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ABSTRACT

The tranaition of U.3. space launch activities from the axpendable launch vehiclea toc the 3pace
Transportation Syatem {STS) (Shuttle) has led to extensive new Jevelopments in uppar stages.

Additional new developmenta can be expected as Space Station avallabllity provides a different
contaxt for atage operations.

It 13 sipacted that upper stages wlil become reusable and spacebazed. For some applications, both
three burn stratagies and asrcbraking configurations are more attractive than all propulsive
systema. The developsent and demonstration of storable propellant tranafer systesa haa besen
accomplizhed, and sxperimental facilities faor determining handling techmiques for oryogens are
undarway .

Cucrent Jtatus

Figure 1 (lluatrates the existing developed STS compatible atages. In thla fi{g. and the next tuo,
details of the stages are characterized in terms of ths manufacturer, primary spatial dimensions,
performance parameters, masa properties, delivery capabllity, profils view, planned schedules, and
the naturs of the sntarprises which aponsor and exacuts the development, The objective in dis.
playing this array of dats iz to characterize the nusdar and diverslty of the alternativea beling
developed and studied.

The payload assist moduiw (PAM} D 1s delta compatible, as well a3 STS compatidle, and wa3
developed by the MoDonnall-Douglas Company as a commarcial venturs undar an agraement with NASA
that the government would not develop an squivalant atage., The PAM-D has flown 16 Limes on the
STS and 11 times on the delta launch vehlols., Currantly, an additional 2B flights on the 5TS are
schaduled.

A3 part of the agreemsnt, McDonnell-Douglaa also developed the PAM-A ta provide an StS launoh
capablllty equivalent to the Atlaa-Centaur. This unit has not been scheduled for fiight.

The inertial upper stags {IUS) was developed to tranaltion payloads developed to fly on the Titan
D, to the STS. To date Lt has flown once on the Titan 34D and once on the STS. The next sched-
uled flight of the IUS, on the STS, ix in early 1986, It may slso de used on the complemencary
expendable launch vehicle {CELV) of the U.S. Air Force.

Figure 2 {llustrates a number of stages currantly under development ta fly on the 5TS, These
stages ars in developmant and funded for c¢ertification but not all nave identifled a Flrst use
payload and flight schedule date.

The Centaur-G i3 a wida-body modiflcation of thes Centaur stage used on rhe Atlas and Titan expend-
able vehlcles. It has been developed to pravide geosynchronous orbit delivery of large satellitus
and dimenslonally sized to maka sffective use of the STS Orbiter cargo bay width,

The Centaur-G (G1) Prime is a largar veraion of the stage developed to support NASA planetary
misaiona. Its firat flights are scheduled for the May 1986 Galileo and Ulyasses missions, In
addicion to the larger hydrogen tank, the G! scage has a lower mixture ratic, a larger engine
expansion ratle engine cone and 6 seconds {ncraaze in apecific Impulse.

The transfer orblt stage (TOS) {a being developed by Martin-Mariatta Corporation for Orbital
Science Corporatlon, a new company formed to develop and market tha aystem. The TOS uses the sams
firat stage motar a3 the IUS and i3 targeted for payloads too heavy For the PAM and not large
encugh to warrant the use of a Cantaur-G or G! system. It offers a different avienirs and data
procesaing syatem than the IUS.

Orbital Sciences is also developing an apogee and manasuver atage (AWS) which can be used indepsnd-
ently Qr as an apogee stage in conjunction with thea TOS. In thia configuration the TOS/AMS has
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Fig. 1. Stages that arw currently available and compatible with either Shuttle or expsndable
launch vehicles.

slightly batter performance than the [US dus ta the higher specific impulse of the storable
propellants relacive to the solild motor of tha IUS upper stage.

The Italian research interim stage (IRIS) i3 being developed by Aeritalia under the sponsorship of
the Italian Government. 1ta capability iy a little 1ss3 than the PAM-D. Ita first use 18 sched-
uled for the LAGEOS amlsazion in late 1987.

The Pam-D [l i3 & larger version of the PAM-D system. The sclid rocker motor is larger, as is the
airborne support equipment {ASE) structure and spin tadble. The avionics syatem i3 not changad in
any aignificant detail. Its first flight i3 in late 1985 Ln support of Satcom KU-1.

RCA Astronautics has been developing the Shuttle compatible orbit transfer stage (SCOTS) as a per-
igee or transfer orbil atage for future geoaynchronous satellites, Its capadility Ls alightly
greater than the PAM-A, but not as large as tha TOS. It will first fly with the RCA Direct Broad-
cast Satallire in 1987,

In fig. 3, some but not all, of the stagea being studied for future development by coamercial
firmy are illustreted. Orbltal Systems Corporation {3 examining a larger version of the AMS angd
TOS/AMS comblnationa t¢ provide performance comparable to the Centaur-G.

The satellite transfer vehicle {STVY) is a storable bipropellant stage that has bean studied by
Scott Science and Technalogy and Britlsh Aerospace. It iy designed to accompodate payloads too
large for the PAM-A, but not 30 large a3 to need a TOS.

The liquid propulsion module {(LPM} 18 a storable bipropellant stage uaing a puap fed engine to gel
higher specific impulae; therefore, maas fractlon efficiency. The Aerojet Technical Syatems
Company has proposed it as a stage to sccommodate payloada from the PAM.D close up to tuwo and a

halfl times that mass. The Transtar ! engine for the stage [s in developaent but no date for stage
availadillty has baen published.
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Fig. 2. These ars stages that are being developed to be vompatible with the Shuttle. Some are

also compatible with expendable launch vehiclea.

The high performance propulsion module (HPPM) is a Joint sffort by Aercjet Technical Systema
Company and Ford Aercapace O exapine a soseuhat smaller system also based on tha Tranatar engine
and slz2ed £o roughly twice the PAM-D performance.

It {s noteuarthy that so many of the davalopments and studies identified here ars commercial

undertakings not sponsored by government agenciss, It alsc ia worth noting that thare is alg-
niflcant interest in the storable fluld systems rather than continued reliance upon solid motors.

Eutyre Optiony

The availability of both low and high preasure pump Fed engines in the late 1380's ls stimulating
a algnificant numsber of storable propellant stage atudies at a number of U.S. aerospace companies.
The high spmscific impulss, (328-343 seconda), the volumetric danaity, and consequently STS payload
bay use factor afficiency, long-ters storahility, aultipis starty, thrust throttling and potential
reusability maks such aystems both aconomically and operationally attractive. While soma of the
atages being studied are expandable as currantly conceived, increasing attention is being given to
reusable configurations.

There are several influences uhich make reusable stages attractive, particularly when s Space
Station 13 avallable, A space-bazed, reusable stage maves 3 large (racticn of the cost af an
expended stage, reduces the requirement to transport the stage itselfl to orblit, both a mass and
length factor, and allows the stags structure and tankage weight tc be reduced to a minlmum since
the atage nasd not carry propsilant loads through the launch phase. The Space Station’s avalle
ability makes both the staging of propellant and the recovery phasing operationa Lo recover the
stage more attractive and efricient, both operationally and sconomically.

A Space Station at 371.5 km (200.6 n. mi.} and 28.5* inclination, would be acceasible every third
day (rom the Kennedy Space Center. The Shuttle can deliver 20,154 kg (35 145 b} to that orbital
altituge., Table 1 illuatrates sevaral alternative altitudes and in-plane launch opportunitias.
For the Space Station to be an effective transportation mode and depot, it needs to be reagily
accesaible and low enough to allow subatantial mass ©o be deliversd to the station. To meet other
station functions, particularly microgravity operations and to minimize drag, higher altitudes for

the atation are attractlve. Final orbit parameters will be salected as a part of the Phase B
Trade Studies.
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Fig. 3. These stages that are being studisd arse intended for use on the STS Shuttle.

The 371 km orbit 18 attractlve because of the regular availability of large masx delivery. Thia
is a slightly higher orbit altitude than the 3huttla now uses for geosynchronoua stage and
satellite deliveries. Characteristically, such flights nhave a load facter af 70 to 80 parcant,
using Shuttle engine sattlngs of 104 parcent and atandard solid rocket boosters (SRB). If the
Shuttle ware to deliver current staga and spacecraft combinations (inecluding in the spacecraflt
mass apoges kick motors (AKM)), ta a statlon for submequent daployment, it could mlso deliver 3300
to T100 kg of additional payload which could be station supplies or storable propellants. I the
station had reusable stages available, the Shuttls could deliver the mission objactive apacecrait
and propellants and attain 3 load factor af 100 percent because fluids can be jattisoned resdily
and this factor relisves many of the constraints which currently liamit load factors.

Hiastorlcally, more than hall the masa to orbit is propellants for moving spacecraft to highar

anergy orblts. Propellants are, thereforez, an ideal commodity to dring the lcad factor on svery
Shuttle flight to 100 percent and to accumuilate at the station. A dozen flighta delivering cur-
rent 3011d propellant tranafer and spogee kiok atages could deliver as much as 35 000 kg of pro-

TABLE 1 3T3 DELIVERY CAPABILITY TO THE SPACE STATION
AS & FUNCTION OF ORDITAL ALTITUDE
1= 28.5%
ALTITUDE RELLYERY PERCORMANCE  IN-PLANC OPPORTUNITIES
500 km (270 n. mi.) 17073 kg (38 245 1p) EVERY TWELFTH DAY

475.6 iam (256.8 n. mi.) 17799 kg (39 870 1b} DRILY

371.5 m (200.6 n. mi.) 20154 kg {45 145 1b) EVERY THIRD DAY

320.8 km (173.2 n. =ml,)

22487 kg (50 370 1b) EVERY QTHER DAY



pallants at no increase ln cost. & reusable stage with storsble propellants and an Iap of 342
could deliver four 1786 kg (LOOU lb) spacecraft to geosynchronous orbit with that such propsllant.
If the Shuttls carriad only ypacecraft and propellant to the station, theres would bes further
savings because of ascme reducticn in airborns support equipsent currently carried to deploy those
stages.

Thera are two zignificant sources of savinga, tha higher lmpulse of pump fed engines and stages
that are not mass fraction determined by launch loads, and the increass in propellant available at
the kinetic energy equivalent of the low earth orbit facility for no net increase in earth-to-
orbit deliveary costs.

There i3 another significant savings in that the primary cost factor, tha sarth-to-orbit delivary
system operatlon, can decose nore highly standardized and regulsarly scheduled.

Figure 4 {3 a logic tree indicating a number of the major dealgn trades to be consldered Ln future
upper stage studles. The highlighted boxes refiect araas in uhich the KASA has initiated technol-
ogy efforts to provide the baaiz for future deaign. &s ths chart Lnfers, all of cur studlies indi-
cate that reusable, spacs-based 3tages are more econcaic than expendable atages, Aerobraking
entances ths economlos of reuae and; additionally, offsrs other potential capabilities. The
tradecl{ between storable and cryogenic stages is still an cpen question, highly dependent upon
apeacific mission model characteristics. The genersl pattern of studies indicates that cryogenic
stages are atiractive vhen payioad masasa are very large and the level of activity quite hlgh. At
mdarate levels of activity, atorable propellant atages appear acte attractive.

Figure 5 illustrates thes incremental veloolty required to make a plane change using four different
strategius aysuming a Space Station at 371.1 km {200.6 n. mi.). & Cwo-impulse mansuver strategy
13 unacceptably costly. A three-Impulse maneuver, with the plans change introduced at an apcgee
of 278 00C xm (150 000 n. mi.), substantially reduces the veloolty requiresenta in exchangs for an
inerease in mlsaion duraticon of several daya. Aerodbraking (L/D 0.3) and asromsneuver (L/D 0,3}
ara superior to all propulsive strategles because the haat shiyld (assuming that the shield can be
kespt to 15 percent of total inert mass) hay an effectiva, specific (mpulss several times that of
an engine. Aearomaneuvar has no significant advantage over aerobraking because the plane change s
sffected at such low inertial velocities that iateral lifting maneuvary are used only to gontrol
Flight path precisely sndugh to dissipate the required kinetic energy and asrcmansuvar shapss have
& higher maas fractlon woat than marcbraking configuratlons,

Figure & lllustrates the velocity required to deliver payloads from a Space Station te & number of
the more commonly used arbits. It ls interesting to note that 1f the mansuver is made at the
optimuc time, that i3 whan the orbit plans of the Space Station, and the desired destination orblt
Interssct, all the orbits of Intersat oan be reached for a velcoeity increment of 4267 mps {14 000
fpa}l or less unhich is the velaoity budget for geocsynchronous deliveary from a 28.5* inclination
Wwith an expendable syates. The velocity budget for a reusable serobraking geoaynchronous delivery

atage i3 6400 mpa {21 000 fps) which alsa provides sccess to sunsynchronous arblia if the atage is
expended.

Contral of the space environment is an additicnal attractlion of reusable stages. There are over
5000 objects craoked and catalogued in low earth orbit and 200 at geosynohronous orbit. Objects
in low earth orbit have high telative velccitiea and hyparvalocity impacts can generate large
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numbers of fragments which increase the probability of futuce collision events. ObjJects in gec-
synchronous orbit have low relativa velocitiea and while colllaions may damage particular space-
craft, they do not sodify tha anvironsent as do low earth orblt colllalon events.

Some control of spent stages will eventually ba necessary. At geosynchronous orhit the relative
velocity of one body to another is quits low but tha velocity of transfer stages is high, 1.8
km/sec (HOOO fpa}. Fortunatsly, the tlme the stage spends ln pasaing theough the gecaynchronous
belt i{s very shoret.

Since all tranafer orblt atages rapsatadly cycle through both low earth orbit and geosynchronous
ordit, it could well be (n the interest of all parties to begin to control ths future orbital
iifatimes of pariges or transfer orblt stages. The objective i3 to pracluds a stage being atruck
in low earth orbit ang becoming a mass of fragments that then passes regularly through geosynchro-
nous orbit. There are only three strategiss for such control at present

a. Control the stage such that at apoges a maneuver of 15.5 mps (50 Fps) ia sxecuted to ensure a
perigee below 100 im (54 n, ml.) and; therefore, entry Lo the earth’s atmoaphere withln 100
daya. The incremental propellant mass, approximately & kg (10 1b) i{» minor, the i{ssue {s one
of system complezity and, in partlicular, timing and misalon control, ang Lhe waneuvers
required to masure that the stage will not recontact ity payload.

b. Esatablish a basic trajectory with a periges at 100 km {54 n. mi.) or balow by daing ths peri-
gex burn with thrust oriented below the ¢ptlmm vector which would reduce the galivery
capabllity of present stages by 18 percent or mors.

¢. Conatrain the time of launch of geoaynchronous tranafer aystems to an {nterval such that
natural forces, e.g., Sun, Moon, J2 £arth properties and atmoapheric drag act Lo lower the
tranafar 3tage orbit perigee. The wffact of auch an operational oconstraint is to require that
the time of deployment ba conatrained 3¢ that the apogee direction ia oriented to the vernal
equinox. Such a constraint can be translated into day of launch and time-of-day limitations
on transfer orbit staga operations.

Theae are aignificant design and operations constraints for communlcations and weather observing
systema, the dominant users of geosynchronous orbit, but such measures may be necessary to reduce
the risk of damage ta spacecraft in stationary orhit. How soon such precautions ahould be
introducsd has not besn aaseased, but It 13 cbviously much easier to do with storable atages and
is accomplished inherantly with rausable stages.

Iechpology loltlakives

Propellant transfer on orblt is not diffleult with atorable prapellants. A demonstration syatem
was flown on STS miasion 41<G in October 1984. Deaign work has been initiated on a valve for
autématic mating and demating on orbit and to deflne a aystem for carrying large amount of propel-
lant in the Orblter cargo bay. Flgure 8 illustrates the syatem and its potential uses. Space-
craft such as tha Gamms Ray Observatory are being designad for on orbit fualing., Many other
apacecraft hava opsrational lifetime limited by maneuver propeilsnt depietlion and oould have
extanded productive operation Af rafuelad.

Cryogens are wmore difficult to manage and the behavior of such flulda in the weightless snviron-
menk l3 not well undaratcod. A facility for testing the management of cryogenic fluids in space
i3 baing developed by the Lewis Ressarch Ceantsr and will be flown on the Shuttls to develop and
demonstrate suitable tachniquas. [t is deairable to be able to transfer cryogens on orbit both to

make space-based cryogan fuel 3tages and to be able to replenish cryogan ccolers for various
{natruments.

Becauas asrobraking affers s0 many attractionsa, it has bean atudied extenalvely for 20 years.
Figure 7 illusatrates many of the system configuration options studied. The variables In these
dtudies have basn the number of atages in the system and application of the aerobraks to recover
only the stage or both the stage and tha payload. A number of aercbrake configurations have also
baen atudied, among thes an inflatable system called the bolluts, a number of deployable structure
configurations, and recently a fixad structure raked cons illustrated in the lower right of the
Fig. Thia has proved an attractive configuratlon becauss it minlnizes structural mass and poal-
tiona the paylcad close to the shielding of the aerchrake. As noted, it requlres extenaive thrust
vector control U0 accommodate the large center of mass sxcuralons which occur between the initial
fully fueled and end of missicn conditions.

A flight experiment to Lest an aerobraking configuration ix under atudy. The objectives of the
experiment are to be gualification of the aerobrake design and materisla, verification of the
control laws and determination of the heating rates. The nonequilibrium £a3 dynamic processes
that take place at the velocities of intecest are not well understocd, and there ls disagreement
by factars of 2 to 10 a2 to the amount of radiant heat load imposed on the vehicle.
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SUHMRRY

A3 space oparationa mature and bacoma mora frequant, It bacomas economically attractive to make
many of the elements reusable. When [t is neceasary or deairabls to retrieva things ln spacs,
reusability becomea an inherent attribute. It saems reasonable to expect that upper stages willl
becoas reusabla in the context of the Space 3Station and ity reusable facilities.
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