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PROPULSION TECHNOLOGY NEEDS FOR ARDVANCED SPACE
TRANSPORTATION SYSTEMS

By Joha W, Gregory*

Lewis Researclh Center
Nationa! Aeronautics and Spuee Adminisiration
Cleveland, Ohio

Abstraet

Pluns have been formulated lor chemical propulsion technology
prograims 1o meet the needs of udvanced space transportation
systems during the two decades from 1980 1o (the year 2000. The
muny possible vehicle applications have been reviewed and
cataloged ta isolate the common threads of primary propulsion
technolopy that will satisly newr ferm requirements in the first
decade and at the same time establish the echnology groundwork
for various potentio far term applications in the second decade,
Two thrust classes of primary propulsion engines are apparents (1)
5,000 to 30,000 pounds thrust for upper stages and space
maneuvering: and (2) large booster engines of over 250,000
pounds thrust, Six major classes of propulsion systems and the
important subdivisions of each class have been identified. The
relative Importance of cach eluss s diseussed in terms of the
number of potential applications, the fikelihood of that applicaten
materializing, and the criticality ol the technology needed
Specifie technology programs are described and schieduled to
fulfill the antieipated primary propulsion techinology requirements
of the pertod,

During the decade of the 1980% most of the NASA and DOD
space transportation requirements will be provided by the Space
Shuttle, which is now under development. The Spuce Shuttle
vehicle system, shown in Hgure 1, inchides the Orbiter vehicle, in
external hydropen-oxygen tank (ET) and dual solid rocket
booster {SRB) motors, An  additional part of this space
transportation system (STS) is an upper stage that will be
transporled to low earth orbit in the Shuttle cargo bay and used to
propel payloads to higher orbits or to escape velocity, initially,
this requirement will be met by o modified existing stage, such as
Transtage, Centaur, Agena, or Delta, called ihe Interim Upper
Stuge (JUS). Later, a full capabifity, reusable Space Tup will be
developed, which will be operational alter 1984,

The principal incentive for development of the Spuce Shuttle
systern i reduction of launch vehicle cost through re-use of major
portions of the launch vehicle. The Orbiter vehicle, the SRB cases,
and eventually the Space Tug will be reused from 30 to 100
misstons. Reusability of the Shuttle system will recuce the launch
vehicle portion of payload costs from the present level of 800 to
$1000 per pound of payload in low carth orbil to approximately
$150 to 3200 per pound. Also, when the full capability Tug is
developed the Shuttle system will provide new cupabilities such as
spacecraft retrfeval from synchronous orbil, on-orbit servicing of
spacectaft, and [requent ferry missions to a manned orbiting space
station,

Sirce the present baseling STS is weil into the development
phise, it is timely to examine modifications to the propulsion
system thai have potential for improving the present system in key
aréns, such as operating cost, payload capability, operitional
flexibility, and envivonmental impaet. In the latter half of the
decade from 1980 to 1990, a number of Shuttle “growth’

improvements merit  consideration, iacludipg, for exanple
changing of Orbiter subsyslems, such as the Orbit Maneuvering
System (OMS); replacement ot Improvement of the SRB%:; or
uprating of the Space Shuttle Main Engioe (SSME). Al
alternatives 1o the present baseline ervogenic Tug or improveinents
to the Tug or TUS moy be considered, Beyond [990, new Space
Transporation Systems are Dbeing siudied, such  ay
single-stage-lo-orbit (SSTO) shuttjes using mixed mode propulsion
systeras{! ), (ully reusable {wo-stage-to-orbit (TSTO) vehicles, aind
a varjety of other vehicle types.

Study Guidelines

The primary propulsion technology needed for the advanced
S8TS of the 1980-2000 time period was evaliated with the
objective of identilying propulsion technology needs and evalving
a comprehensive lechnology plan (o meet those needs. Various
vehiele applications were studied that appeared Nkely (o oceur in
the two decides, which were referred to as: (1) the near term
{1980-1990) period; and (2) the far term (1990-2000) perod, The
program was, therefore, designed o provide a flow &r evolution of
technology from the presently delinable near tenm applications to
more advanced Far term applications, Study of the propulsion
systems needed Tor these applications quickly revealed u natusal
division into two engine thrust classes, as shown in figuee 2; {1}
Space engines of approximately 5,000 to 30,000 pounds thrust
hoving peneral application o upper stages, space munguvering
systems, or lunar surface vehicles: and (2) Booster engines of
generally greater thant 250,000 pounds thrust that provide the high
thiist levels needed Tor vehiele liit-off and propulsion to low earth
orbit.

Also shown in figure 2 gre examples of specific applications for
cach engine thrust elass in both the near term (19580 to 1990} und
far term (1990 10 2000} time periods. The near term applications
reptesent impravements to the present STS or existing expendable
launch vehicles and the far term applications represent vehicles
that may replace or supplement the present STS or meet other
contemplated requirements,

In laying oul this technology plin, no attempt was made lo
compile an  exhaustive list of potential véhicle types or
applications but rather to prepare a fisting of typical uppHeation
having empbasis on varfous propulson system attributes such -
thrust level, performance, cost, storability, density, ete. Also, nu
attempt was mikie to emphasize or champion any particuler
veliicle application or propulsion system type. The objective wus,
instead, to provide a propulsion technology plan that will provide
efficient use of R&T funds through prudent selection ol
techriolopy programs having botlh foresceable near term and
potentiad fur term upplications, most significant payeff, and
greatest lkelihood ol use,

*Chicfl, Rocket Systems Branch, NASA-Lewis Research Center, member AIAA
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The Space Shuttle is now being developed and will be in
operationa] use beginning in 1980, us shown in figure 3. The IUS
will ulso be operational by 1980 and, according to present plans,
will be replaced by the Spoce Tug in 1984, Development of the
Tug is scheduled to start In 1978, The present NASA stable of
expendable launch  vehieles, Including  Atlas-Centaur,
Titan-Centanr, Thor-Delta, and Scowsd, will be used into the early
to mid 1980, alter which they will gradually be phased out and
repliced by the Shuttle. The exception to this is the Scout vehicle
which because of its low cost will continue 10 be used For smafl
pavloads, The varions Shuttle “growth™ options previously
mentioned could be brought into operational use as early as 1986
through block changes to the vehiclz sysiem, which would require
that development of these options be initlated by 1980-1981, To
meet these time schedules for near term applicitions, the primary
propulston technology work must be vigorously pursued during
the 1976 to 1981 time perfod. This will provide necded
techinology in time for these carly applicalions and lay the
groundwork  for @ continuing and  somewhut overlapping
technology  program  for the far term  applivations  during
19791985, This schedule will provide the propulsion technology
for advanced STS vehicles in time to start development by aboud
1985 in order that (-ey may be eperational by ahout 1990, These
schedules for improved or new vehiclés ure not necessarlly
advocated, but are presented only to enumerate the possibilities
and to show the scheduling of advanced technology needed i
these options ure to be exercised,

5,000 to 30,000 Pounds Thrust — Near Term

JUS ~ The Interim Upper Stage will be a modified existing
upper stage, such as Delta, Agena, Centaur, Transtage, or Burper
11, as shown In fipure 4. These stages have been studjed extensively
as either expendable(2) or reusable Stages and one (or possibly
two) will be selected by late 1975, The [US {s conceived as a low
cost approach to providing the needed upper stege for the Space
Shuttle by 1980, rather than developing a new stuge at the same
time as the Shuttle is being developed. Because ol the emphasis on
low cost and limited operational time period, it is not likely that
the 1US, as now cnvisioned, will have need lor much advaneed
technology. However, because of the unknowns regarding the
projected mission model, the vagaries of NASA budgets and
funding prioritics, and the questions regarding the value of
payload retrieval and stage re-use, it is possible that the TUS use
period may be extended and that performance Improvements and
advariced technology infusion may therefore be considered, For
example, if o modified Centaur stage, as shown in {igure 5, were
selected as the 1US, one approach o improving it would be to
replace the RL1O engines with o new higher performance engine,
Then, at a later time, when the cryogenic Space Tug is developed
it could use the same new engine. This approach would spread the
total Tug development c¢ost {including the new engine) over a
greater number of fiscal years and would be an scceptable
approach If payload retrieval (which the TUS will not provide)
were not actually needed by 1984 {as is now planned in the
mission model), and i’ the payload capability of the uprated [US
were adequate,

Space Tug — The present baseline Tug vehicle, shown in figure 6,
is u high performince, cryopenic reusable stage that uses a
modified RL10 engine(3), Other Tug vehicle concepts are also
being studied including higher performance cryogenic systems,
plug nozzle epgines, multi-staged solid rocket motor systems, and
high bulk density liquid propellant systemss, such as

W30y — amine fuel, LOX-amine fuelt®) or LOX-hydrocarbon fuel,
All of these approsches have cerlain advantages and the final
selection will depend upon the relative emphasis glven 1o varfous
deslgn conslderations, such as payload eapability, cost, stage
length, reusability, payload retrieval, and operational
cansiderations.

I the presently baselined hydrogen-oxygen propellants arc
retained for the Space Tug, bigher performance may be uchizved
by the use ol more advanced engine systems, such as the staged
combustion ¢yele Advineed Space Engine (ASEYS) or the
nerospike enginel6), Extensive efforts have been in progress for
several years to develop the lechnology lor these engines in order
to make them viable options for the Tug, Both of these advanced
enpines can provide higher payload copability and reduced engine
length compared fo the RLIO category 1B engine, The higher
development cost for one of these advanced engines would
eventually be defrayel by o reduction in the number of Shuttle
Mights needed 1o perform the mission model and savings in
payload development costs nesulting from  Increaséd  payload
margin,

Shuttle OME - The Spuce Shugile has two Orsit Maneuvering
Engines (OME), housed in two separale remavable pods on the aft
end of the fuselage, which are used for attaining orbit,
mancuvertng in space, and de.orbit, The OME is a 6000-pound
thrust, pressure-fed engine that busns N2 O4-MMH propellants, A
mumber of approaches may be considered for improving this
systeny, such us substituting s higher performunce pump-fed engine
and propellant teed system or use of different propellants that ure
lower in cost or higher in performance, Possible candidates are
N; Oq-hydrazine, LOX-hydracarbons, or LOX-liquid hydrogen.
The system using LOX with an intermediate density hydrocarbon
fuel provides high bulk density, improved specific impulse, and
reduced propellant cosl, However, it would require development
of long duration low pressure LOX storage syslems (hat would it
within the present pods, The oxygen-hydrogen system, because of
its Tow bulk densily and hydrogen storage problems, would require
more extensive changes to the Shuttle Qrbiter vehicle, bul would
provide a high performance system buriing clean, nop-corrosive
propellants (hat are ideal for a reusable cystem.

Expendable Upper Stapes« The present NASA  family of
expendable velicles includes the Atlas-Centaur, Titan-Centaur,
Thor-Delta, and Scout, Since these vehicles will be in use until the
mid-1980's, it s reasonable to investigate varfouws methods for
improving or uprating them provided the changes are relatively
low in cost and provide significant advantages, Also, in studles
being made of mission requirements in the 1990's(7), these
expendable faunch vehicles in modified form ure being included in
the study as part of the overall vehicle mix that may provide
lowest total cost, which, of course, is dependent upon the mission
model of the 1990, The upper stages used on these vehicles are
the same ones being considered for the [US and, therefore, the
same advanced propulsion technologies apply for the most part t
both the 1US and uprated versions of these expendable stages.

For cxample, il a high performance staged combustion cycle
ASE of 15,000 pounds thrust were developed und vsed on the
(Centaury IUS and luter the Space Tug, it could ulse be used lo
uprate the Centaur stage for AtlasCentaur and Titan-Centaur
missions. On  Atlas-Centour missions, such as Intelsat and
FLTSATCOM, the Centaur stage is employed to place the
spacecraft inte o highly clliptic transfer orbit, The payload
exchange Mactor for such missions is plus 28 pounds of payload per
second increase in speeific impulse(®). Use of two ASE's to replace
the present RLIOA-3-3 engines on Centaur would provide un
increase in specilic impulse of 25 seconds and it within the same
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approximate physleal envelope, The resulting increase in payload
of 700 pousds would increase [ntelsat IVA payload by 229% and
FLTSATCOM payload by 18%. This payload inerease conld
provide: additional communications capability: Increased life and
relinbility throongh added redundaney and greater attitude control
propellant  welght; or reduced cost through use of lower
technology  (heavier)  equipment and  heavier, standardized
components,

5,000 fo 20,000 Pounds Thrust — Far Term

Advanced  Space l'ug — Assuming  that Lhe Tug becomes
operational in the mid-B0%, as presently planned, i1 is reasonuble
to consider methods for uprating or improving it by 1990 or soon
thereafter as the mission model of the 1990' becomes clearer,
Such improvements are difficult to define at present because
several different concepts are still being considered for the Tug,
Sueh Improvements coukl take the form of high performance
hydrogen-oxygen systems, high density propellant systems, use of
Muorinated oxidizers, or use of mixed mode propulsion. 11" the
present baseline eryogenic tug design s developed, a logical
method of uprating would be by replacement of the modified
RL10 engine with o higher perfornance staged combustion cyele
engine {ASE) or avrosplke (plug nozzle) engine us previously
mentioned for the 1US,

Anotlrer promising concept for an advepeed tug is the use of
mixed thode propulsiont?}, 1n this approach, shown in figure 7,
first LOX-RJ-5 and then LOX-LH; propellants would be bumed
in series in a single, staged-combustion, dual fuel engine. The
payload capability lor this design would be comparable to the
baseline eryogenic Tug but the payload volume available would be
increased by up to 34, In a more recent study of mixed mode
propulsion for 163, cven more advantageous stage designs were
achieved using LOX/MMH/{H; propellants with a dual fuel engine,

Payload volume will become increpsingly important for Shuttle
missions of the lute 1980% and beyond and will increase the
emphasis upon compagt, short length Tug designs, Compilation of
dala from the 1973 Shuttle Cargo Manifest Dutaf107 rable shows
that the average planied cargo length is 51.2 feet, or over 8392 of
the available length (based en use of 3§ foot length Space Tug),
whereds the average curgo load (actor is about 69% or 44,600
pounds of payload. Thus, a superficial stnly of the Shuttle cargo
sitwation {ndicateés more margin exists for payload weight growth
than for payload length growth, Consequenily, short length (bt
high performance) Tug designs should be of considerable interest
in {he future, Also, any future uprating of Tug payload capability
will be constralned by the cargo bay volume limitation, again
placing importance upon shorter length Tug designs,

Orbit Transfer Veliicle — In long range planning studies of
potential missions in the 1985-1995 time periodt 1), an Orbit
Transfer Vehicle (OTV) is prominently mentioned as a Key
element of the overall space transporiation system. The OTV is
larger than the tug but would be used for similer rassions, for
example, to move payloads from low enth orbit to
geosynchronous orbit, to tansport spacecrafl to the vicinity of
the moon, or to propel spsceeralt to escape veloeity, Vehicles of
various sizes, Trom opproximately 100,000 o 500,000 pounds
total weight, are weing studied and both LO,fLH, and high
density propellarits, such as LOg /MMH, are being consiclered, This
application calls For an advanced engine in the range from 20,000
to 40,000 pounds thrust having compact size (high chamber
pressure), high speeific impulse, tank head ullaging and start, and
long life with no limit on restarts. Either conventional bell nozzle
or plug nozzle engines could be employed singly or in clustered
drrangements, one example of which is illustrated in figure 8.

Lunar_Surfuce Velicle — In the studies of futurs mission
requirementst 1), Junur exploitation missfons ure ulso being
evalnated, These missions would require advanced vehicles for
fanding and taking off from the lunar surface, Some of the
conceplts under study, us shown in fligure 9, are sized {o be Shuttle
puyload bay compatibie and eould be modified forms.of the OTY
mentioned above, Various sizes, staging confligurations, and
propellants ure applicable, including LO;/LH; and high bulk
deasity  propelionts, such as LO /MMM or LO; fRI-5, This
application ako requires an advonced high performance engine
fwving the characteristies mentioned ubove for the QTY with the
additional feature of throttling for the landing stage,

Orbit Maseuvering  Systems — Future advanced  shuttle-ype
vehicles, which may be single-siage-to-orbit designs, will require
on-board propulsion, like the Shutile OME, for supplying the linal
AV to reach orbital veloeily, maneuvering and rendezvous with
payloads in space, and de-orbit propuision. Sueh systems gencrally
do not have the same degree of emphasis upos high performance
as the Tug or OTV and, consequently, a pressure-fed or moderate
pressure pimp-fed engine may be adequate, Towever, the design
requirements of the specifle applicwion will dictate the choice of
propulsion system, Technology generated for the Tug und OTV
will be upplicable for advanced OMS aitheugh the thrust level
needed for  orbil  maneuwvering s generally  lower, e,
5,000-10,000 pounds thrust per engine.

Over 250K Tlhrust — Nuear Term

SSME Improvement - The Space Shuitle Main Engine (SSME}),
showa in figure 10, is u 470,000 pound vacuum thrust, staged
combustion eycle hydrogen-oxygen engine that operates at a
chamber pressure of 2970 psio. Three SSME's are mounted in the
Qrbiter vehicle and burmn continuously from launch to near orbityl
velocity, delivering Tigh specific impulse that varies from 363
seconds at take-ofT 1o 435 seconds in vaguuim.

Becawse the cengine must operale over widely varying back
presseres, the nozzle expansion area ratio of 770§ was selected as a
comptomise, A lower area ratio would give better performance ai
sed level and a larger area ralio would provide higher performance
at space vacuum  condilions. Therefore, the overali engine
performance could be substantially finproved by a varable arca
rittio or two-position nozzle that could be changed to more nearly
mistch the nozzle area ratio to the oplimum ealue as pressure ratio
changes during the fight. Engine performance could also be
improved by the use of an altitnde compensating (plugy nozzle or
by increasing the éngine chamber pressure, which allows for a
higher expansion area ratio nozzle. Such  performance
improvements will pravide higher Shuttle payload capability,
which has the elfect of reducing the average cost per pound of
pavload in orbit, assuming launch costs remain tonstant,

Il the ¢hamber pressure of the SSME weére increased to 4000
psia, for example, the nozzle arca ratw could be inereased to 97
within the present physical envelope, which would provide an
incréuse in vacuum specific impulse (lgp) from 455 to 460
seconds, Since the Shuttie payload is incressed 1320 pounds per |
second ingrease In 1y, of the SSME, this change would provide u
potential payload nerease of about 6600 pounds or 105 of the
present paylosd capability. This added capability could also be
utilized to provide compensation for Shuftle weight prowth,
longer stay times In orbit, or allevintion of Tug propulsion
requirements.

Shuttie SRB_Improvement — As shown in Figure 1, two
td 2inch diameter solid rocket booster (SRB) motors are attached
1o tie externsi tank of the Shutile. The SRB's burn in paralied
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with the main propulsion system (3 SSME's), providing thrust
augmentation of about 5,000,000 pounds during the initia) phose
af Jounch, up to a velocity of 4470 feet per second, Alter their
burn s completed, the SRB's are released by pyrotechnic
separation devices ond separate from the BT, The SRB' then
descend into the ocean by parschute und are secovered,
refurbished, and re-used,

The solid rocket boosters were selected Tor the Shuttle because
of their simplicity, reliability, und low development cost comparced
1o o Dliguid booster. However, they hove certaln disadvantages,
including high recurring cost and poliution of the aimosphere. The
SRIs presently constitute about onethird of the Shuttie
recurring cost per flight, which Is primardly due to the high
propeliant vost, predicied to be abowt $1.00-8 1.25 per pound. The
present SR propellant formulation Is a mixture of ammaonium
percliforate, aluminum, ond PBAN binder. A reduction of
propellant cost of about 10-1555 could be achicved by substituting
HTPB binder, o change thut is now conlempluted, Another
problem related to the solid propellint is contamination of the
upper atmosphere with HCY and other products in the exhaust
which muy eause ozone depletion or other air pollution problems.
To solve this problem, consideration s being given to substituting
ammonium nitrate for ammonium perchlorate {n the propellant
mixture, However, this change would cause a reduction in Iy of
ghout 3 to 4 seconds and a concomitunl reduction in Shuttle
payload of about 1400 to 1800 pounds. Also, the use of
ammonium nitrate is less desirable from the standpoint of safety
and ease of handling.

Shuttle SRB Replacemenl —~ Because of the high recurring cost
and atmospherie contamination problems ol the SRB%, 4 number
of options have been considered for replacing them with liquid
propellait boosters(7), The options studied generally have the
goals of: (1) making maximum use of Shuttle hardware presently
belng developed, Le., using the Orbiter and external tank with
minimum modificutions; (2) mainttining payload capubility at the
present level of 65,000 potinds or increasing ity and {3) providing u
low development cost system which can provide a signilicam
reduction in Shuttle rectirring cost. Some exumples of the types of
veliicles belng considered are shown in figure 11,

Figure 11¢a) shows a Shuttle growth concept in which the SRB
have been replaced with dual strap-on liquid propellanl booster
stages. ‘The boosters burn LOX/RI-S propellants and require
development of an advanced high pressure LOXIRI-S engine of
1.8 million pounds thrust. The liquid boosters stage off like the
present SRB% und are parachuted into the ocean, recovered,
re-furbished and re-used. An alternative recovery method is to fly
the boosters back as unmanned RPV's (remotely plloted vehicles)
and land them horizontally on land. This approach eliminates the
problems associaied with oecan recovery and rerarbishment of salt
water exposed engines but introduces mew problems and
considerably higher development eost of depleyable wings, alr
breathing propulsion, and RI'V {lyback equipment.,

The concept shown in figure 11{b) replaces the SRB's with a
heat sink flyback booster that has five F-1 engines burning
LOX/RP-1 propellants, The booster uses S-1C propellant tanks
and has wings, tail, and air breathing propulsion for the fiyback
portion of the mission. The existing Orbiter vehicle and shortened
external {ank (ET) are also utilized. The booster and Orbitet
operate in serics burn mode rather than parallel burn like the
present Shuttle.

Figuré 11(c) illustrates a third concept in which the present
COrbiter apd ET are retained and the SRB'S are replced with g
flyback booster. The booster has internal LOX and RJ-5 tunks and

has three high performuance LOX{RI-S engines of 1,77 million
pounds thrust each. This booster development represents thie fisst
step of a twosstep process to arrive at g fully reusable two-stage
Shuttle system with manned Nyback Loaoster. The second step s
to develop a new Qrbiter stage having the same exiernal sold line
us the booster but with internul bydrogen and oxygen tunks (thus
eliminating the BTY and four high pressure H;-0, engines, The
concept shown in figure 13(¢) hus o payload capability of’ 65,000
pounds with the booster stage propellants ofHoaded, IT fully
louded, the payioad capability s increased to 140,000 {bs, but the
Orbiter carg bay volume is probably fnsuflicient to accommodate
Lhis payload weight,

Expendaile  Launch Vehicle lmprovement — As  previously
mentioned, the present stable of expendable launch vehicles is
slated 10 be phised out (i the carly-lo-mid 1980%. However, If the
Shuttle program sehedule slips or §f fis recurring cost per [light
increases signilicantly, some ol (hesi velieles may continue to be
flown through the 1980 for cevtain types of missions. In this
event o variety of improvements may be considered to upraie
vehicle performunce, reduce ¢ost, or improve operational
charagteristies, These improvements may include, for example, use
of advanced high performance engines, substitution of high
density hydrozarbon (uel (RJ-5) lor kerosene (RI1Y fuel, various
improvements  to solid  propellant molors, or use of air
augmenlation to provide high specilic impulse at vehicle Nilt off
and durcing the carly poertion af the flight.

Over 250K Thrust = Far Term

Single-Stupe-10-Orbit (S5TO) —In recent yeurs the
single-stage-to-orbit  shuttle concept has  been  studied
extensively(12,13) i the scarch for future booster vehicles
capable ol reducing Barth-to-orbit transportation costs below
$100/pound. The SSTO shuttle appears capable of meeting this
recurring cost goal through the elficiencics associated with use ol a
fully reusable, single-stage velicle us oppoted to two or
twoeand-a-balf’ stage concepts, like the present Shuttie, OF the
muny SS5TO designs studied, the mixed mode concept of the 1ype
sliown in lgure 02, appears most promising. This particuiar vehicle
design employs eight high pressure staged combustion O; /R)-5
engines of G80K seu Jevel tirust eixch and two duai fuel engines of
588K vacuum tirist cach. The dual fuel enginet 13 is designed to
burn Qs /RI-5 propellants during the boost phase of fight and
switeh to Oy /H, during the sustain mode, at which time all the
04 {R1-5 cngines are shut aff The dual Tuel engine is not essential
to make the mixed made SS5TO a viable concept, but improves it
by reducing total engine weight and vehicle boattail area required.
Separate Oz fHy and O3 fRI-5 engines have been employed in
cither series burn or paraliel burn arrangements in other S8TO
desipns. Becawse of the high AV required of the sinple stage
shuttle, # very efficient propulsion system employing advanced
high perfoermance engines is necessary, For the O3 /RI-5 boost
phase, high pressure staged combustion cyele engines, sich a-
shown In figure 13, are needed. Alternative arrangements have ala
been studied{14) utilizing linear throatfplug nozzle or lnear plug
cluster nozzle concepts, shown in figure 14, These designs have the
advantage of beiter utilization of boattoil wres, improved
structural efficlencies associated with thrust take-out fram the
engines to the vehicle, und better sea level lgy resulting from the
use of altitude compensating nozzles,

Two-Stage-To-Orhit {TSTO) - A variety of f{ully reusable
two-stage-ta-orbit shuttle vehicle concepts were evaiiated in the
Space Shuttle Phase B studies, This <eiiele concept Las the
advantage of lower recurring cost thun the present bascline Space
Shuttle (Fgure 1), For example, the TSTO vohicle shown in figure
15 is predicled to have o recutring launch cost of $§16 per pound
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of payload in low earth orbit. This vehiele 35 the second pluse of
the vehicle development described above, the first phise of which
£ shown in figure 11{c). The complete TSTO consists of two
manned stages having the same external mold iine that are
mounted belly-to-belly for launch. All tanks are internal and no
hardware s expended on cach flight. The orbiter stage has four
high pressure 3 /O, engines of 380K seu tevel thrust each.

Many other TSTO concepts have been proposed to meet the
mission requirements of the 1990 including botly vertical takeofT,
horizontal landing vehicles (VIONHL) and horizontal takeofT,
horizontal landing (IHITOHL) vehicles, The VTOHL coneepts ure
generally all rockel propelled; the 1ITOHL concepts utilize
composite engines in the tirst stage that combine air breathing
propulsion and rockets within a single engine. Compaosite engine
concepts will be deseribed in greater detail in a following scetion,
The HTOHL concepts, an example of which is shown in figure 16,
provide low recurring cost and generally tend to have lower GLOW
and  higher dry weight than comparable allrocket powered
VTOIL designs.

Assisted Takeol Congepts — Special cases of the S5T0 concept
are being studicd for the far term period that utilize takeolf assist
preptilslon for the purpose of reducing the size, weighl, and cost
of the orbiter stage. Some cxamples of these assisted HTOHL
concepts include sled launched, in-flight refueled, or air Lrunched
designs, From the standpoint of propulsion techrolapy these
concepts intfoduce no additional requirements Tor the {ar term
period not covered by the S5TO or TSTO except the possible need
for moderate sized solid rocket motors. Other special requirements
such as rapid in-tlight propellant transfer from a tanker aireraft to
the orbiter stage ure also introduced.

Heavy Lift Vehieles —To meet many of the projected mission
needs of the 1990%001) and to provide greatly reduced numbers
of Shuttie flighits for other missions, heavy Lilt vehicles are needed.
These vehicles are postulated to have payload capability to low
carth orbit in the rapge (rom 150,000 1o 400,000 pounds, Far
payloads of this magnitude, it is essential that vehicle launel vosts
be minimized and typically Jaunch costs of $25-550pound of
payloead are predicted. This level of cost can be uchieved only
through reusability of the majorily of booster hardware.

Figure 17 Mlustrates three typical exoimples of the many possible
vehicle types that have been postulated, Figure 17(a) shows a
vehicle derived from Shuttle hardware that is capable of
transporting 170,000 pounds to low earth orbit. 1@ utilizes the
Shuttle external tank and SRB's with thiee SSME"s mounted on
the aft end of & payload capsule. The SRB's would be recovered in
the same manner us f{or the present Shuttle and the ET would be
expended. The SSME's and the Instrument Unit {IU} would be
recovered from orbit by the Space Shultle for re-use. The vehicle
shown in lgure 17(b) is desfgned to place 400,000 pounds in orbit
and also makes use of Shuttle-derived components, 11 has a core
H, /0, stage with six SSME's, and four SRB strap-ons, Again, the
SR8’ would be recovered in the same munner as (or the present
Shuttle, the [U would be picked up in orbit by the Shutile und
returned for ré-use, and the SSME's would be de-orbited in a
capsule and recovered by paraglider or parachute. The H; {0,
tankage would be expended. The third vehicle, shown in figure
17(c), is also designed for 400,000 pound payload capability but
utiMzes wnore advanced Lechnology than the other two. If is 4
2stage series-shurn VTOVL (vertical takeofl, vertical landing)
destgn having a central Hy /O, stuge with a large split combustor
aerospike engine and six LOX/RI-5 strapron hoosters with
advanced, high pressure engines, The six LOX/RI-5 boosters
stage-ofT at 30003500 Mtfsec velocity and are recovered like the
Shuttle SRB's. This recovery mode lor the liguid boosters assumes

o weight penalty for strengthening the tanks and engines and
sealing them for water impact. The core stage is designed for
ballistle re-entry and vertical landing wsing the Ha /O, acrosplke
engine for thrust during the landing maneuver.

Expenduble Launeh Vehicle Improvement - For the reasons
mentioned previously under the Over 250K Thrust — Near Tenn
categary, it is possible thal some expendable lannch vehicles may
contimie to be wsed o the 1990%, 11 this ovenrs, the ndvapced
technology developed during the next ten years may be applied to
uprate and improve these vehicles,

Propulsion System Classilication

A set of propulsion sysfem classifications was devised based on
ihe vehicle applizations described above for the near term and far
term time periods und the two elasses of engine thrust fevel, These
classificatons, listed in Figure 18, are divided according to the fuel
density (high density vs hydrogen) and  state of techinology
deveiopment C(hinh pressitre vs low pressure) Tor Hguld bipropellant
engines, with solids und composites (rocketfair breathers) In
separpte classifications, Each class is divided inte two or three
subdivisions and the vehicie applications for each subdivision are
shown for the near femmw and far term periods and lor the two
engine thrust levels, This chart is fntended only te show possible
applications and does oot advoeale any particular one. The
characterstics of each classifieation are explained below,

High Performance, High Density  Systems — These  systems
employ advianced high pressure, pump-fed engines desigoed to
deliver high specilic impulse and have compaet size amd high
thrusi-to-weight ratio. The types of propellants are churacterized
by high density Tuels, such as the hydroearbon or amine families,
with oxidizes, such us liquid oxygen, Tiquid fluorine or FLOX
mixtures, nilrogen tetroxide, or various deids, The types of engines
are divided according to nozele type and Ineluder (1) beli (Delaval)
noczies and (21 plug nozzle, which includes acrospike, plug cluster
wrramgements, and unconventional annular theoat or linear nozzle
concepls, The under 30K bell ngzzle engines have application in
the near lenn for Space Tug and Shuttie OME improvements. The
Jarge thrust engines hgve applicntion to the SRE replocement
concepls and (o expendable launch vebicle improvenieni. In the
fir term the bell nozele engines have application virtually across
ihie board for both large and smali thrust requircments partly
begise these vehicles aré not well defiied al present and the
refative value of high propellant density is unclear. The under 30K
thirust plug nozele engines are applcable in near term to the Space
Tup where the Shuttle payload bay volume constraint phices @
premium on shott engine fength. The large thrust plug nozzle
engines are apphivable 1o some of the SRB replacement coneepts.
In the far term, plug nozzle engines are applicable to 2 number of
g amd osmall thrust applications, particulurly  where  the
advantages of altitude compensation, short length, and integration
wilh the vehicle design are fmportant. Fluorinated oxidize
(Fleorine, FLOX, OF,. ete) are listed separately because 1l
introduce a special set of technology probiems that tend to lin.
their use to special upplications. These problems include salety,
atmospheric dontamination, toxicity, high cost, and handling and
storage. For under 30K thrust engines in the near temn,
fluorinated oxidizers arc applicable to upmiting the IUS or
expendable laench vehicles, In the far term Tor under 30K thrust
engines, the most tikely upplication for Nuorinated oxidizers is an
advanced tup vehicle, No applications are shown for uorinated
oxidizers in large {(booster) engines for cither near or fir term
because of the atmospheric contamination and cost prablems.

High Performance Hydrogen Fueléd Systems < These systems
employ lHquid hydrogen fueled cngines that operate at high
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chamber pressure and high mixture ratio. The design emphasls is
on high stage performonce, high defivered specific fmpulse,
compiact engine size, and high thnistfweight ratio, The oxidizers
include liquid oxygen, liquid flworine, FLOX, and oxypen
difluotide. Subdivisions include bell pozele and plug nozzie engine
types, as deseribed sbove, and (luorinated oxiaizers as o separate
category,

The under 30K thrust Hy fueled bell nozzle engines have many
applications in both the near and fur term periods. ‘The large thirust
bell nozzle epgines in the near term hove one application — the
uprated SSME for Shuttle, but in the far tenm have several
potential appleations, The under 30K plug nozzle engines s the
near teom Jave application to the 1US and Tug where the
advantuge of short engine length is important, For large thrust 11,
fucled plug nozzle engines the only application I the near Giture
is Tor some of the SRB replacement options. In the lir term the
plug nozzle engines have many patential appifeations In both
thrust level classes. Fleorinated oxidizers have application only lor
the under 20K thrust class in either near or far tenm for the same
reasons stated above,

High Performance Dual Fueled Systems — These systems include
the features and propetlants of Classes T and 11, but muke use of
dual fuel enginestl) The dual tuel engine is designed to operate on
high density propeflants during the boost phase of flight and on
hydrogen fuel during the sustain phase, The original concept
proposed by Rudi Beichel(1Y, shown in figure 19, was designed to
buen first LOX/RJ-S and than LOXJLIL; and is oxygen cooled, |1
is u high chamber pressure, staged combustion, bell nozzle engine,
Other potential dual fuel engine configurations ineiude fuel or
auxillacy Muid cooling and plug nozzle designs employing o split
combustor, The dual fuel engine is implicitly part of a mixed
mode propulsior systemn (see (igure 7). Such systems have
polential application in the near term only for under 30K engines
of bell or plug nozzie design for th Spuce Tug where the mixed
mode concept can provide short stuge length. In the far term duwal
Meel engines with either bell ov plug nozzle sre applicable Lo the
Space Tug or OTV for small thrust and to the S8TO or assisted
SSTO for large thrust.

Low Development Cost, High Density Fueled Systems — These
systems are characterized pencrally by Jow cost and low 1o
moderate operating préssures. The propeilants are the same a3
Class L. There are two distinct subdivisions in this class: (1)
moderate  pressure, pump-fed systems; and {2} pressureded
systems. The former are chamcterfzed by ihe  present
state-ofsthe-arl in operational, pump-led engines, such as the
Agend (YLI-BA-9), Atlas Booster and Sustainer, Fl, ete., which
have chamber pressures gencrally fess than 1000 psia and utilize
gas generator turbopump drive cyeles, Selection of such engines
for future applications will be made primarily on the basis of cost
rather than performance. The pressure-led systems typically have
engine chamber pressures below 200 psia and tank pressures below
500 psia.

Moderate pressure, pump-fed engines have potential applications
generally across the board for both thrust classes and both near
and far term. Pressure-fed engines have applications where low
cost, reliability, ruggedness, and simplicity ure predominumnt
factors tn the selection of a propulsion system compared te high
specific impulse and light welght. In the near lerm, pressure-fed
engines of under 30K thrust are applicable to the Shuttle OME
and for over 250K thrust to certuin SRB replacement options that
propose use of strap-on liquid pressurc-fed boosters, In the Tar
term, pressure-fed engine of less than 30K size could be employed
on the QTV, orbit mancuvering systems on future shuitle vehicles,
or lunar landing vehicles. Large thrust pressure-fed engines are

applicable to TSTO vehicles dn the for term or heavy it vehicles,

Composite  {RocketfAir__Rreathing)  Systems - Composite
engines(13) combine the features of an olbrocket propulsion
system {burnlag only propeliant stored on board the vehicle) and
an alir breathing engine, which obtains its exidizer from ihe
atmosphere and §{s fuel from oneboard sterege, The baste types of
composite engines are shown in figure 20, This ¢lass is divided into
iwo subdivisions on the basis of engine complexity, The st
subdivision, shown in figure 2000), Is the air augmented or ducted
rockel, which consists of a rocket enclosed within o duet, The
rockel wets as an ejector pumn to ingest afe which increases the net
thrust and specilic Dupulse of the engine. The ather types of
composite ¢pgines, shown i fgures 20(b}, (€}, and (d), ore all
maore compiex, heavier, and Involve either secondary propeliani
combustion, oF rotating machhiery, or both, These types, the
ejector  ramjet,  air  turborovket, and  LACE, and  many
combinations und varfations thereof, are included in the second
subdivision. They all need considerable technology werk prior to
development.

Composite engines are only applicable to the booster vehielg
applications requiring large thrust engines, sinee these would be
operated in the ammosphere. In the near term  only air
augmentation is a viable candidate composite engine, since the
other subdivision of this class of engines will require more time to
develop, Alr augmentation could be used to improve the Shuttle
SRI} performance or fer uprating of expendable Taunch vehicles.
The more complex  composite  engines, such as  ramjets,
turborockets, LACE, el¢., have application in the far term to
TSTO or possibly ussisted takeoflf SSTO vehicles.

Solid Rockets — Solid rocket systemis are cledrly a separate and
distinel cluss ol propulsion systems. The technology for solids is
well advanced and they have wide application for both large and
sl systens in the near term, Solids are employed for the Burner
It stage thot is belng considered for & kick stage for TUS or Tug
and for the Scont vehibcle, In the large thrast class, applications
inelude the Shuttle SRB improvement and improvement of the
solids used on expendable launch vehicles, such us Titan
NE-Certtaur and Thrust-Augmented Thor (TAT)-Delta. In the far
term for large thrust molors, applications include the (solid
nrotor) assisted takeoft S5TO and some concepts of the heavy lift
vehicle,

Proputsion Technology Needs

In the preceding discussion, a set of six major propulsion system
classilications was presented and a preliminary study made of the
future vehicle upplications that appear po<sible Tor cach class, The
list of potential vehicle applications, although not exhaustive, is
neveriheless broad und undoubtedly dncludes space program
options that, because of budget limitations, will nevér be
exercised. In planning propulsion technology programs to I-
pursued in the next few years, it is therefore, essential to consn
which vehicle options appear most likely te be developed. 1
equal importunice js considerution of  which  propulsions
technologies have broad application 1o a2 number of vehicie
options g are, therefore, more apt to be utlized,

A set of priority ratings was devised fo assist in pricritizing the
need for propuision systein technology for the many vehicle
applications. The priority rafings are as follows:
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Priority Ratings

. Very Important - Clear payolt; move out with
technology work.

2. important - High payolf expected; move
oul with studics to clarily

3. Desirable - Payoll possible; merits further
consideration
4, N/A - Not applicable

Figure 21 shows the priority ratings assigned for the six major
propulsion system classes and their subdivisions for the near term
and [ar term periods for under 30,000 pounds thre? wia over
250,000 pounds thrust engines. T hese ratings reflect the need for
propulsion  system technology in cach eatepory, the payoll
expected in terms of improved vehfvle performance, the time
criticality of the rechnology as a pacing tem needing to be done
quickly to provide a viable vehicle or propulsion system choice,
und the relative uncertainty that the perceived payedT can be or is
likely to be realized. T he priority ralings slso cun be thought of as
fnversely proportional to luvestment risk, i, o low priorily rating
{ie., a 2 or 3 infers a higher risk thal the technology dollar
invested may not pay off in the development of 4 useful system
that will be applied.

Based on these assigned priority ratings, o logic dlagram, shown
in ligure 22, was devised, which shows the approach {or planning
ol techinology work. This plan Tocuses on near term technology
needs on the premise that these sreas require an nmediate start 1o
meet near teim needs and that the techriology génerated will also
have general application o far tenm requirements. For priority 1
ureas, a detulled propulsion technology program niust be sturted in
FY 76 to meet the overall schiedule of figure 3. Also,
vehiclefpropulsion system studies shouid be initiated to further
clarify vehicle requirements, compare altemative spproaches for
various missions, and provide puidance as to selection of most
promising approsches. For priority 2 areas, similar
vehivig/propulsion  system  studies shiould  be initiated  and,
simultaneously, some technology work started that hus general
applicability or that requires fong fead time lo sulve eritical
technolagy problems. Within two years, these areas should be
reassessed, decisions made on most promising applications, and
propulsion systemy options narrowed. At that time, a more fin
detatled propulsion tcchnology program can be planned. For
priorily 3 areas, studies are needed to determine feasibility and to
provide pretiminary information upon which to base decisions on
Further interest, Following this, I interest  remiins,
vehicle/propulsion system studies should be performed and luler
detailed techinology work initinted.

following are descriptions of recommended  propulsion
technology programs for three areas' {A) Righ Density Faeled
Systems: (B} High Performance Hydrogen Tueled Systems; and (C}
Solid Rocket Motors, Each progrim includes discussion of priority
I arcas and long lead time priority 2 work, [ollowing the
deseription of Solid Rocket Motor work is a listing, item (D), of
four priority 2 studies tht ure recommended.

(AY High Denstty  Tueled Systems —T he detailed propulsion
techhology program for high density fueled systems is shown in
fipure 23, T his program is aimed prineipally at the priority { large
thrust class systems fn Class 1, High Peiformance High Density
Facled Systems, but also will provide considerabie busic

technology applicalde to lower thnst systems ond to Class 1V,
Low Development Cost, High Density Rieled Systems and Class
W, High Performance Dual Fueled Systems. T he program s
divided into 5 categorics secording to the technica! disciplines or
engitie components involved: each category is discussed bclow.

(0 Propellant Characteristivs - T he  candidate fuels  are:
members of the amine family, such as hydrazine (N3,
Ny Ha-UDMIT Blends, and monomethy! hydrazine (MMIY, with
nitrogen tetroxide (NGO ) or liguid oxygen (LOX) 4 uxidizer;
amd the hydrocarbon fumily, such as Ri1, RE-5, and a number of
uthers with LOX as oxidizer, The sclection of a particular
propellant cambination from this group will depend upon specific
system desipn characterdstics and the relotive impontance of
specific impulse, density, cost, and operational characteristies.T he
hydrocarbon femily, o sample of which s shown n Table 1,
incluides @ large number of exndidate fuels that offer wide runges
ol density, lgp, und cost. A number of these condidate fuels appear
promfsing for future missfons in hat, compared to R, they
offer higher lpp und higher density. Studies are needed to
characterize some of these fuels, oblain property date, exomine
manufacturing  processes, and  evaluate  relative  advantages
compared 1o RP-1/ LOXas a standard. I one of the more exotic
fuels, like W-3 or H-COT dimer, is seieeted, a production seuleup
will be needed to produce guantities requfred (or rocket engine
testing, Also, buasic heat tronsfer duta from high pressure beated
tube dests will be needed as design information for rockel thrust
chambers, T lis whll inclode date on thermul deconiposition of the
fuel ut elevated temperatures,

{2 T hrust ChamberfCombustor Technolopy — Distu js needed
on cooling ol rocket thrust chambers with ligh  pressure
supercritical oxygen. Little datz now oxists on oxygen heat
transtor coelfeients at pressures whove 2000 psia und suberiticsl
temperatores.  High pressure  combustion  fundamentals,
peeformance, und stability data must also be obleined and
supporling anulysis performed to obtain correlation between
prediction and experimental resulls, After seléetion of the fuel and
couling methoed to be employed (luel, oxidizer, or suxiliary fuid
for engines of specified size snd opesating conditions, complete
cooled thrust chumbers will be demonstration tested (o oblain
performance and cooling data, T hrust chamber life tests will then
be made to evaluate termal fatipue cyelic tife for several hundred
cycles of opetation, T he thrust chumberfcombustor program will
be focused primanly on bell nozzle engines but may also be
expanded to include acrospikeflinear engines us interest dictates,

{3) Enpine Systems - Studies are planned of  high
performance, high pressire engiine systems for high density
prapellants fo evaluate coollng Himitations snd turbopump drive
cycles and provide parametric duta on cngine weight and
performanee vs thrust level, T hese studies will fnclude both bell
nozele  and  aerospikeflinear nozale type  engines, Engine
preliminary designs Tor speeific applications will be cotplei
after selection of cooling method, fuslfoxidizer combination, -
engine operating conditions. This will provide guidance Jm
following work to “home ™ on speelfic eperating conditions for
a selected amplication, Altiude performance data will be obtained
with the cooled thrust chamber hardware following demonstration
of coching and performance in {2, sbove,

(4 T urhomischinery - T he principal technologies needed in
this area are: develapment of high temperature turbine muierals
to ultow higher elficiency und extraction of higher specific power
froms the furbine working fluid; and development of long e
bearings wnd seals capable of & minimum of 10 hours aperating life
andl several hundred starts, Evaluation will be made of aliernate
boost pump drive methods, such as hydreulic iurbing, hot gas
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turbine, gear drive, and multbroller drive, the most promising
approach selected for a particular engine size for both el and
oxtdizer boost pumps, and experimental uaits tested.

(9 Vehicle Mass Traction Improvemernit — For sdvaneed STS
vehicles, reduction of dry weight s very important. In the

propulsion system, varfous copmponents, such us Links, propellnt
lines, valves, manifoids, and thrus chmnbers can be made Yghter
in weight by application of composite or filament wound
structures, Advanced lightweight molduble composite materials
und use of graphite, boton, or Kevlar flament winding will be
fovestigated,

(6 Lowfintermediste Chamber PressureT echnology (Priority
2 = In this category, technalogy work is needed b low prossure
combustion performance angd stability for large pressure-fed
englnes. Also, investigation is needed of performance of existing
engines, such as Atlas and Thor engines, with higher density
hydrocarbon fuels which coutd replace RP1 and provide payload
improvements.

(D) High Pecformance Hydropen Fueled Systemns —T he detailed
propulsion technology program for the Class I High Performance
Hydrogen [aeled Systems is shown in figure 24, The program
includes the priority 1 technology for under 30K thrust bell and
plug nozzle engines and priority 2 teehnolopy for over 250K
thrust bell and plug nozzle engines, The technoiogy also is
applicable 1o the Class 1) upder 30K thrust dual fuel engines in
the near term time period.

(N Advanced Space Engine {ASH Teclinology < In this arca
technology work has been In progress under Lewis Hesearch
Center sponsorship since 1972 to develop technology for a high
pressure, staped combustion eyele hydrogen-oxygen engine(s)
suitable for Space Tug, Engine component technology work has
included investipation of regenerative thiust chumber perforinance
and cooling, Injector development, prebumer  performance,
igniters, main fuel and oxldizer turbopumps, boust pump drive,
chamber life at reduced pressure, and bearings and seals ie. [n the
future, the program will be extended to provide evaluation of
turbopump life with longlife bearings am! seals installed and
demonstration of thrust chamber life at full operating pressure.
Much of this activity is designed te have general applicability 1o
advanced hydrogen-oxygen engines regardiess of the nozzle (beit
or plug or turbopump drive cycle (expander, gas generstor, or
stuged combustion), 1t therefore provides propulsion system
technology suitable for a variety of advanced vehicles,

{2 Powerhead Breadboard Assembly (PBA) & Systems Jevel
testing of the powerhead of the stoged combustion engine s
essential to tay the groundwork for development of an engine of
this type. T he PB A includes the main regencrative thrust chamber,
maln injector, prebumer, main fuel and oxidizer turbopumps, und
controls, T ests of this engine system assembly are essential to
evaluate component interaction effects, determine control
requirements, and demonstrate successful system operation for
transient and steady-state conditions. An optional second phase of
this uctivily is 1o add the engine boost pumps and their drive
system 1o the PBA to complete the cngine system. This systém
would also be tested at tank head idle and pumped idle conditions,

(3 Plug Nozzle Engine T echnology =T eclinolopy is needed
for plug nozzle engines in the areas of aerospike thrust chamber
performance and strtetural integrity, nerospike segment Hle, plug
cluster nozzle performance, und breadboard engine demonstration.
Tests of a full 25000 pound thrusi acrospike chamber will be
completed to obtain altitude specific impulse data and verily the
structural aspects of o lightweight design. Cyclic tests wre needed

io determine the theemal fatigue eyclic lite of the two-dimensionul
thraat copper alloy segnients of e serospike chambern(8) T he
plug ciuster nozzle armangement (figure 14 offers atiractive
advantages of short englne tength and liigh performance through
altitude compeénsation {for booster engined mid il utilization of
vilivle base srea for exhaust gas expansion. Evaluation is needed
of plug closter nezzles for spectfic applications Involving clustering
around circular or tnear plug nozzles 1o determine performance
losses assoctated with exhaust gas flow from many discrete thraats
onio the piug Inslailed engine weight ealeufutions are needed to
uifow comparison with aitemute appreaches. Breadboard engine
tests wre needed of the aeruspike thrust chamber with the main
fuel and oxidizer pumps to evaluats expander cycle opertion,
investigate  muanifolding  probiems, and  determine  control
requfrements,

{4 Propellant  Characterization, (Prior — Studies pre
needed of the use of slush or riple point liydrogen and oxygen
propellants in advanced  vehicles. This method can provide
inereases in propellant density up to 15%, which allows reduction
in vehicle size and dry weight, Experimental work is required to
evalpate  production  melhods, handling,  storage, transfer
pumping, sl engine operation.

(5) Thrust  Chamber/Combustor  Technology, (Priority
3 - Continued advances in large hydroget-oxygen bell nozzle
engine perfomiance are achievable through Inereases in ¢chamber
pressure atd use of deployable nozzles. Experimental testing iy
necded of extendible nozzles capable of belng deployed during
engine operation awd thus provide 5 nozzle expansion ratio more
closely matehed to the optimum arca ratio for the prevailing
nozele pressure ralio. which varies from sea fevel tokeoll
conditions to space vacuum. T esting is also required to evaluate
performance and  thrust chamber cooling at higher chamber
pressures up to 4000 psia,

(O Solid Rockei Motors - T he detailed propulsion teehnology
prograti for Class VI, Solid Rockets, s shown in figure 25.T his
program encompasses work for bath lurge and small thrust motars
for the near term requirenents,

(1} Propeilunt T echnology — Improvements  in solid
propeitant technolopy are neéded in the areas of propellant cost,
atmosplieric poliution, and performance. Propellant fomulation
studies wre needed 10 develop o new propellant with enhanved
¢nergy content, mechunical properties, case bondability, and
combustion churacteristics while maintaining aceeptable hazard
elassification lor use in vehieles such as Space Shultle and T ug.

(3 Improved Components — Various improvements 1o solid
rocket componenis are needed sich as reduction of the cost and
weight, of the case and nozale. Desfgn, fabrication, and
hydrotesting of segments of & 140-inch diameter Elament wound
fiberglass case are ecded to verify application of this technologs
1o SR size cases, Subscale niotor tests are negded fo evaluate
cost nozzle muterfals ond fow cost chamber insulation material.
sujtuble for the SRB nozzle and motor case.T o reduce case and
nozele weight, high strength carbon imaterials should be evaluated
including investigation of manufactorng methods using corbon
filaments.

(3) Solid Motor  Systemn —T échnology  demonstration s
needed of an optimidzed high energy kick stage motor with TYC
sind multiple burn capabilities asing Class 2 propeilants. T his effort
should Inchide wnalysis and trade-oll studies leading to design,
fabrication, and testing of subscaie and full scale motors, T his
work is needed to provide ¢ Class 2, high performance, fow cost
solid propulsion option for Shuttle missions.
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(D) Iecommended Priority 2 Etudies
() SRB_Replacement Study ~T his study would evaluste

various proposed vehicle coneepts (see figure 11 that ¢liminate
the Shuttle SRB's in order to significantly reduce recurring cost
per Hunch, These Include use of lHquid strap-un boosters
recoverable by parachute or flown baek us RPPV's magned heat
sink flyback boosters, or other options that wtilize al ¢r part of
the present Shuttle hardware, The siudy would  provide
comparative data on vehicle GLOW and dry welght, propuision
system characteristies, propellant types and quantities réquired,
oprational constraints, recurring and  non-recuming  cost
projections, and details of technology advancements required.

(2) SSME Improvement Study — A study program to evaluate
uprating andfor improvements to the Space Shuttle Maln Engine,
Including, for example, investigation of higher chamiber pressure
operation, engine dry welght reduction, and use of an extendible
nozzle. The study would provide data on engine performance aind
weight, and cycle balance data, such as femperatures, pressures,
flows, and turbopump speeds at key points throughout the engine
sysiem, Preliminary designs would be completed on components
of the engine requiring modification and details provided of life
predictions for ¢iitical components,

(D Shuttle O ME Improvement Study —~T his program wauld
jnvestigate  chonges to the Space Shuftle Orbit Maneuvering
Propulsion System to reduce welght, reduce propellamt cost,
reduce operational and  handling  problems and  constraiits,
improve performance, and reduce turnaround time between
flights. The study would evaluate ulternate propelisnts, e.g.,
LOX-hydrocarbon or LOX-umine fuel, and higher performunce
pump-fed engines using these propellants or the NyO 4-MMI
propellants now basclined for the OME. Selection wottld be made
of the most lavorable appraaches for muking improvemennts and
technology work planned to lay the groundwork for these
changes.

(49 Space Tup  Applications Study —This study would
evaluate the requirements for the SpaceT ug after the [US decision
hus been made, taking into aczount any revisions in T uy 1ilssions
due to changes In Shuttle capebility, mission model reviskons, or
Tug development schedule revisions, The sfudy would alse
consider alternative design spproaches. such as use of eryogenic
propellants, carth storables, or hish perfcrmance high density
propeliants, (LOX-hydricarbon or LOX-amine fueh or o mixed
mode system with dual fuel engine, [n the case of cryogenic
propellants, slternate engines would be considered at constant
conditions of engine thrust, opecating capabilities, und mixture
ratio. The effect of wg length would be fully evelisted and
determination piade of the valug of short length and mph
performance ir reducing Shuttle flights and attemdant Jaunch cost
per pound of payioad through multiple-payload prckuging.

SUMMARY

A plan has been presented for generation ol primary propulsion
technology fo meel the projécted needs of advanced spuce
transportation systems in the years from 1980 io 2000, which was
divided into the near term (1280°9 und fur term (1990°5) periods.
T he propulsion systems for these appiications were divided into
iwo major thrust Tevels: (1) 5,000 to 30,000 pounds thrust ad (2
over 250,000 pounds. T he study considered only chemical roeket
propulsion, not ruclear dr electric, dnd subdivided the applicable
propulsion systems into six classer, including liquid bi-propellants,
solids, and composite {rocketfair breathing engines.

T he propulsion fechnology plan is based upon b following
assumptions:

{1y Chemical rocket propulsion will contiiue to be the
propulsion workliorse of the space program throughout the
19802000 time perdod and will be utilized for most of NASA's
primuary propulsion peeds,

(2} No major breakthroughs In chemical propulsion
fechinology are evident that are likely to be applied during this
time perod. The technology efforts deseribed are therefore
evolutionary In nature, T be stute-ol-the-art in chemical propulsion
systeitis can be greaily Improved by an accumuiation of small
Improvements, Realization of this fuet provides justification for o
broadiy based propulsion technology program, siace not al} gaing
soupht will prove to be attainable and since cach incremental gain,
by itself, may be difticult to justily, However, the additive effeets
ol for example, opeération st higher pressure, use of mixed mode
propulsion, increased propcliont density, and use of dual fuel
engines, can provide very significant paylosd gains or vehicle size
and welght reductions.

{3 Long leod dmes are needed fo develop new propulsion
technology, typically 5-10 years, An additional 510 years is
needed for vehlcle development. 1t 15, therefore, essential to
fnitiate work on advanced concepts at once in order to provide
improved cupability as early as 1985,

{4 Systems level testing is generally needed to provide an
adegurate technology buse 5o that advaneed propulsion concepts
will be selected Tor use on u [ight velilele,
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Figure 2. - Technology flow-advanced space transportation systems -
primary propulsion,
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Figure 3. - Advanced space transportation systems propulsion technology
planning.
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Figure 5. - Modified Centaur interim upper stage.



"Aeq peojAed 3| ynys
ay) u1 s6n} apow-pax1w pue apow-a|buls Jo uosisedwo) - *L 3nbi4

0Zs 001 § NMOQ AYM-3NO
("dX300081) 0098 | ("dX3 06k 80 0SE 8 dN AYM-INO
000 € 00€ € didl GNNOY
(HONASO39) 91 'GVO1AVd
26w 774 1 ""1m A¥Q
0s8 1 owe ¢ld "10A "d0¥d
29129 000 29 g1 “Wd SST1 “IM SS0¥9
ININI SI-v8811-02
13[n4-vna—
61y
%

- QV0lAVd
404
TIEVIIVAY

-14 Gl >

@HEO 1L 36-T¥FO T'I2D)

J00W-03XIW

+

b= 1461 =

@H%0 1:9)

INNISYE 300W-TTINIS

“Bny adeds J1uabokid auijaseq - "9 anbiy

S1-18811-0D

=

SINNINIVYA 3T 7
V' 7

811-01-1d

h.z_ 87101

rd

s
7

—— NI 0%
~— (VAL
1130 13n4

NI 941

Sdv

s

e ([ /15
< INVIOV3Y
£——GININOdWOD JINOIAY —

/

s

i

P
. -t \
o \

\

¥ildVay 14v¥I30vdS -



"3214aA Jajsuel) G0 HWWQ - '8 3inbiy

S1-18811-02 @ @
SNOILVDOT INIONT @
INIMOHS  /
MIIA BV — ®
- @@

£¥v8-4



"$3|214aA JBJINS JRUN| dAljejuasaIday - "6 aanbiy

ST-8/811-0
81000 0/ wﬁws 91000 £01 81000 $8
LAY H1 ms ‘HWWEO N
91S oMl 91s 1 915 TIONIS 915 TIONIS

\ /
e T (R
2 x| 4 \\Jf:..,u How | 145
o gk g B 0 o = S
-l\l l\lr > - u R e e . P
1 149 | 1489 .
il | - | - . .
D P i il
I - - —ol i H_- U H_ e
. | i . 3 @
0 e e S i
|||=| 7flﬂ—.|"|-\\; - ._..._movﬁ po——




€Pv8-



S ot =

(5,84 0u) suondo ywoub aunys jo sajdwexd - 11 anbiy

(NALSAS
TI8YSNIN ATINY I9VIS-OML 40
1 3SvHd) ¥11S008 XIVEAM () WS008 WNIS 1¥H ¥OVEAY (@ "S¥1S008 §-¥/X01 1WNA (8
SI-08811-0 WSIY Woss WISE 21 ‘M09
000 01 - 000 §9 000 €8 00059 81 ‘OVOIAVd
¢-rufo A i
- HOVIW ST W8'T-"dH
INSS € ~ E .
£ | HOVIW LT “dHX 14+ INSS € <1470 -
dl
L] 1-d¥
Say
S ; ’
¥3115008 ~4- i
- v— |
o | _ X0
_ |
_ INSS € _ ¥1118¥0 — = X0
]
_ “
¥i18%0 - _ |
! _
” T 3
13 ” _
1wl — .
~13
|
[T p—— —
Hez——
L ——— raalnttmn s PR s s —

e p = T T



——

.

‘uoijesnbiyuod ajnys abejs-ajbuis apow-paxiy - Z1 a.nbiy

SI-GI811-
- (002 309 - 3 “CHIG-TH0) T1°S N 089 X2

(09 =3 %6-ry0) "1°S X089 X8
NOISTNd0Y¥d NIVW

R e BRI i it

T =

SN | -
13IN4-1vNa -~
£¥¥FR-3

e AT



*ajewayds auibua -y aunssald ybiy - "¢ aunbiy
S1-98811-0D

"sau1bua pajequh - aj2zou Bnid Jeaur) YuM AN OLSS - T 24nbi
ST-6.811-02 ]

WALSAS 0334
NOSYVIOHAAH
I

—
s — YIBWVHO
7 NOILSNEW02
| rd
4 ™1
e | o 5
ik -
-
\
\
\
-l WALSAS 0334 + ﬂm
¥3Z101X0 — , g

o
~— dWNd 33NSSId MOT — 61y m

JAWA 5




*sautbua ayisodwod

Butsn 3(21yan 1g10-0}-abeys-omy HoLH - 9 anbi4

810001292 mo19  SI-9811-02
81000012 “IM A¥Q
100055 QVO1AVd

29p - A ds,
01 - 3 Y4Lp
1S ¥ 96€ g xg -/

S e oo AL i — e s

.‘A

L o09/ove - 28A IS 220
1S X 00 “UISOIWOD xp

1744 T

BI1yan 3NYs ajqesnas Ajjny }1q0-0-abeys-om| - “g1 aunbiy

Wutvy 81 ‘m019

-LI81I- -
" - 000 209 81 Im A¥a
000 <9 81 ‘Gv¥01Avd

ko — 5-rako
1S X 08€ “dH xp PISWLLT Pdmxg
I

mu : ‘

A
/
I

1
4ilgyo - _ L 3315008

o
i
;

L




sa(21yaA Y| Aaeay jo sajdwexd - “L1 3inbi4

] “JAQLA 39¥1S-OML (9) "SNO-dVALS G1N0S SMd ZH%0 3400 (@ ‘39v1s $2) INLVAINIA TILINKS (©
woL't Wos's Wiry g1 ‘M019
000 00V 000 00V 000021 €1 ‘OVO1AVd
3 -
-€8811-02 SS9
\
. [ ' (B 1 '
Vo1 IS0V A e -gys 2
= ( NSAVY | - INQOW
| ¥ Wik A¥INOD YT r = AY¥IN0D3Y - 1,
4 ﬂ' — : ) - _-
S 1] N | 4 | | ’ 7
1 ~ _\ |
N 44
o ol p = I —
‘a N
| I
=t e T B
P R gus v L_*
S¥S008 | ; + " ik 13
HIX01 ~ )3 SIS
0 . ! P\ — i
Hyel— | 4 — r
| T &
T ' I
L 44
4 K 14861—
1 !
+ 49— Y
14081 —
_ LB —
—gli%

HR—



“suoned|dde pue suotedisse) wass uoisindold - "8l aanbiy

NEER NRERE / SINIONI T1ZZON 1138 -anos| ‘1A
1. 213 ‘10¥1
‘SIIXI0H08HNL “SIIWVY
- SWI:SAS (ONIHLVINE
A7 NRE NOLLVINIWONY IV dIVLINO0¥) UISOIWOD | A
/ A TA A2 / A SINIONI 04 -38NSSIUd
i 0 L R R ; SINION3 Q34-dwnd SWALSAS Q31304 ALISNIC
" a N2 ) N/ 17 71 ivisd 0001>) 38NSSI¥d MO HOIH ‘150D IN3W4013A30 MOT| Al
PR 2l y SINION3 T1ZZON 9Nd
SWALSAS
A2 2 , SINION3 31ZZON 1138 | @313N4-1¥NA ‘JONVWHOINI HOIH | 111
A ; / Al s¥3zIoIXO aaLvNI¥OM
A 1AL [ A2 A 2 7 SINION3 T1ZZON 9Md
- SWILSAS @3T3N4
"BERBEELEE A 2121 2] SINIONI T1ZZON 1138 | NIDOMOAH ‘IINVWNOS¥Id HOM | 11
/ / A S¥3zZIBXO GUYNINOM
NEGREEERELEE ; / INIONG T1ZZON 9N id
=11 - - SWALSAS G313N4
171717171 /T 1711 |71+ +2 SINION3 31ZZON 1138 | ALISNIQ HOIH ‘JONVWHO04¥3d HOH | 1
o/ ¢ NNE (N (NN AT LTS .
SIS/ SISSIS/SISLE [/ S/S/SIRITS) ON
S SIS ST %%@o,..w% SNOISIAIOSNS YN S5V10 SSV1D
Ny S SIS SIS,
0.0%‘”.1%.%9 ,%.badn.ud#‘: 8%
TR ] S s
&5 /D)8 5 > ~
%m. SIS | /SIS /A8
5/3 ETAINES Ve ~
&3 ISI5E/5 /S ST
S () a5 (37 &
5/
1SN¥HL LSN¥HL 1SN¥HL 1SN¥HL
% 062< % 06> %0R < 06>
SNOL YOINddY SNOLLYIINddV
Wyl ¥v4 Wil ¥¥aN

e P8-4



- TANK PRESSURIZATION

VALVE VALVE
LOW PRESSURE PUMP —

~ VALVE
LOW PRESSURE PUMP

OXIDIZER
FEED SYSTEM -

HYDROCARBON

FEED SYSTEM — "} —PREBURNER

HYDROGEN DUMP \ SOTO000A
COOLING ~ \ ~ HYDROGEN FEED SYSTEM
RADIATION COOLING -
EXTENDIBLE NOZZLE | |
NUAL-FUEL ONLY) - 200:1

CD-11885-15
Figure 19. - Dual-fuel engine schematic.
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CLASS | NE*RTERM | FAR TERM
NO. CLASS NAME SUBDIVISIONS <30K |>250K |<30K |>250K
I. [HIGH PERFORMANCE, HIGH BELL NOZZLE ENGINES 2 | 1|2 1
DENSITY FUELED SYSTEMS PLUG NOZZLE ENGINES 3 | 2 |3 2

FLUORINATED OXIDIZERS | 3 | NA | 2 | NiA
(1. |HIGH PERFORMANCE, HYDROGEN | BELL NOZZLE ENGINES 1 | 2 | 2
FUELED SYSTEMS PLUG NOZZLE ENGINES 1 2 |1 2 |
FLUOR INATED OXIDIZERS 3 NA | 2 NA |
) . S S —— TN (BT STy |
111, |HIGH PERFORMANCE, DUAL- BELL NOZZLE ENGINES S HE '
P STon. PLUG NOZZLE ENGINES | 3 | NA |3 | 2
IV. [LOW DEVELOPMENT COST, LOW PRESSURE (<1000PSIA) 2 | 2 | 2 | 2
HIGH DENSITY FUELED SYSTEMS| PUMP-FED ENGINES
PRESSURE-FED ENGINES 2 | 3 |3 3
V. |COMPOSITE (ROCKET/AIR AIR AUGMENTATION NA |3 |am | 2
BREATHING) SYSTEMS . \MJETS, TURBOROCKETS, | NA | NiA [NA | 2
b ) o LACE, etc. . - e
vi. |soLips BELL NOZZLE 1 1|3 3

Figure 21. - Priority ratings for advanced propuision technology.
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Figure 22, - Near term propulsion technology - program logic.
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