
data into information. This type of system would look at all
features and characteristics of the entire surfalte 'of the Earth
and itt atmosphere that can be sensed from space. With this ,

IOW



26 versatility, we would be able to provide a variety of Aata to
different users."

High-resolution remote sensing of natural resources from
space will extend utes 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, provide
information for experiments in weather modification and_bet-
ter understanding of climate, and forecast global production
of several food crops.

Shuttle also permits researchermo extend their inves-
tigations of how the unicNe conditions in spacevirtually no
gravity, near-perfect vacuum, very low vibritionmight be
used in manufacturing products that are difficult or impossible
to qae on Earth. Some ideas were tried out in Apollo, Skylab,
anf Apollo-Soyuz and in brief 'rocket Aflights with promising

ults. Government, university, aneindhstrial scientists ar
planning both untended and hands-on experiments in Space-
lab (Chapter 8). Mos these seek to take advantage of the
lack of gravity. In t we' htlessness of space, liquid mixtures
of materials of erent ntities can be solidified without
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 containers.
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 biological materials for medical research and treat-
ment.

An entirely new activity seen as possible with the Shratle 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 series of Shuttle flights could deliver structural members
or modules to orbit for assembly there. An Orbiter, could serve
the construction crew as living qnarters 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-

3,2
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ing of their own weight. Structures that might be assembled 27
in space include large cdmmunication antennas, solar energr
colOctors and transmitters, manned laboratories, processing .
and nianufacturing facilities, large spa ft assemNy plants,
warehouses, and refueling and repair depo . One day a Shuttle
'may build an advance base for an ex on to the farther
shores of the solar system.

,..:40t1J,e-

Friction with the thin air-of the upper atmosphere will make parts of the Shuttle Orbiter glow for a
moments during critical reentry.process.

33
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I e Design

r4itas BEFORE EVEN THE FIRST SPUTNIK, scientists and 29
Ieronautical engineers recognized that economical, every-

.clay use,of space would require a transportation system em-
ploying vehicles that could snake repeated voyages into space
and return.

NewspaPers in 1947 carried a series of imaginative stories .

describing "A Trip to the Moon and Back" that showed air-
plane-like rOcket 'ships. In 1954 Collier, magazine published
articles by Wernher von Braun and his associates popularizing
.the idea and economic advantages of .7.arth-to-orbit cargo
carriers that wonld be recovered for .repeated use. A paper .
given-at the 1958 meeting of the Arneritan Rocket Society
was entitled "omarietcial Rocket Airplane: A Connectin
link to Manned Spac'e Flight."

However, the technology needed for building returnable;
reusable sliaCeCraft was not yet in hind, particularly knowledge
of how to design long lived, high-performance rocket engines
and insulation that woUldn't burn away. in u single fiery re
entry into the atmosphere. The urgenCy of ballistic missiles
and the perceived need tp compete with the Russians in'
manned flight, moreover, kept American emphasis in. the'
1950s 'on conventiOnal rocketry; One program to advance the
technologycalled Dynasoar, for dynamic soaring, using a
vehicle that would bounce off the upper atmosphere, like a.
skipping stonewas begun by the Air Force but cancelled.
NASA studied an idea called Head-End Steering.' This in-

;volved putting a man-carrying, flatiron-shaped lifting body .on
the nose of a big rocket of very simple design.. Expensive
guidance and control equip-ment would be located in the lift-
ing body, which could maneuver in the, atmosphere after its
reentry from., orbit and be recovered for repeated tripsbut
the booster rocket still would have been expendable. This
scheme was dropped because it didn't seem to offer much
adva tage over the simpler ballistic-capsule approach being

rkl out for the Mercury, Gemini, and ,pollo programs.
B the early 1960s engineers studying tfie weight, propul-

sio , and' thermal problems saw no practical way to design
a single aircraft-spacecraft that would make the trip into orbit .
by itself with workhwhile 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
aSo should be reusable was debated at length. Juxtaposed
articles in the January 1963 issue of. Asfronautics makazine

.1.511 40,



30 emphasized the greater operating economy but higher original
deVelopment costs of "a winged, recoverable rockstrwered
launch system."

Through the decade uncounted engineers in Eur.ope 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---dnitiated studies involving industrial
groups throughout western Europe. Titles of some of the
paperi given at a U.S.-European conference on Low Cost
Space Transportation in 1967 indicate the wide variety of
ideas explored: "French Concept for, an Aerospace Trans-
porte'r" . . "A West German Approach to Reusable Launch
Vehicles" ... "A British Reusable Booster Concept" .. . "Air-
Breathinf Reusable Launchets" . . . "The Enigma of Booster
RecoveryBallistic or Winged?" . . . "A Comparison of
Fixed Wing Reusable Boo,tter Concepts.' Meantime, aero-
space technology was being advanced by fiight reSearch with
the X-15 rocket plane and lifting bodies, operational experi-
ence in Mercury, Gemini, and Apollo, and the development
of supersonic military and transport aircraft. A series,of studies
for NASA, reported at a Space Shuttle conference in Wash-
ington in the fall of 1969, concluded that building a reusable

Concept of a reusable spacesWpthat could land like a plane
is far from new, as draWings Mini 1947 Sacrasnento Bee below,
suggest. Many dillerem engineering variatious like the one as
right, below, Were examined, calculated, and wind-tunnel-tested.
The Orbiter Enterprise, right, is the product of years of develop-
metu work.

A Trip To The Moon And Back
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space transportation systern was now becoming technically 31

feasillle and economically justified..
Before eVen the first Apollo flight, U.S. policy planners were

shifting their sights to low-cost use of space for practical
.,purfaikkThe President's Science Advisory ComMittee in ytk:

Fei;Liti.14/ 1967 said: "For the longer -range, studies should
be made of more economical ferrying systems, presumably
involving partial or total recovery and use." In September
1969, two months after the first Moon landing, in a report
to a task group established _by the President to outline the
future of the U.S. space program, NASA recommended budd-
ing ". a low unit-mission-cost transportation system that

...would make Earth-lgoon..1space easily and economically *go.

CesSible to man for his use for exploration, applications,
science, and technology research." The *head of the manned
fliht preigram, George E. ueller, wrote: "No law Says space

must be expensive." In 197P ihe President announced
that a major objective of the U space program was to reduce
substanlidlly the cost of space optratiOns. A reusable trans-

.. 'portation system to shuttle betWeen Earth and orbit was iden-

:. tifitd as a way of achieving this.
Two years of detailed feasibility, engineering, and economic

studies by NASA, aerospace companies, and acadetrrOups
focused on a fully reusable two-stage, piggyback vehlai that
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 stagg would continue .its climb into
orbit while the first returned to land on a runway. Since no
tanks were to be dropped, the Pair coal take off without
'concern about passinf over Populated arIis in the early parr
of the flight.

Each stw' would have a crew of two. The second, orbital

stage could carry, in addition, twelve passengers, since one
of it 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 orbit. Both stages would have new
-pressure hydrogen-oxygen rocket engines, two or three

for the Orbiter and ten or twelve for the booster. The engines
would be capable 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
passenger comfort and woul4 permit carrying less rugged,
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32 and therefbre cheaper, payloads that would not be damaged
by high acceleration and vibration. Engines were recognized
as the pacing item in the Shuttledevelopment,as they proved
to be.

Two configurations for the Orbiter were considered. One
had stUbliy, straight wings and was designed for reentry at a
high angle of attack, which reduced extreme heating from
air friction but also reduced maneuverability from side to side
of the descent track tlat might be needed for akemergency
landing. The seesnd was a delta or triangular thape that.
could reenter at a lower angle of attack, permitting greater
cross:range maneuvering but also causing greater heating of
the nose, leading edges,. and underside of The fuselage and
thus complicating the problems of dfsigning adequate thermal
protection. 11a/systems analysts, weighing advantages and

dvantages, 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 U.S. 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 dollalsfor two Ihrge piloted vehicles, both possess-
ing features of a rocket launch vehicle and a superimic air-
craft. This seemed more than successive administrations 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, his 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 decicktd to give up the manned

,

One of dozens, the Orbiter design as right had some chara-
teristics of the one chosen. Shown below are drawings of the
complete launch vehicle now preparing.

Or"
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ter. An unmanned one then presented the choice of liquid- 33
pellant or solid-fuel rocket motors. Liquid engines in a

ries-burn configuration,' where the Orbiter engines would
7he ignited after the booster had shut down and separated,
were compared with solid rockets that would be ignited simul-
taneously with the Orbiter engines at liftoff and burn in
parallel during the initial ascent.

Because of the high price of liquid-fuel booster, it would
be important that each one be recovered, refurbished, and
reused. This was nor 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 nse would
impair the ability of the Shuttle to maintain 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
with recoverable solid boosters and an expendable hydrogen-
oxygen. tank 'Cfueling engines' of a recoverable orbiter ) than
with the fully reusable vehicle originally favored, their choice

,Avould cut the program development cost ahnost in half. In the
face of tight budgets, the decision seemed obvious.

On January 5, 1972, the President stated:

The United States should proceed it once with the development of
an entirely new type of space transportation system designed to help
'transform 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 astronautics. . . . This
is why commitment to the Space Shuttle's program is the right next
step for America to take.

Separa-te 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 testing,
and initial production.

The three-part configuration selected by NASA on March
15, 1972reusable Orbiter, partly reusable Solid ROcket
Roosters, and expendable External Tankis esseritially the
Space Shuttle of today.

3 9

^,



-
a.

a-

a



Firm THE FuiE Amat.riuNDEli of liftoff;and,the char-
mous.power reauired, getting inio,space is ittsomeN,ays

the easiest part of the Sht!ttle's jontney. Irfollows a familiar;.
pattern tested by. earliet Manned flights,and hundreds of un
manned'ones: simply dropping off;parts Of the vehiclei as.they
iun out of fuel, whilethe rest continues into nrbit.,

The first to gn are the'Solid' kockit Boosters.
Standing 45.5 meters frozta nozzle tci nose,and 3.7 meters in

diameter (150 ft by .12 ft)., the lboosters are attached 'near
their ends to the'External Tank, Slightly t'aljer and tWice as
fat, which4n turn is attached to the Orbiter. A ,Shuttle booiter:
is the largest solid.ifael rocket ever flovin, the first built for .

use on a manned spacecraftt and the first design0 for reuse. It
is assembled from :seaMless segments of lialf-itich steel, lined

z With heavy *Illation, that are Plied with prOpellani.,at, the
manufacturing:site in 'Utah and.shipped on railway, fiat ears
to the' Kennedy. Space Center for assetnblyor, fat sgtzth-

N,

north flights, Vandenberg Air Force Base north aT Los Angeles-.
The piopellapt looks and feels like 'the hard rubber of a'

.typeWriter eraser. It is a mirture of aluminum powder a fuel,
aluminum perehIorate powder asan oxidizer, a dash of irOn'
oxide as a catalyst -r-speed the burrking rite, and i'polymer.
!Ander that alsO serves as a fuel. It is not sensitive to ignition
by static, friction; or impact; and it will not detonate ,during _

storage.,The- case segments are loaded from a, single rot of
raw materials to rni'nirnize any :.chrust imbalance between .cile

. pair of bdosters used for a giveh Shuttle flight.,
'tor launch, the propellant-500 000 kilograms (i 100 000

lb) in each boosteris ignited by a small: rocket mntor. Flame
spreads over the exposed face of the propellant in about 0.15
second, and the motor is up to full operating pressure In'less,
than half a second. As, the propellant burns, at a temperature
of about 3200° C, huge quantities of hot gases speed thiot.igh
the nozzle, which restricts their fiow and increases the pres-
sure, producing thrust as-they spew from the exit cone. The
fwo boOsters' thrust of 5 200 000 pounds augments the
1 125 000-Pound thrust of the Qrbiter's three main engines
through the first two minutes of ascent. The propellant is
shaped to reduce the thrust briefly by about a third at 62
seconds itito the flight, to prevent overstressing the Shuttle
vehicle-during the critical transonic period of maximum
dynamic pressure.

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

-*

,
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36 opening, can be swiveled hydraulically up to 6.65 degrees on
command by the Orbiter's guidance computer to control/the
direction of thrust. With .similar swiveling of the Orbiter
main engines, this steeri the entire-Shuttle vehicle. The outside
of the bOosters is inSulatal against the heat of air friction And
the, blast of the Orbiter engines at separatinn with an ablative
material that burns, away in temperatures ;hat reach 1260° C.

After 'burning dia,, the Solid ItOcket BooSiers are cut loose
from the txternal Tank by electrically fired explosive devices
and arc moved away by small rOcket separatinn motors, four
near the nose oleach and four:aft, fired by command from the..
Orbiter. The spent boosters cOast upward andthen.fall Earth-',
ward .,for almost four minutes, reaching a speed of 4650
,kilometem an' hour (2900 mph) before being slowed by
atmospheric drag. From about 4.7 kilometers (3'mi) each is

Huge External Tank feeds file/ aid oxidizerto the three
itengines wail spacecraft is jusi shy of orbital velocity.

^ 4.
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/owered by a suCce!ssion oft: p,arachutes, the 'tree ..mains 35 37,
meters in diameter (115 it), deployed from the nose on signal
from a harometdc-pressure switch, to a splashdown of about
95 kilometers an hour ,(60 mph). .

Since the empty rocket enteis the water wfth the nozzle
down, air is trapped in the upper iind it float it upright until
one of two recovery Vessels, summoned:by a radio beacon and
flashing light, attaches lines to toW, it back to the launch
center. There the booster is takett apart and the rocket seg.. *-
ments are shipped to the Utah factory, where they are cleaned
out, inspected for aacksi pressureirested, relined, reloaded, and
reshipped to the site. When :the rocket throat and nozile
also have been relined with ablative insulation, the . paracutes
washed and repacked, and other par.ts refurbished or replaCed,
the booster is reassembled to fik.: again. The main. Structure,

13(



directional controls, and electrical system are 'planned for
twenty fliglits:'the reclvery system for ten.

The second etement of the Shuttle tbat is discarded during
asceni to orbit, and the only-major part not -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 .that 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 th;oug.the Panama Canal.

Made of aluminum alloy upto 5.23 centimeters (2 in.)
thick, the External. Tank is actually two propellant tanks
connected by cylindrical collar that houses contro equip-

.
ment. The nose curves to a point tipped by a ligh rod.
The forward rank is loaded with 529 900 liters (140 000
gallons) of liquid oxygen, chilled to Minus 147.2° C, weigh-
ing 603 983 kilograms 1 330 000 'lb ) . The one forming the
aft section, two and half titres larger, contains 1 438 300
liters (380 00.0 gallons) bf liquid hydrogen at minus 251° C.
This weighs only 101 503 kilograms (223000 lb) beamse
liquid hydrogen is sixteen times lighter.

The tank's outside skin is insulated 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 projections from friction heating during ascent through
the atmospilere.

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, into
the 43.18-centimeter (17-inc11) pipes that carry 242 000"liters
(64 000 gallons) a minute to the engines. Propellants are fed
to' ihe 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 thepeeded orbital yelocity easefully computed, and
the Daernal Tank eut free, nianeuvering engines now. bring
the Orbiter up to the exact speed oeeded fir the

_
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After the Solid Rocket Bocksters separate at 50 kilometers
131 mi) altitude, the Orbiter, irith the main engines still fir-
ing, mules the Eiternal Tank to near orbital velockty at about .

113 kilometers (70 mi) above Earth.- There, eight minutes
after takeoff, the now.empty tank separates and falls in a
planned trajectory into the Indian Ocean on rni&sfons from the,
Kennedy Space Center or the South Paciic on eights from
Vandenberg Air Force Base in California. Venting of unwed
oxygen controls the tank's rate of tuMbling to prevent skip-
ping when it hits the upper atmosphere and to assure that it
will break up and fall within the designated ocean areas far
from busy shipping lanes.
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6.
The

Amazing
Orbiter

I.

OkBiTER,,which all other elenients of the Space,Trans,-.41
portation System support Of depend on,.looks like an air-

plane and acts like ,one during the last minUjes. of .

But it' is far more complex than Ahe most .sophisticated air-
craft: forty-nine engines, twenty-three antennas,. five .corn-
pUters, separate sets of controls for gying in space and in the,
air, electric-power generators that also produce drinking water.

Thexhick-bodied, deka-winged aerospace craft is 37 meters,
long, haS a .span of 24 Meters (120 ft bY80 ft), and weighs

'''''abdut 75 000 kilogratris empty 165 000 lb): Its 'e.a4o .bay,
18.3 metemlong and 4.6 meters in diameter -( 60 ft by 15 ft),
can deliver single or mixed payloads of up to '29500 kilo-
gran's (65 000,1b) to orbits of up to 370 kilometelis altitude,
or smaller -loads up to 1110 kilometers (230 nni. to 690 mi).
It can bring paYloads of 14 515 kilograms .(32 000 Ib), back,
to Earth; and ii can carry out a Variety of missions lasting
seven to thirty days. It normally carries a crew of threeiastro-
natits and one. to four .,ccicntists or .technicianS -to manage
the payloads,

The airframe is mostly altuninum protected by reusable
surface insulation. Themain Sections are the forward.fuselage,
containing the air-tight crew module, the cargo-carrYing mid-
fuselage, with full-length overh.ead doors; the aft fuselage,
including the engine thrust 'structpre and the body flap that
controls the 'craft's pitch in atmospheric-flight and shields the
main engines from the heat of airfriction during reentry;
the wings, w4hhouse thejmain landing'gear; and the vertical
tail. vJ ,

The forward fuselage' is made of aluminum alloy panels,
frames, and bulk"heads, with window frames of machined
parts attached to the structural panels and frames. The ereW
module, which will be described more fully in the next chap-
ter, is machined alnminum alloy plate with integral stiffening
stringers. It has-a side hatch for normal entry and exit and an
airhwk from the crew living detk into the unpressurized
cargo bay.

The mid-fuselage is the primary load-carrying structure
between the forward and aft fuselages. The skin is .mqc;hined
and honeycoinb-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 graphite-epoXy composite

!



42 frames and honeycomb panels, they incorporate radiators that
are exposed to space when the doors are open to-dissipate beat
from electrical equipment in theorbiter and payloads.

The aft fuselage structure, which carries the main-engine
thrust loads to the mid-fuselage and, during ascent, to the
External Tank, is a machined aluminum panel with "a truss-
type internal structure of titanium reinforced with boron
epoxy. The wings are constructed 'With a corrugated spar and
truss-type rib internal arrangement and skin-stringer stiffena
aluminum .alloy. The vertical tail i,a two-spar, multi,..rib:
stiffened-skin box of aluminum alloy bolted to`the aft fuselage
authe tiVo main spars. The rudder and speed brake assemblIc
divided into upper and lower sections is aluminum honey-
cOmb panels.

Insulation tough enough to protect the Orbiter and id crew
from the searing heat of repeated reentries had to be invented.
In'arlier manned spacecraft, thermal buildup was controlled'
by sheddi4 glowing bits of the heat sliereitself. But NASA
asked for matirials that would last. through 100 missions
before replacement, and effective enough to protect the alumi-
num substructure beneath for 500 missions. The ansiver was
a special tile-like insulation that refleals away heat so effec-
tively that when one side is cool enough.to hold in your bare
hands, the other side can be red hot.

Two types of insulation cover the top and sides 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
77/s in. square), protect the aluminum surfaces up to 650° C,
the flexible insulation up to 370° C. The coating gives the
upper part of the craft a nearly white- color and. has optical
properties 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 1.260° C. The higher-tempera-
ture coating gives the underside a glossy black appearance. Top
and bottom, there are more ihan 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.

de
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5.6 m
(18;5 ft)

. F-1

Bulk ilone is a scant clue to differences in 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-stagc J-2 used
hydrogen, also bad a short design life. Shuttk engines (SSME),
vastly more efficient, last j55 flights bef ()pie overhaul'.

The Orbiter's three main engines, developed by die Mar- 45
shall Space Flight Center, which created the great Saturn V
Moon rockets, are ihe most advanced rocket enines ever
built and the first designed for repeated reuse. TVeir thrust
for 'weight is the highest of any engine yet developed, and
they can operate for up to seven and a half hours of accumu-,
lated firing tilnefifty-five flightsbefore a major overhaul.
-Four and a third meters tall and 2.4 meters in diameter at
-the flare of the nozzle (14 ft by 8 ft), each produces 375 000
pounds of thzust--;-equivalent to about six and a half million
horsepowerat 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 and to keip acceleration
within comfortable bounds.

Mounted on the Orbiter aft fuselage in a triangular pattern,
the three engines tan swivel 10.5 degrees up- and down and
8.5 degrees from side to side during flight to change the
direction of their thrust and, with thc 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 acid 17 000 gallons of
liquid oxygen from the External Tank.

The .propellants, ignited by devices similar to spark plugs,
are burned in two stages, being partly combusted at relatively
low temperature in prehurners aad then completely burned
at high temperature in the main Cor'nbustion chamber, of each

N...a....0"11



46 engine. Propellants are fed under. high Pressure- by turbine
pumps driven. by hot gases from the priburners. Operating
pressure in the-main combustion chaMber is 3000 pounds per
square inchfour times that of previous rocket enginesas
the fuel burns at 3515° C

Each engine conuolled through a pair of computers
(primary and backup) that monitor its operation. They com-
pare actual with piáirammed performance fifty times a sec-
ond; automatically correct any problems or safely shut down
the 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 maintenancepurposes.

Two orbital maneuvering engines in external 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 enginesr shut down and the External Tank
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
from separate p,irs- of tanks in 'each pod by pressure from a
tank of gaseous helium. The engines can be used separately
or together ail can be swiveled plus or minus 8 degrees to
control th rbiter's direction. They-fire designed to be re-
usable for 100 missions and are capable of 1000 star9 and
fifteen hours of continuous firing.

Batteries of small rocket engines, callel 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 4igh ahitude. 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-
maries and two verniers nestle in each pod beside the maneu-
vering engine. Their propellants are the" same as for the
maneuvering enzines, 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

4

Meticulous installation of beat-resistant tiles is
fussy. AlmOSt no tWO tiles are alike,..their hacks are
contour-machined.. Closeness -of fit neighbor.
ing tiles is critical.
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Maio gear touches as the Enterprise comes in
deadrstick from an early landing test at Edwards
Air Porce Base. Nose wheels will soon touch.

firing, each vernier engine for 100 MiSSiODS, 500 °al) starts, 47

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 diiven at 74 160 revolu-
tions per minute by the decomposition of hydrazine as it
passes c:irer, a catalyst bed. Hydraulic actuators move the ele-
vons ( wing flaps), body flap, rudder/speed 4.brake, main-
engine valves and swiveling mechanisms, landing gear, wheel
brakes, nose-wheel steering gear, and devices that disconnect
the propellant lines from the External Tank to the Orbiter'
on separation.

Electricity for everything else, from computers to the pay-
load-manilating arm, is generated by three power
plants. Developed in earlier manned flight programs, fuel
cells generate direct current througii the electrochemical reac-
tion of hydrogen and oxygen. Electrical power i may

5 3
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..,... 48 vary from, 20 to 30 kilowatts during the ten-mMute ascent 6rgtx bay,ii adaptabk to an *him variety k*.it)Sht,thit-it the
, ., .

:.4. , i 3-, a .! s 11\2,1. load pleintwd lor secotui exp.c,rwesuag ottithoditi,5044.1dttai014.- .. -,' 'tto orbit and thehalf. hour of reentry and landing, when most7 . ,._, , .of kg 'moments. -I\
.`
43payload equipmeht iS tur ed Off or on standby, up to an aver-

Ciro

age of 14 kilowatts anti peak of. 36 kilowatts when the
equipment is kn operation in orbit. A valtiable byproduct of
the fuel cells.is drinking water for the crew, and passengers.

The Orbiter's cavernous cargo hold, with payload attach-
ment points alongoits full length, is adaptublo enough to

. N accomniodairrnamimy as five unmanned spacecraft of various
sizes and shapes on a single mission, in;truments that view
Earth or upper space from within the hold when the doors
are open,. small .self-cMnained experiments for a variety of...-
users, or a fully.equipped manned scientific laboratorY, Space-
lab, &scribed more fully in 'Chapter 8. The Orbiter supplies
them with elearical 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. For instruments that make their observations from
-platforms in the payload bay, the Orbiter's computers.
the small vernier attitude-control thrusters to maintain poinC.7'q
ingaccuracy within half degree.

Using radar, the Orbiter can rendezvous from 560 kilo-
meters "ay (350 ini) with a cOoperative target, like die
space telescope, or from about 20 -kilometers (12 ini) with
a pasSive one, like the Long Duration Exposure Facility, both
described in 'Chapter '1. Voice communications, television.
signals,. 40 scientific and engineering data are transmitted
and receiVed on five frequency liands through seventeen to
twenty-three antennas, depending on the mission, to and horn
free-flying spacecraft being deployed, serviced, or retrieved; `*

to astronauts working . in open spice_ in their pressure- suits
.find Maneuvering backpacks; to two 'tracking and data relay
satellites, to be launched on early Shuttle operational flights;
and directly to ground stations for use by cOntrollers. and,
experinlynt,manag6rs at the. Janson Space Center, ihe God
dard Space Flight Center in Maryland, and the Jet Propulsion
Laboratory in Californjo.---- '

Satellites can be lifted,out of or-hauled into tile cogo hold
with atmanipulati artin Controlled remotely:from thcOrbiter
flight deck. A second Atni,Yean- ink"alled n the other side..
of the hold.forMisSiott's on which very large or awkward pay-
loads must be handled. Desimed,,deVdoped, and built by
Canadian industrial firms under the direction' and funding ?I
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the 'National, Research Council of Canada, the manipulator 49-,

_is'u robot human arm, 15 meters long (50 ft) with joints
at die shoulder, elbow, andiwiist, each operated by six dectric
motors. It ends in a device that engineers call the "end effec-, ,1

tor" that can take hold of a spacecraft to be deployed or
grab one -flying outside. Television -cameras on the-lower arrn
and lights.in the,cargd bay help the astronaut Mission

s

pccthl-
ist guide the arm's moveknents from a-station on the flight .;.

'deck. The arm could be used*to rescue the crew from a dis-;.[Nirx.
'abled Orbiter or to help assemble structures in space. There .1
is no doubt that this ingenious electro-mechanical exwnsion-
of men's brain and muscle will perform valuable service in.'
years to coilw. What is Vastly less- 'certain is .thatswe

10

:actual4y.cal1 its hand an "end effector. .
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. .. Uultimission sateiliteheing,deploYed by the Orbiter is a now.idea:
,,.,. .. a basic generattsnrposesatellite that can'be tailored (and fetailored) ".

for many difjerent.jobs. it will reitre.the high costs of satalites, 's
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(INCE Th stitYrr4 has completed its trial voyages, the. 51
41-

list'of thote Who maY go into space will be greatly en-
larged. No lodger will travel beyond'Earth's 'ecur,ity blanket

of atmosPhere be restricted, to a select population2a physi-
cally perfect and intensively trained astronauts.

Acceleration stresses felt by Me Orbiter's crew and_ pas-,
.sengers during launch and ascent to. orbit are neyer more than
three times normal gravity, only a third of the pt.3k hit on
earlier manned flights and well within the physical limitations
of non-astronaut scientists and technicians, Who nOW can
into spacefor the first time to tend their own expotetnents

-: there wild observe the results. The spacious:cabin (71.5 cubic
meters: 2500 cu It) provides separate working ind liviffg
quarters supplied with ordinary air-'--22 kercenr oxygen; 78
percent nitrogenat standard sea-level pressure .of '14.7
pounds per square inch and comfortable temperatures of 11° C
to 27° C. Theshumidity is controlled, and odors and carbon
dioxide are continuously filtered out\ ,

The upper section of ale cabin is the flight, deck, from,
which the Shuttle is controlled ana most payloads are handled.
It somewhat resembles the.cockpit of a DC 10 jetliner. There
is -a Conventional pilot-copilot arrangernent of forward-facing
Seats for 41e ship commander (on the: left) arid,pilot, TV-like
displaykAnd duplicate sets of conventional-looking hand con-
trollers, pedals, levers, 4nd switches with which either astro-
naut can fly the craft alone. During ascent and return the
mission specialist, Who is afso a NASA ast4aut, and the
non-astronaut payload specialist, if there's one along, sit

behind threpilot and .cornmander.
Behind and alongside the seats arc four standup duty sta-

tionsr 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. Alongside it, to
the right, :is the pdyload 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
TV screens display the pictures from the ramote cameras.

t
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Flight deck looking aft.

Hand'controllors

Rendezvous and Payload handling
docking controls controls

Aft viewing windows

Mission
operations

displays
and

controls

Payload
operations

displays
and

controls

Flight deck .

stowage

The mission statiOn, just behind and tà the sight of the
pilot's.seat and occupied .by the mission 'specialist, contains
controls to manage the Orbiter's, interconnections with pay.:
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
flying nearby; a caution and warning display alerts the crew
members tc\ malfunctions in payload contporrents. Orbiter
functions that are not immediately ciitical to the flight can
also be, managed from here.

On the opposite side of the flight deck, behind and to the
left of the commander's seat, is the payload station, occupied
'by a payload specialist whet c mission requires one. Pay-
loads are checked out and nia aged-from hereLand the station
includes a surface two meters square for removable displays
and controls that can be changed for different paylOads on
different missions. A cathode-ray-tube display and keyboard
f coMmunicating with payloads through the Orbiter's .data-
processing system may be added. Electrical power and air-
conditio*g for payloads that need thimi are regulated from
this station.

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
the programmed instructions for automatic flight, are routed
through computers. The computers relay commands to the

Payload operations panelg
to be supplied by NASA
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engines and attitude thruster!. during lAunch,' nt, orbital
operations, and reentry or to the hydraulic actuators that
operate the elevon flaps, nidder, and:speed brake during de-<
scent and leding. Data on the vehicle's performance, `attitude,
position, acciletion, velocity, and diiection flow to Cockpit
displays and to the computers from rate gyros, accelerometer!,
star tracker!, inettial measuring units, thrusters, thrust-direc-
tion control!, 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 simultine-
ously. Each compares its computations with those of the
others and agreed-upon commands are sent to, the appropriate
conrrol.actuator,.It and when ,there is disagreement, the
puteñin

"
effeCt vote,. anrcommands from the: iAityPted. ,

computer are ignored.
The cabin mid-deck, reached through 4n open hatch' froth

the flight deck above, is the living area. (It also contains
lunch of the Orbiter's electronics gear.) i-lere are three extra
spits for additional payload specialistS 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 .

freeze-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 1 "vertical sleep station. On a mission to,resale
the crew of anothet Orbiter stranded in space, 'the bunks could
be removed, and three more seats installed. The total of

g ten seats, six 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. '

A lower kction of the cabin module, beneath the living
quarters and'reached through rmoiable floor panels, contains,.
more storage-space and the Orbiter's environmental-control
equipment.

From the back of the mid-deck 'an airlocka cylindrical
compartment with air-tight hatches' on ,opposite sidbsleads
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 the
unpressurized bay and the vacuum of space.. Handrails, hand
holds, and foot restraints at various locations in the cabin,

59



54 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 mecbanical arm to work on a pay-
load at the far ,end of the bay; to reach A satellite, held out in
space by the arm, during deple;yrnent, refurbishment, or re-
trieval; or to get at parts of the Orbiter itself that may need
inspection or servicing.

Backpafks worn wit'? the space suits provide oxygen an&
suit cooling for six hours, and the Orlatiter carries supplies
for two more sit-hdur .periods , of EVA"extravehicular
activity"for two crew members. A space-suited astronaut
ean also wgzar On his back a 'pen/anal:rocket kit, called the
Manned maneuvering unii,fto fly outside tht cargo bay. With
this hand-controlled propulsive.device he 'can -reach a nearby
free-flying satellite, transport cargo of moderate size such as
may be required for servicing a'spac,scraft, or retrieve sntiall-
'free-flyers that may be sensitive to perturbation or contamina-

, non by thrbiter's attitude-control thruiters. The maneuver: .
ing Unit's own low-thrust nitrogeh propellant causes minimal
disturbance and no contamination.

EVA tasks may include: inspecting and phbtOgraphing pay-
loads or their cornponents; installing, removing, o; sfer-
ring film cassettes, materials samples, protective covers and
instrunients; operating equipment, tools, and cameras; clean-
ing optical surfaces; co-nnecting, disconnecting, and stowing
fluid and electrical lines; repairing, replacing, - calibrating,

inspecting moddlar equipment and instruments; deplop-.
ing, retracting, and positioning antennas, booms, and solar-
power panels; transferring cargo; rforming .txperiments
in the cargo bily; 4nd' possibly re airing some _damaged Or
malfunctioning Orbiter mechanism in orbit.

In case of serious trouble during ascerq to orbit that made
. it impcissible or unwise t'5 continue the mission to its full
duration,, the Orbiter is expected to get back to..Earth witl
its personnel safe 'and its payload int'alA. ,

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 possible 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 °Miter, wi,th.
the External Tank still attached, could flip over and point
backward toward the laUnch site. Continued engine t rust

11.
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Landiss runout appears to pose no probjerns despite'absence
of reverse thfusi. This was second drop test, with astranaltiv
Engle and Triply.

Go
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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 shut down and the tank jettisoned into

not-too.busy ocean area selected ahead ofetime. A computer
guidance program for iust such an emergency would control
critical- maneuvers until the drbiter glided .within range for

Nthe'crew tt.i.rn'ake a:manual landing on its usual base runwaY,.
'about twent)4 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 short of orbital velocity. The External Tank would be
droppe into the norMal disposal area, and: the Orbittr's.tra-

-, .

jectory w uld take .it once around the globe, for a nearly
.normal reentry and landing on the.home runway about ninety
minutes after takeoff: If the trouble came in the last few
minutes of 4scent, the tank would be dikcarded into the
planned area and, the Orbiter wduld make orbit, maybe at
a lower altitude than planned, by firing its orbital maneuver-
ing engines longer than usual. The 'mission, though probably
shortened, rnihr 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 orbt.t.Tromptly but in
the normal way and, if not within range of home base, come
into one of st:veral air fields with long, strong, runways that
NASA has lined up as' emergency landing sites.
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'THE SPACE MANSPORTATION SYSTEM 0, broadly, the 57

ShuttleOrbiter, fuel tank, and latincli booSfersplus::-,,
everything that goes with it: ,

Spacelab;- in ivhich scientists and, terhnicians of many
nations can conduct their owJezperimenrs beyond Earth's
gravity ana,atraciphere;

Optional flight kits-of special equipment 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 .different
sets of instruments for a variety of missions;

Rockets -to propel Shuttle payloads to hIghe1 orbits or on
,their way to othet...planets;*

A &maple): communications netwhil;,..
Launch sites and service facilities;
Ingenious cargo handling ..quipment to speed ground

operations; I.

Ground control centers; .

And the management structure 'to put them all together
into A working systein.

The head of NASA's Office of "Space 'fit' ansportation Sys-
tems, John F. Yardley, has coinpared the,operation to running
a scheduled airline with asPects of a charter iervice.

Twenty to thirty percent of all Shuttle missions will catry
some parts of Spacelab, a versatile orbiting laboratory ior
manned, and automated fesearch in the low-gravity, high-
vacuum environment of !Pace. In its laboratory Module men
and women working without space suits in a comfortable,
Earth-like atmosphere will conduct sciectific and technical
experiments in close cooperation with ,coileagues on the

::ground. Its development is financed by ten European nations
under the European Space Agency.' Agreements with the
United States`prOvia that ESA design and build one Spacelab
as well as iss test and ground equipment. Others that may
be ordered' later Will be paid for hy the U.S. NASA is in
charge of operations. The European countries involved are
Austria, 'Belgium, Deiimark, West Germany, France, Italy,
the Netheclands, Spain, 'Switzerland, and the United Kingdom.

Like the Shuttle itselfbut unlike SkylabSpacelab 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 ihe Orbiter 'throughout the fii6t, is exposed to space when



58 the big cargo doors are open in orbit, and is removed on the
.sround, for rearrangement .of its elen-ilents and changei of
instrurrients and equipment for different kindS of missions.

Spacelab's main elements are the: pressurized laboiatory,
which affords shirtsleeve working conditions, and an .instru-
ment-carrying *dorm called 'the pallet, A sore of open back,
porch, that exposes materials; and equipment directly to.space.
Each of these is segmented for mission flexibility; either can

.flown alone or in thore than nail a dozen different C0111-
, binations with the other.

One segrnealled the core seg-.,

rnent, hus& at fatOeSs.4ng,:1*Orlent.alii'd.,1.7.44,tieS for both
the pres.kuriiO4 1146ii..,togeth.et.

It also has usUal .laboratori.Xfueconditioned. experf-
.

morn racks, work -benches, and so:forth. The-second, called
the experiMent segment, provi4des,.more pressurized worling
space, racks, and benches. Each pressurized segment is a lin-

, der 4.1 meters.in diaMeter and 2.7 meters long (13 f y 9 ft)..
When the two "are assembled, with their cone7sha nd sec-
tions, the maximum outside length is .7 meters (23,, ft )

4%1

1

_

Mockup of Spacelab and drawing.show one of many
possible con figurations,

Experiment module
N.

`Tunnel Support module
I.

11e Tunnel adapter

Spacelab dcsign features.
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Pallet
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. Ability to combine many tasks is a special virtue of the Orbiter.
Here 9 Defense DePartment spacecraft is released, toon to 9:rcend
to its own orbit. Aboard for later deployment are other satellites,
including an Advanced Radio,.Astronomy Exploier.
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As many as five pallet segments can be flown, at one time, 59
'path three meters (10 ft) long. They'serve not only as pla

. forms for moUnting instruiveri'ts.but,also can cool equipment,
provide electrical, poWer (generated 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 experi-
ments, such as a power. distribution box and computers, are
protected in a small presstirized, temperature-controlled lous-
ing-called the igloo.:Equipment and experimentaan be seiv-
iced, if necessary, by asqonauts, in spate suits, The pallets
are used for large instnmientstelescopes, antennasand

,

experiments:that requir' ie direct exposure to space or need un-
ohstructed or broad fields of view. An ,instrument-pointing
systein provides attitude control and- stabilitation for experi-
ments,that tequire more precise pointing than is possible with
the Orbiter controls. Pallet experiments can l?e controlled.,
from t4e lal3oratory module or rhe Orbiter flight deck or from
the ground through the Orbiter's communications, links.

\ The laboratory module can accommodate three people reg-
,t4ar1y and' a' fourth for brief' periods, such as a change of
shifts. Handholds, handrails, and foot reitraints help them
work in the most $:onvenient body position bind move about
safely. Tile ovIrhead 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- dispensers, writing instrtiments, paper, and
storage, c partments for equiiment like microscopes, cen-

4 trifuges, incubators, materials-proCessing furnaces, and photo-
:,..graphic apparatus. There are viev ports and, in the top, an
'optical windoW and an. airlock, a meter in diamerer, for

,
,,, extending materials and sensors into space and retracting them.

4Spacelab missions will concentrate"on intensive, relatively
short investigations that complement long-term obscriration
programs using free-flying satellites. Examples are studies of

the Sun and solar wind, comets and novas, and high-energy
radiation from distant regions of the univerSe; measurements
of h.arth's electromagnetic environment and tti.ijotr atmos-

phere; experiments in space prOcessing of industrial and bio-
medical products; studies of the effect cdndittchis in space
have on human beings, plants, animals, and cells; andwith'
the Orbiter flying upside downtesting and' calibration of
sensors thk will be used later in Ed.rth-survey sat itcs.

Ss
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60 A pressuriled tunnel leads from the laboratory module to
the Orbitef cabin, where the experimenters, called payload
specialists, will 'live when off duty. Unlike the basic Shuttle
.flight crewcommander, plot, gnd mission specialistpay-'
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
instruments and experiments .to be flown. NASA gives them
several weeks of classroom instruction and training in flight
simulators to acquaint them,.with the Shuttle and its equip-
menr, living and -Avorking conditions, in space, safety and
medical procedures, ahd their roles in cooperation with other

'members of- the crew in carrying -out the pranned mission.
The first five selected for training were two Americans and
three Europeans: German, Swiss, and Dutch.

The Multimission" Modular Spacecraft, although not clas-
sified by NASA as part of the Space Transportation System,
is a versatile new unmanned workhorse to be carried into
space.in the cargo bay of the Shuttle.-Designed to take advan-

"*.

Various -configyrations f Space ab modules and pallets can be fitted into the Shuttle's o bay.

. AP
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Stellius orbited by the Shuttle begin life with a silver
spoon: the orbit is exactly right; electronics get a last-minute
test; solar panels cind antennas are unfOlded just tight. *This

One is an Advanced Landsat.

tage of the Shuttle's unique capabilities, it will carry its own"1 61
propulsion, stabilization, and guidance equipment. It can
rende;vous with the ShUttle for servicing in orbit or for
return to Earth for overhauL Fitted -with interchangeable
instrumentation, the AIMS can take on a variety of missions
oriented toward Earth, the Sun, or stars. A considerable pio-'
portion of all automated satellite programs Of the 1980s
may use it.

. The spacecraft\is a load-carrying structure with modules
attached for powers communicatiPns and data handling, and
attitude control. Pro ulsion motors for changing orbits, solar-
power arrays, and ious kinds of antennas can Pe added.
It ik.deployed from i Orbiter and recaptured for servicing
or return by the mecha cal cargo-handling arm. For servicing
and updating in orbit, i eats can be removed and stowed
and replacemepts inserted mechanisms controlled from the
Orbiter flight deck.

Two low-cost, expenciabl ers are being produced to
propel spacecraft deployed tom the Orbiter .6 altitudes
beyond its reach. They're called u per stages, since they do
the work' performed by the final, ii stages of earlier launch
vehicles. Both are solid-propellant ockers that come in dif-

ferent sizes and combinations or all to, large payloads
destined for missions near a far.

For a launch from the Shuttle, the upper stage and attached
. spacecraft are;pointed in the right direction by the Orbiter's

artitude-control thrusters, and are then gently ejected by
springs. At the proper placsin the circular orbit to achieve
the desired destination (over the Equator, for example, to
reach geosynclfronous orbit), With the Orbiter maneuvered to
a safe distInce, the upper stage is:ignited by radio command
or a timer to increase velocity, and raise the trajectory.

'The simpler of these boosters, developed by industry as a
coMmercial vent-lire for sale to NASA' and other ugers, is the
Spinning Solid Upper Stage, so named because its stability
and direction in flight are maintained simply by spinning,
like a gYroscope. The rocket and spacecraft together are spun
up mechanically as high a.s 100 revolutions per minute, de-
pending on size, before being released from the Orbiter. Two
sizes are desitgned to lift payloads of about 1100 kilograms or
about 2000 kilograms ( 2400 lb or '4400 lb) to high transfer
orbits, with the spacecraft then providing propulsion for final
injection into geosynchronous orbit. Final weights on station
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62, will be about 550 and 1000 kilograms ( 1200.ond 2200 lb)
respectively. Four of the-smaller spinning Solid ltppqr, -stage

,,:or two of the larger' model, with their.spac&-;oft, Van be
: carried on a -single Shuttle flighi. Otio-or two may alSo shore

a flight with other payloids..
A huskier booster, the Inertial Upper Smile, is being devel-..._ _ _ _ _ _ . _

oped by ,the .U.S..:Air Force for userwith,koth military and .

civPian. .splacecraft. As the name implies, it has a, .built-in
-:,kguidance ond propulsionisystem for stability\ and ilight.control

Using two or three solid rocket motors, it can place heavy
loads-2270 kilograms (5000 Ib) or geosynchrO-
snota or othei: high-altitiade orbits. It can also ,inject spacecraft

trajeclories for .the Moon or planets.

,11

One of the first assignm9ts for- the Inirrial 1.Th1er Stage
Will be to place in geosynchronous ,orbitsTracking and Data
Relay Satellites to' handle comtnutlicatiOns among Al elements

tke Soace 1Transpyrtation System,-..kice operations in, the
past haye depended Jnainly o'n grOund Nfations.and tracking
.ships for column* ons, and there were large blind -spots
in their- coterage. Cre 's of- manned spacecraft were out- of
touch with Mission 'Control for part of every orbit, and `si4e1-
Iites frequently had to. reCord data .on board and transmit..
them to Earth later when within range of a receiving station.
a.

Two*Trackinkand Data Relay Satellites, one on the Equa-
tor -off Brazil and one over the Pacific °Ocean, and a single
ground station at White Sands, New Mexico, make iypossil?le
to track and -communicate with the Orbiter and mostiorbiring '
spacecraft for 85 to 98 percent of. the time. Several tracking _

statiohs and tracking Ships can Iv eliminated, and there will
be less -need for on-board tape recoidersT---often a trouble-
prone part of a satellite.,

The Tracking and Data Relay Satellites will be supple-
mented_by the -remaining stations of the older global spaCe

'''traeking and-data:network, and the NASA ground' communi-
cations network, perhaps augmented by. domeitic communica-
tions satellites, continue to link the tracking stations and
control centers.

During operations in orbit, communications withAhe 'Or:
biter are maintained; as-in previons manned. flights ;by. the.

-*
-Mission Control Center at the Johnson Space Center near
Houston, Texas, Experiment ground controllers will commu-
nicate with .payloads through tlle Orbiter as long as these are
attached to it. After -separation, communications with free-

. ft ; . ,
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'ffying.satellites in 'Ranh orbit will:go to.and. from a ?Woad
OperadOns 'Controf\ Center... 'ai 'the',' Goddard Space, Flight

-; Center, in Marklaild, 'near WaShingtóp.D.c. 'One. at the Jet .,

PropUlsion Laboratory- in California, near Los Angeks, 'con:
trols spacecrafLheasled. for 'thy, _Moon.. or..planets through.

NASA's, Peep Space Network. Payloads that iemain,att4ached. :
tZ:::.to,the Orbiter, including:Spacelab, are 'monitored from a 7:

.....,PaOsoad Operations C:ontrol Center in the.-saine
Missions Control, what .provides separate,voice channels for
sciences and Orbiter operations -and televiSion channels shared

..,by the flight ;mew. and-pnyload specialists.
Launches 'of 'early. Shuttle mission's, both Civilian and mili-

:Cary, are from .the. Kennedy Space Center, Florida, out''over
:the Atlaptic OCean to Aoki flying over 'Populated aroas:in

. _ .

the critical first minutes. This direction- 'also.' 'gives 'space-
bound vehicles an extra velocity assist froin Earth'S'eastward-'
rotation. The payloads from here include all communications
Sittcalite s. and others -for- gsosynchtonous orbit. MisSibns re-

*

quiring- north-south' ( polar): 'Orbits,' including Many. weather ..
'aiid''Earth-surVey 'satellites, 'are launched. southward :Over'trir:

:!This strange spidery satellite teill be one of twowch key parts
of .thSe:0, Space Transportation'Systern. ThWare Tracking wild,
patt'Refay satellites, and will.link OrbiterY eindiround, with
very feti/out-of-touch periods. They'll be up in geosynchr#bous

oger be.AtlaitAics.od one over if
. , .

.

open.Pacific;from Vandenberg Air Force. Bake,;On A*.point -of
.r

. the California-coast...
.-

Grofind operationsat the, two bases are similar: Using pro--;
`.cedures like those, of coM;neicial airlines, such as'servking

the ehgines-without removing theill; growl& trews:working
,..two shifts are expectea to,have.atOrbiter ready for celauh,..., .

in as short a time' as *two w4s.safter. return. to Earth.' The
.planned goal, when -the Space TranStionation Sistem is fay . v.

.operational and running smoothly, . is 160 wo;king _hours:
an hour at the landingtonway &Cr, the crew to debark,.for

,.quick safety inspection, . and hooking up air7conditiontig
equipment iind.a tow tractpr. '9Q .hours in the Orbiter
ening 1cility fOr :post-landing safety procedures;--remoVing-'.
any' retured payload, inspecting and* servicing of tile spaCe-

L, craft, and installing tlIte new payload; 45 hourt in4he Vehicle
Assenibly liti'ilding.for hoisting -the Orbiter to a_ Vertical posi-
tion and mating it-with-a. new External Tank and refurbished,:

Beosters;**and 24 hours for moving. the- assdin-'-
bled space vehicle ort thy 'mobile :la

,n2-platform to, tne..t
Fr

launCh pad, installing any .hazardous°. extra-sensVve pay-
, .

lciadg here rather than earlier, .16ading r6f5e11ants, getting .7

the -new erew on boar4,.and final checks during.a two-hcair
4

COO IltdoMar tO
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T HE SHUTTLE IS PLANNED as the key element of American 65
. operations 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 caLservative in making ftrm
plans, limited by budgets and ed usei 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, industrial com-
panies, and universities.

NASA's advanced studies envisage an evolutioiary buildup
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 generation and other industrial applications of
space, and wide personal use of space technology like elec-
tronic mail delivery and',wrist telephones linked by satellite.

The first step is to vxtend the duration of the Orbiter's
flight beyond the current capability with extra tanks of pro=
pellants for its attitude-control and maneuvering engines and
of hydrogen and oxygen for its power-generating fuel cells.
One solution planned is a utilities module that is carried to
orbit in the, payload bay and left in space. It will unfurl large
winglike arr:ys of solar cells to collect sunlight for prqduc-

, tion of electricity, generating twenty-five 'kilowatts of power
for the Orbiter and experiments on board. It will also contain
extra payload-cooling radiators and a set of gyroscopes for

attitude control of the Orbiter and attached payloads. The
gyroscopes save maneuvering fuel by eliminating the need

for frequent firing of the control thruters. .
A A twenty-five-kilowatt module can supply power, for 'a
Spacelab or construction mission of sixty days or more. After
sixty days the flight would be limited by such factors as foocl,...
and drinking water. The module could also supply plug-in
power for free:flying payloads that would dock with it, and
it could be detached and parked in orbit between Shuttle
missions. One version could itself fly free of the Orbiter with
instruipents 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 plants or 'animal specimens
through' several generations. A Spacelab with its own vtilities
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66 and attitude-control module could operate a long time-7-a step
toward a permanent space statiOnif resupphed periodically
by the Shuttle with food, water, and other consuMables.

NASA phtnners foresee needs for considerably more than
twenty-five kilowatts of power in.space by. the Joicldk..o.riatet.. . . .........
1980s:

About fifty kilowatts for a .multibeam communications .

satellite seryiug hundreds of thousands of very small receivers
on Earthwrist telephonesor a prototype materials-proc-
essiiig laboratory if early Spacelab experimentsprove promis-
ing;

A hundred kilowatts for ekctronic mail-/knearly instan-
taneous facsimile transmission of 1 Iters and other documpt,
through satellitesand 'more fo kcsti ng .space-to-underwater
communication;

Two hundred and fifty kilowatts a Shuttle-reded space
base to construct a large precision autehQo9a low-orbit
space-power test. project. This couyevaluate power transmis-
sion efficiency, pOinting. accuracy, possible heating of the,
atmosphere, and other .faCtors to be conSidered before pro-
ceeding with a large-scale, high-orbitl plant io collect solar..,
energy and beam it to Earth;

Several hundred kilowatts for sohtr 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 planets..

This -power could be generated by, nuclear reactors or by'-
the Sun. For both technical and environmental reasons, NASA
so far prefers solar power. The Sun can be used to drivefl
rotatipg generators; to convert solar heat directly into elec-
tricity witb.thermionic systems;. or to convert the Sun's elec-
tromagneric radiation into electric current with photovoltaic .

cells. These, commonly called solar celi4 employ a semicon- .

ductor such as silicon that releases electrons when bombarded
by photons from solar radiation. Because of its successful
experience witli solar cells for many years to power scores of
satellites, NASA favors cotitinuing with them; it has devised

. .several configurations of an enormous -250-kilowatt photo-
voltaic pow4 module. .

Preparing to build an'd use ii-"solar power generator of that
%size or larger, with dimensions in hundieds of meters, requires
advances in a lot of other 'areas: transportation systems, cranes

o
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Automated beam builder could rO/l.form and brare-triangnlar
section b)ams of the exact leogth neederf for large orbiting:
strnanres.They'd be light but strong.

anj-. remote manipulators, jigs and fitstcneks,,. so-called, cherrY



.pickers lite. the ones Oat hoist poweerline repairmen, power
tools that, can bc handled by construction workers in space.
suits. k free-flying robot tractor designed in the 1970s fOr
moving large objects around in space-0/ASA calls it tv tele-

. ,operator,can be. used not only to:assemble space . structures _
tq:phice . Shuttic payloads in medium-altitude orlAts

...:::;.:::';':-,''.:1:1;C:,y0tICI:the.:Orbit,geSrangC,..,itnd retrieve thern for servicing.

for Very -large-strac'tnres,,xt.Well Make more sense to fabri-
''' cate sonic sections in space rather than bringing up pieces in

, thc Shottk for assembly. .An aerospace CompanY has (level-
an automated-beam builder to fit it) the .Orbiter that

an ottrutle triangular girders from .compact coils of ultra-
light metal plate. lt's fed through rollers that shape it to the
desired crosS section in a manner similar to the on-site fab

) cation of alummum,rain gutters. The beams wOUld be s )
lightless than a hundredth the weight of. comparable
ground constructiontbat a single Shuttle flight could bring
up material for a structuie approximately 300 by 100 by. 15
meters (1000 by 325 by 50 ft).

A number Of large space structures of the future, including
multipurOose communiciitions platforms, must operate in geo-
synchronous orbits in order to provide continuous coverage

Big antetras will be needed in space for many high-data-rate
applications; and an arra)", 'Nay bo easier slimono kw. 0.0c..,4arrg PUG'.
Orbiters double-team the job.
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,..68 of their service areas. They not only will outgrow the size and
'weight capacity of the fitst-generation Shuttle-launched uppei
stages described in the previous chapter but also will require

,

--Iservicing in orbit to extend their working lives and spread.
their high origTlotal-costs over. many -ye- Some -may be so
largesolar power stations, for instancethat they can best
be built, at their operating sites: Hence a need for reusable,
manned vehicles to carry both cargo and work.crews hemeen
low and high orbits. A two-stage hydrogen=Oxygen orbital
transfer :vehicle could be assembled in low orbit from separate

-::-stages carried by :two Skittle flights. Other Shuttle flights
would bring up the propellants, cargo, and crews.

avoid the complications of loading.prOpellants in orbit,..
-:.htver, NASA planners are studying ways to increase the

Shuttle's lift. A growth from the present limit of 29 500 kilo-
grams (65 000 lb) to about 46 000 kilograms (100 000 lb)
would allow two upper stages, already fueled, to be carried
to low...'ori3it by two.Shuttle flights and linked there. One
coat* tor low-cost, heavy-lift launch -vehicle uses the

, Shuttle's solid,propellant launch boosters and its three hydro-1
gen-oxygen main engines, attached td the big fuel tank, but
substitutes a large payload, covered only by :afight protective
metal shroud, in place of the more costly Orbiter. A single
launch could then put more than three times the Shuttle's
present maximum load in low Earth orbite (Still mightier

,.launchvehicles proposed by aerospace companies would team
up sixteen or twenty-four engines to lift payloads 4225 000
or 275 000 kilograms (500 000 or .600 000 lb) .)

Looking beyond NASA's recent studies of possible future
space operations, the agency's director of Advanced Programs,
John H. Disher, predicted in an article published as the
Shuttle was being prepared for ..its first orbital test flights:

. . the Shuttle and Spacelab, l elieve, will energize space
flight as the DC-3 and DC-4 did viationprompting greatly_
increased use of the unklue featu es of space both for appli-
cations we understand, aday and for applicatks not yet con-..
ceived. Given_ this spur, I can see adviulces being made
substantially more rapidly than provided for by . our cuirent :I

quite conservative plans." .

i gy shortans and pollution worries, and the prospect of
orse to come, have focused spedal interest on the idea of.

converting space sunlightunlimited, unfiltered by the at-
mosphere, uninterrupted by nightf?oal into electricity, forf-

.
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Five-gigawatt solar power station ii copceived for geoun-
cbronous orbit. Side reflector /numb would increaje efficiency
of centrd solar-cell arrayl. Microwave bearn would trawler
power to Earthi% Energy for transfer of shnion.up from IOW

orbit might come from its own-power.

on -Earth: --'The "respected.:Ametican,--:Instkute-:..0.:
--,Aeronautks and AstronauticS ( AIAA) selected space power,

along with materials.processing (discussed in Chapter Three)
and life sciences research: (such as graviey-free bed rest for
treatment of burns and fractures), as three particulady prom-
ising 'future Ways to use the unique environment 4 .spaCe to
help solve problems that are complicated by gravity and the
atmosphere. .

While noting that more research will be needed .to.establish
:the economic feasibility of space power, the AIAA Study said,

"There is littk question of technical feasibility: all elements
of prospective power plants have been established by .either
experimental tests or long periods 'of operation in space. .".

The report listed a number of advantages besides ample free
sunsbine 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, nu pollution, no need for
energy storage or baCkup facilities.

The AIAA committee consideres1 two- ways of generating
'power.: immense 'arrays of solar cells and_ large collectors of
solar he:at. The collectors would focus sunlight- on a central
receiver, heating at gaseous working fluid to drive a turbine,
compressor, and generator. Eithdntype of station would beatn
the.energy to Earth as microwaves, which would be collected
by large antennas and converted to alternating current for
distribution by ground ower Wick 'The generating Olant, the
study said, might be a bled in.low orbit from codponents
carried by future he. y- ift vehicles and then be moved to
geosynchronous orbitby electrical thrusters using powec gen,

it
erated by the plant itself on.the way up.:.)

(The report also mentioned us "extremely interesting" a
proPosal, originally suggested 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 Earth and the Moon. Cheaper transportation
than irorn, Earth, thanks to the ..MOon's low wavity,. would- ,
offset the cost of the lunar mining base.)

The AIA A study suggested that a solar power system of
several generating stations, -though it could cost tens of billions
.ofdollars, might be paid for while being built up oveir several
years from the, sale of power at prices. competiuye with .

s.
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70 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 id the 21st century,
and in the very long term could conceivably develop into the
world's primary source of electric power."

The Government's position is more cautious. "It 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 intet- '

mediate steps that will allow the development and testing of
key technologies and ,e1:perience in space industrial opeeations
to be gained:The United States will 'pursue an etolutionary
prograni.that isedirected 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. high-strength permanent magnets:
He envisages extremely large multibeam antenn, in space
making possible pocket telephones and also electronic tele-.
commuting: "Rather than driving to work each day, the
workers would operate from their homes or from a small
satellite of4e 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 whereby people could live,
work, and play in small communities, but still Aerform jobs
that aro essentially urban."

He cited. a study which estimated that industrial uses of
space could create 100 000 new direct jobs by the mid-I980s
and nearly two "million by the year 2010. Through the multi-
plier effects, the study forecast, this could lead to,two cir three
times as 'rnany 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 sees a
I 00:roorn hotel by the year 2000 with ratespresumably not
for the average family vacationstarting at $5000 for the
round trip and a few days in orbit. And of permanent settle-
ments in space. In avercise in realistic imagining, a group.

.
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Another solar power station might look like this. Unlimited
pollution-free pouTeris theoretically attainable. But effects of
microwave or laser links are not fully known.

1111116.-ako

44,

of engineers, architects, physical and social scientists, and
others met for ten weeks in the summer of 1975 at Stanford
UniverSity and thecnearby NASA Ames Research Center and
designed a city in space for 10 000 inhabitants. The AIAA
assessment of future practical applications of space, in dis7
cussing the potential of a fife sciences laboratory, said: "It is'
almost certain that studies on plants wil lead to being able to
culture plants for space colonies and th hese plants will be
able to use human waste pr 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

who
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72 years the most significant accomplishment yet: true Earth-
'independent, seif-support systems which will lead to the estab-
lishment of a multitude of neiv, different, and enterprising
civilizations."

And John Dishk in his article on NASA's own advanced
studies: "No one can foretell when we nry have permanent
settlements of people in space or large-siale use of resources
from tile Moon or asteroids for space construciion. The bene-
fits, costs, and risks of such updertakings rem4in to.be estab-
lished. Fortunately. however, the nearer-term developments
discussed here wilf-proceed on their own merits and constitute
necessary developmental seps ioward the longer-term pbssi-
bilities...'."

Possibilities . .

Dreams . ..?
%Pr goals?

Time will tell. Decades from now some .of these ideas may
seein innocently unrealistic, based on ignorance of hard real-,

ity. But it's also Possible that some 411 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 undershoot as overshoot inlpredict--
ing the topography of the future.

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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