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Abstract

The NASA Langley Research Center has
been conducting research for over 4 decades to

develop technology for an airbreathing-propelled
vehicle. Several other organizations within the United
States have also been involved in this endeavor. Even

though significant progress has been made over this

period, a hypersonic airbreathing vehicle has not yet
been realized due to low technology maturity. One of

the major reasons for the slow progress in technology
development has been the low level and cyclic nature

of funding. The paper provides a brief historical
overview of research in hypersonic airbreathing

technology and then discusses current efforts at
NASA Langley to develop various analytical,
computational, and experimental design tools and

their application in the development of future
hypersonic airbreathing vehicles. The main focus of

this paper is on the hypersonic airbreathing propulsion

technology.

Introduction

The NASA Langley Research Center (LaRC)
has an ongoing research program for over 4 decades to

develop hypersonic airbreathing propulsion
technology for possible applications in hypersonic
airplanes, launch vehicles, and missile systems. A

number of other organizations within the United
States and other countries have also been involved in

this endeavor since the 1950's. However, an

airbreathing-propelled hypersonic vehicle has not yet
been realized. The fastest aircraft propelled by an

airbreathing engine is the SR-71 Blackbird that
reaches speeds slightly over Mach 3 using a turbojet

engine. Missiles have used ramjet propulsion to fly up
to about Mach 5. What is limiting our ability to "fly"

faster, in fact, all the way to orbit? It has to do with a
number of technological challenges that still need to
be overcome (Ref. 1). For example, an efficient and

reliable propulsion system is necessary that makes use
of the oxygen within the earth's atmosphere for

combustion of the fuel. This engine should be able to

operate over an extraordinary large range of flight
conditions, including speeds from zero to orbital and

altitudes from sea level to the upper level of the
atmosphere. It is necessary to integrate several engine

cycles from low to high speed, each working
efficiently through its operating range, while at the
same time, being effective aerodynamically. The

airbreathing engine for hypersonic speeds should be

able to accomplish stable, efficient mixing and
combustion within a reasonable size combustor.

Similarly, the vehicle should possess necessary
structural integrity for a reusable system despite the

extremely hostile environmental conditions. This
means that the conventional practice of using higher

temperature materials for vehicle structure as speed
increases is not adequate. Rather, new materials and
active cooling of airframe and engine structure is

required. Another challenge is in developing reliable
design tools that can be used for aerodynamic and

propulsion system design and performance prediction.

These tools need to model a very broad spectrum of
physical and chemical phenomena such as

laminar/transitional/turbulent flow, real gas effects in
external air flow, mixing and combustion, turbulence

and chemical kinetics interactions, etc. Finally, it is
necessary to demonstrate that the hypersonic vehicle

along with its engine system is capable of routine
operations. This requires detailed analysis of
complete vehicle, extensive ground testing, and flight

testing of experimental vehicles. One of the major
reasons for the slow progress in meeting these

technological challenges in the development of a

hypersonic airbreathing vehicle has been with the low
level and cyclic nature of funding.

NASA began its research in supersonic

combustion ramjet (scramjet) engines in the 1960's
with a program to advance the technology for manned

vehicles (Ref. 2). The Hypersonic Research Engine
(I-IRE) project provided the focus for this effort; the
original goal was to test a regeneratively cooled,

flight-weight engine on the X-15 research airplane.
The I-IRE was an axisymmetric engine with a

translating spike to position the shocks and to control



theinletairflowoveraMachnumberrangeof4to8.
Combustoroperationwascontrolledby streamwise
stagingoffuelinjectionovertheMachnumberrange.
Althoughtheoriginalgoalof flighttestswasnever
achieved,twoengineswerebuiltandgroundtestedfor
structuraldesignandinternalperformance.Thefull-
scaleStructuralAssemblyModel(SAM),a flight-
weightmodelconstructedof Hasteloy-X(shownin
Fig. 1),with hydrogencooling,wastestedin the
NASALangley8-FtHighTemperatureTunnel(8'-
HTT).Thefull-scaleAerothermodynamicIntegration
Model(AIM),a boiler-platemodelconstructedof
Nickel-200with watercoolingandhydrogenfuel
burning,wastestedin theNASAGlennPlumbrook
HypersonicTestFacility(HTF).Thesetestsverified
thestructuralandcoolingdesignanddemonstratedthe
feasibilityof goodinternalthrustperformanceovera
rangeofflightspeeds.

technologydevelopment,againonlyatmodestlevelof
effort.

Theseresearcheffortsweresubstantially
augmentedduringtheNationalAero-SpacePlane
(NASP)Programthatspentover$3Bbetween1984
and1995.Thegoalofthisprogramwastodevelopan
airbreathing-propelled,singlestagetoorbitvehicle.

Figure1.-HRESAMinNASALangley8ft.HTT

Althoughgoodinternalthrustperformance
remainsaprimarygoalforanypropulsionsystem,the
enginemustalsoachievehighinstalledperformance
(i.e.,internalthrustminusexternaldrag),requiring
properaerodynamicintegrationof the propulsion
systemwiththeremainderofthevehicle.Thisledto
researchin scramjetpropulsionconceptsthatcanbe
intimatelyintegratedwiththeairframeofthevehicle
asshownin Fig.2. Duringthe 1970'sandearly
1980's,NASALangleywasengagedin anin-house
programto developanairframe-integratedscramjet
conceptandgrounddemonstrateits performance
potential.Thisprogramincludedresearchonengine
components(inlets, combustors,and nozzles),
computationalfluiddynamicsforinternalreactingand
non-reactingflows,componentintegration(sub-scale
engines),high-temperaturematerialsandstructures,
andflowdiagnostics.In addition,theDepartmentof
Defense(DoD)andindustrywerealsoinvolvedinthis

Figure2.-Airframe-Integrated,Airbreathing-
PropelledHypersonicVehicle

TheNASPprogrambroughttogetherindividual
effortsat NASA,DoD,andindustryunderone
umbrella. Facilities were revived, advanced
computationaltoolsweredeveloped,anda large
numberofengineersweretrainedinhypersonicsover
a shortperiodof time. Broad-baseduniversity
researchprogramsin hypersonictechnologieswere
funded. At its peak,over5,000engineersand
scientistswereinvolvedin theprogram.Aspartof
thehypersonicairbreathingpropulsiontechnology
development,a numberof small-andlarge-scale,
dual-modescramjetenginesweredesignedand
groundtested.Basedonthesetests,a large-scale(10
x 16x 142inches)ConceptDemonstrationEngine
(CDE),shownin Fig.3,wasfabricatedtowardsthe
endoftheNASPprogramandtestedinthe8'-HTTat
Mach6.8simulatedflightconditions.Theobjectives
oftheCDEtestweretodemonstrateperformanceand
operabilitylimitsofthelarge-scaleintegratedscramjet
engineandto verify flowpathdesignmethodsfor
applicationtoflight.Eventhoughsignificantprogress
wasmadeduringthis programin all aspectsof
hypersonictechnology,it wasstill notadequateto
produceanairbreathing-propelled,singlestageto
orbitvehicle.TheNASPprogramdidnotproducethe
X-30researchvehiclebecauseof constraintsimposed
onsizeandcost.

Recently,onceagain,theUnitedStateshas
initiatedanumberofhypersonictechnologyprograms
within NASAandDoD. Onesuchprogramis
NASA'sHyper-X(X-43)program,witha goalto
fightdemonstrateandvalidateasmanytechnologies



aspossibleforascramjet-poweredvehicleatMach7
and10.NASALangleyandDrydenFlightResearch
CenterarejointlyleadingtheHyper-Xprogram.The
firstflightforMach7inJune2001wasunsuccessful
duetotheboosterfailure.ThesecondflightforMach
7 is scheduledfor December2001,witha Mach10
flightto follow. In anothereffort,startedin 1997
underNASA's AdvancedSpaceTransportation
Program(ASTP),windtunneltestingof a Rocket-
BasedCombinedCycle (RBCC)enginewas

Figure3.-CDEin8-'HTT

conductedfor airframe-integratedscramjetflowpath
conceptscontainingintegratedrocketsfor low and
high-speedthrust. A newfollow-ontechnology
programthat focuseson NASA 3raGeneration
ReusableLaunchVehicle(RLV)goals,is currently
beingplannedandimplementedundertheNASA
MarshallSpaceFlightCenterledAdvancedSpace
TransportationProgram.Thegoalofthisprogramis
to reducecostandincreasereliabilityandsafety.
Assuming1,000-2,000flightsper year,the 3ra
generationgoalsare$100/lbofpayloadtoLowEarth
Orbit (LEO)and 10.6 failurerate. Theprogram
includesdesigntoolsdevelopmentandgroundand
flighttechnologydemonstration.Systemsstudiesare
beingusedtoevaluatenumerousvehiclearchitectures
thatincludesingle-stagetoorbit(SSTO)ortwo-stage
toorbit(TSTO)withverticalorhorizontaltakeoff.A
numberof low to highMachnumberpropulsion
cycles are being developedwith hydrogen,
hydrocarbon,ordualfuel.

WithinDoD,severalhypersonicprograms
havebeenundertakenin thepast5 years. These
include the Air ForceResearchLaboratory's
HypersonicTechnology(HyTech)Program,the
DefenseAdvancedResearchProgramsAgency
(DARPA)AffordableRapidResponseMissile
Demonstrator(ARRMD)Program,andtheArmy
ScramjetTechnologyDevelopmentProgram.In
addition,UnitedStatesAir Force(USAF)is also
studyinghypersonicaircraftunderfuturestrikeforce.
ThereisanongoingeffortintheUnitedStatestobring
all of theseNASAandDoDprogramsunderajoint
NationalHypersonicProgram.

Thepaperbrieflydiscussestheoutcomeof
severalsystemsstudiescomparingrocketversus
airbreathing-propelledaerospacevehicles,including
variouslow-to high-speedpropulsioncyclesbeing
developedfor hypersonicairbreathing-propelled
vehiclesto orbitalspeeds.Thisis followedbya
discussionof computationalandexperimentaltools
for hypersonicpropulsionflow pathdesignand
performanceevaluation.AlthoughNASALangley
has strongcapabilitiesin aerothermodynamics,
structuresandmaterials,andcontrols,allcriticaltothe
successfuldevelopmentof hypersonicvehicles,they
arenotdiscussedin thepaper.Finally,thepaper
providesa brief overviewof futuretechnological
challenges.

Engine Cycles for Hypersonic Airbreathing
Vehicles

Engine selection for a hypersonic

airbreathing vehicle is dependent on the mission (Ref.
3). Efficient hypersonic flight requires scramjets. For

this paper, scramjet refers to a dual-mode scramjet
that can operate in supersonic, subsonic, and mixed

supersonic/subsonic modes without the use of a
second throat. Dual-mode scramjets can operate over
a large speed range from about Mach 3 to 15. For

space launch vehicles, a rocket is required for orbit
insertion, in-space maneuvering, and deorbit. Below

Mach 3-4, numerous options are available such as

turbojet, rocket, air-augmented rocket, ejector ramjet,
conventional ramjet, pulse detonation, or liquid air

cycle engine (Ref. 4). These engine cycles can be put
together into numerous combinations, all of which are

captured in Refs. 4 and 5. They are historically
divided into combined-cycle engines (Ref. 4) and

combination engines (Ref. 5). The two approaches are
illustrated by the RBCC engine and turbojet-scramjet-
rocket combination engine (TBCC). The RBCC

engine, illustrated in Fig. 4, operates in 3 modes: (1)
air augmented rocket from Mach 0 to 3; (2) dual-mode

scramjet to Mach 10 - 15, and (3) rocket to orbit. The



turbojet-scramjet-rocketcombinationengineis
illustratedin Fig.5. Thisover/underturbojet/dual-
modescramjetpureairbreathingsystemoperatesto
Mach15,at whichpointtherocket,locatedin the
scramjetexternalnozzle,takesover. Therocket
mountedwithin thescramjetnozzleallowsthrust
vectorthroughthevehiclecenterofgravity.

Figure4.-RBCCOperatingModesandPerformance
Benefits

Dueto theapparentsimplicity,theRBCC
approachhasgainedsignificantattentionwithinthe
UnitedStates.Rocket-basedengines(Ref.4) have
potentialfor "synergistic"integrationof rocketsinto
theairbreathing(ramjetorscramjet)flowpathdueto
thelargearearationozzleaffordedbytheairbreathing
flowpath.Therocketscanoperateasejectorsorair-
augmentedrockets,andmayincludea liquid air
compressionengine(LACE)systemtooff-loadpartof
therocketoxidizerrequirements.Therocketsystems
usedintheRBCCflowpathareassumedtobecapable
ofprovidingorbitalandin-spacepropulsionneeds.
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Figure 5.- Turbojet-Scramjet-Rocket Combination

Engine

System Analysis

Systems studies are required to identify

potential vehicle configurations, components, and
approaches, and focused technology development.

For rocket vehicles, such studies are straightforward
and well understood. The rocket performance is

essentially independent of the vehicle aerodynamics,
and the vehicle aerothermal (aerodynamics and

thermal) environment is simply tied to trajectory. For
most rocket systems, the vehicle structure is cold,

protected by a passive thermal protection system. The
dominant design driver is vehicle structural efficiency.

In addition, the rocket weight and thrust efficiency
have been studied and optimized for years.

For an airbreathing vehicle, systems studies

are more complex due to the highly integrated nature
of the airframe and engine (Ref. 6). Air flow

requirements of hypersonic engines require that they
be aerodynamically integrated with the airframe to

capture as much of the vehicle pre-compressed flow as
possible (Ref. 5). Therefore, the vehicle and engine

must be developed together. A formal design process



is illustratedin Fig. 6. Engineandaerodynamic
performance,structure,weight, systems and

Figure6.-DesignMethodforAirbreathing
HypersonicSystems

packaging,andthermalmanagementareiteratedas
thevehicleis flown to determinethe 'required'
propellant.Finally,thevehicleisresizedto achieve
thepropellantrequiredtomeetthemissionanddefine
a"closed"configuration.Becauseof arelativelylow
levelofmaturityof thistechnology,vis-h-visrocket-
poweredconfigurations,substantialimprovements,
refinements,andoptimizationarenotonlypossible
butasignificantpartoftheprocess.

Systemsanalysismethodsfor airbreathing
vehicleshaveevolveddramaticallyoverthepast20
years.Thesemethodscanbeexecutedat several
levels(Ref.3),asnotedinTable1. Thelowestlevel,
designated"0" inTable1,doesnotrequireaphysical
vehicleor enginegeometry.Levelzeroanalysis
utilizesidealenginecycleperformance,historicalL/D
andCavaluesfor aerodynamicperformance,design
tables(or weight fractions)for structureand
componentsweight,the"rocketequation"for flight
trajectory,andestimatesforpackaging.Uncertainty
in the designof airbreathingvehiclesusingthis
approachhasbeenshownto exceedhundredsof
percent.

Level1 analysisutilizesuncertifiedcycle
performanceand/orCFD,impacttheory,unit or
uncertifiedfinite elementmodel(FEM)weights,
singleequationpackagingrelations,andenergystate
vehicleperformance.Thislevelof analysisdoesnot
captureoperabilitylimits, and thus has large
uncertaintiesthatcanexceed100%.

Table1.-VehicleFidelityAssessment

Level2 analysisusesthesamemethodsas
usedin Level 1 (but certified)for propulsion,
aerodynamics,structureandweights,trimmed3-DOF
(degreeoffreedom)vehicleperformanceanalysis,and
multipleequation,linearor non-linearpackaging
relations. Certificationis only achievedby
demonstrationthatthemethodsworkontheclassof
problemsbeingsimulated.For example,Level2
analyticalmodelsutilizecorrectionsforknownerrors,
suchasinletmassspillage,relevantempiricalfuel
mixingmodels(Ref.7),shearandheatfluxmodels
(Ref.8),etc. Thisempiricalapproachis basedon
experimentaldatafromwindtunneltests,structural
componenttests,etc. Higherlevelmethods(CFD,
FEM) are usedto refine the vehicleclosure.
Uncertaintyin theprojectedclosureweightfor an
airbreathingsystemusingthisapproachisestimatedat
10-20%for CFD-richto 15-30%forcertifiedcycle-
richanalysis.

The highestdesignlevel (Level 3) is
achievedonlybyhavingasignificantlylargefraction
of theactualvehiclemanufacturedandtested.Wind
tunnel and other groundtestingprovide less
verificationthanflight tests. Althoughnumerous
componentshavebeenbuiltandgroundtested,flight
dataisrequiredforthehighestlevelof design.This
hasnotyetbeendonefor ahypersonicairbreathing
vehicle;however,theprojecteduncertaintywiththis
approachisexpectedtobe5-10%.

Whateverthe level of systemanalysis,
closureis achievedbysizingthevehiclesothatthe
propellantfractionrequiredforthemissionisequalto
thepropellantfractionavailable(packagedwithinthe
sizedvehicle).However,thereportedclosureweight
isonlyasgoodasthelowestlevelofanalysisusedin
the"closure."



Summary of Airbreathing vs. Rocket Vehicle

Study

Vehicle takeoff gross weight and/or dry
weight have long been used as figures of merit to
show benefits of rocket and/or airbreathing systems.

Mission flexibility, design robustness, safety,

reliability, and cost are other factors that are being
considered to quantify the benefits of airbreathing

versus rocket systems. This section will discuss both
sets of figures of merit.

Airbreathing and rocket vehicle designs for

space access have been examined since the early
]960's. In ]990's, two major studies were performed

by NASA - The ]993 Access to Space (ATS) Study
(Refs. 9), and the ]997 Advanced Launch Vehicle
Study (led by Talay and Hunt of NASA Langley,

unpublished). The ATS Study established a reference,

horizontal takeoff/horizontal landing (HTHL)
airbreathing/rocket SSTO vehicle design for 25Klb

payload delivery to the Space Station in a lifting-body
configuration (provided by NASA Langley). The ATS

team also established a HTHL/TSTO design and a
vertical takeoff/horizontal landing (VTHL) SSTO

rocket vehicle design.

The ]997 Advanced Launch Vehicle Study

was a follow-up evaluation to the ATS Study with a
focus on enhancing the design fidelity of the VTHL/

SSTO rocket and the HTHL/SSTO airbreather, on

understanding some of the design pros and cons, and
on quantifying the mission flexibility of the two

SSTOs. The airbreather won all mission flexibility
contests.

The ]994 Commercial Space Transportation

Study (CSTS) examined mission/market elasticity and
provided space access goals for the Agency -- reduce
the cost and increase the reliability, safety and

flexibility of going to space. The vision was a vehicle
that operated more like a commercial airliner than a

research vehicle. NASA has adopted these goals - the

2025 "Third Generation" goals are $100/lb cost of
payload delivery and ]0 -6 failure rate. These goals

may sound unobtainable based on current values of
$10,000 per pound to orbit and 1/200 crew losses, but

they assume a significant growth in flight operations,
from 4-8 per year to ],000 to 2,000 per year.

Within the United States, system studies are
continuing to search for the best airbreathing vehicle
architectures. The NASA MSFC led ASTP is

sponsoring screening studies to conduct a broad

review of all prospective configurations, approaches,

and architectures. These architectures include HTHL

and/or VTHL SSTO and TSTO systems; hydrogen,

hydrocarbon, and/or dual-fuels; and many propulsion
options including RBCC and TBCC which incorporate

dual-mode scramjet capability, as discussed
previously.

A preliminary vehicle/propulsion matrix

examination, designated as the Airbreathing Launch
Vehicle (ABLV) Study, was sponsored by the

Advanced Reusable Technology (ART) project of
ASTP at NASA Marshall in ] 998. The study ended in

2000 and was led by NASA Langley. It was
supported by Boeing under a contract. The mission

was to deliver 25Klb payload to the Space Station in a
single stage. Fourteen unassisted HTHL and four
VTHL vehicle variants were examined. The

propulsion emphasis for the HTHL vehicles was on
under-slung, single-duct RBCCs; and under-slung,

two-duct turboramjet (over)/dual mode ramjet (under).

The reference vehicle design to which all other
vehicles were compared was a lifting body with an

under-slung one-half duct (over)/single duct (under) -
LACE ejector ramjet/dual-mode scramjet propulsion

system. Some results from the ABLV study are
presented in Fig. 7.

Four airbreathing engine approaches were
considered in the vehicles represented in Fig. 7, with

primary difference being characterized by the vehicle
oxygen fraction. Two approaches resulted in low

oxygen fraction: the turbojet-scramjet-rocket

'TRJ+SJ+R' combination engine and ScramLACE
combined cycle engine. The other airbreathing

approaches used more LOx; first for low speed rocket
operation to Mach 3, and second, for lower speed

rocket takeover from the scramjet mode. The heavier
RBCCs in Fig. 7 ('min' and 'max') had higher LOx

fraction because of the limited (to about Mach 10-12)
scramjet operating range. The SSTO rocket,
represented in Fig. 7, was a VTHL design from the

Advanced Launch Vehicle Study. It had a full-flow,
staged combustion cycle rocket main propulsion

system with an uninstalled thrust-to-weight of 83.

RBCC-powered VTHL SSTO's for the same
mission sized-out at about ].6 to ].7 Mlbs. In the

ABLV study, these vehicles appeared more favorable

than the unassisted horizontal takeoff counterpart
because of the lack of the fixed wings sizing required

for takeoff at guideline speeds; however, they still
required fixed wings for flying the ascent, lifting
trajectory and for horizontal landing.

Two Stage to orbit HTHL launch

configurations are currently being examined - a' la the
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Figure 7.- Airbreathing Benefit to Vehicle Size

(25Klbs to Space Station)

TSTO system established in the ATS study in
1993. The TSTO ATS system employed a lifting

body for both first and second stages, with the upper
stage powered by a rocket. It was an all-liquid
hydrogen-fueled system that staged at Mach 5.

Hydrocarbon fueled, hydrogen fueled, and/or dual

fueled HTHL TSTO systems are being examined with
staging Mach numbers to 8 for the hydrocarbon-fueled

first stage and to Mach 16 for the hydrogen-fueled
first stage.

Mission Flexibility

Extensive evaluation of mission flexibility
for the VTHL/SSTO rocket and the HTHL/SSTO

airbreather was performed in the 1997 Advanced
Launch Vehicle Study at Langley. The study showed

that with the airbreather, during flight within the

atmosphere, aerodynamic lift and a substantially
enhanced engine efficiency could be used on ascent to

change inclination and achieve alternate orbits or
intercept alternate orbits--to effectively chase the

ascending node! This allows the airbreather a greatly
expanded launch window vis-a-vis the SSTO rocket as

indicated in Fig. 8.

Offset launch for rapid rendezvous up to 15°

have been calculated for the airbreather, compared to
only 2° for the rocket system. Other launch benefits of
the airbreather include: lower orbital inclination

access; changing orbit on demand during launch;
synergistic plane changes; and mission recall. Basing

flexibility also favors the airbreather because of
runway requirements versus launch pad requirements.

Likewise, on reentry, the airbreather's large cross
range (over 2.5 times the rocket vehicle) allows

rapid/immediate de-orbit to a safe landing over a huge
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Figure 8.- Launch Window AV Penalty

landing footprint. The airbreather also has self-ferry

capability, which greatly opens the number of
potential affordable recovery sites. This feature also

eliminates the need for a carrier vehicle to bring the
launch vehicle back to home base when landing

elsewhere as with the Space Shuttle.

Design Robustness

Quantification of relative design robustness
was a fall-out of the 1997 Advanced Launch Vehicle

Study. The airbreathing SSTO also had a more
robust design than the SSTO rocket due to larger
vehicle dry weight fractions (26% versus 9%),

structural mass fractions (14% versus 4.5%), and

reduced weight growth sensitivity - one pound
increase in dry weight for the rocket systems adds

over 10 pounds to its TOGW while one pound of dry
weight increase for the airbreather adds only 3.7

pounds to its TOGW.

Safety

Safety issues include abort, powered landing
and go around, propellant flow rates, and failure rates.

HTHL airbreathing vehicles allow abort during the
takeoff role, or soon after takeoff because the system

is designed to land partially loaded. Vertical takeoff
(VTO) eliminates the potential for abort over the

initial part of the trajectory. Rocket systems, for the
foreseeable future, will be limited to VTHL, with

landing only possible after burning or dumping

propellants. Once again, the cross range capability of
airbreathing vehicles enhances safety by dramatically
increasing the number of potential recovery sites.

For rockets, VTO requirements and the huge

propellant loads result in thrust requirements more
than 6 times that of an airbreathing system (3 + Xl0 6

vs. 5 + X105). The associated maximum propellant
flow rate differences are even more troublesome:



7,500lb./sec,vs.120lb./sec.Becauseof theselarge
flowrates,largerocketenginesfail catastrophically.
Fixingthiscriticallimitationhasbeenestimatedto
doubletheengineweight,witha 10:1impactonthe
takeoffgrossweight(TOGW).Recentlycompleted
failureratestudiesshowa significantbenefitforthe
airbreathingvehicle.Thesestudieswereperformed
ona purerocket-poweredanda horizontaltakeoff
RBCC-poweredvehicle.TheRBCCvehicleused40
'low'pressurerocketchambers,producing234Klb
thrust,comparedto 7 'high'pressurerocketchambers
producing3 Mlb thrustfor theall rocketvehicle.
Considering rocket durability and thrust
levels/durationfor thetwosystems,theall rocket
systemwasestimatedtohaveanorderof magnitude
higherfailureratethantheRBCCvehicle. The
turbine-basedsystemhasnotbeenassessedyetbutis
expectedtobeevenbetter.In addition,thescramjet
failurerateisexpectedtobeminisculeincomparison
becauseit utilizesrocketcoolingtechnology,buthas
1/4ththepeakor1/10ththeaveragethermalloadof a
rocket(Fig.9).

Figure9.-MaximumHeatingRatein
Combustor/CombusionChamberforSSTOVehicles

Anothersafetyfeatureof theairbreathing
systems,particularlyturbine-basedsystems,is the
potentialfor poweredgoaround.Theseandother
issuesarebeingconsideredin thedevelopmentof
safetymodels.

Reliability

Airbreathingand rocket launchvehicle
systemsandsubsystemsareassumedto utilizethe
sametechnologiessotheyshouldnot serveasa
discriminator.Thereliabilityof airbreathingsystems
isexpectedtobehighdueto lowerthermalloadsand
lowerpressurerequirementsforthefuelturbopump.
Foraturbine-basedsystem,theturbojetreliabilityis
wellknown,andwill notbecompromisedbyshort
duration(5min.)operationatfull power,ornearidle

cruiseof a lightly loadedvehicle. Smallrockets
(orderof 100Klbthrust)fororbitalinsertioncanbe
overdesignedwithoutseriousimpacton vehicle
performanceorsize(0.1%increasein TOGWforthe
HTHLairbreathingvehiclevs.20%for theVTHL
rocket).

Airframethermalloadsareclearlygreaterfor
theairbreathingvehiclesthanfortherocketvehicles.
Structuraldesignsfortheairbreathingvehicleshave
beendemonstratedingroundtests,butsome,likethe
vehicleleadingedges,requiremoderate-pressurefuel
cooling. Durabilityof suchsystemsmustbe
validated.

Cost

Cost models for airbreathing systems are

being developed under the ASTP to address DDT&E,
production, operations, and life-cycle costs.

Technology development costs are certainly greater
for the airbreathing vehicle. These development costs
have been estimated at about $12B. DDT&E and

production cost differences between the two systems

are generally considered to be small. Operational cost

models for airbreathing vehicles do not exist yet.
However, a HTHL single stage vehicle is inherently
simpler than a vertical takeoff (single or two stages)

system. Therefore, the tumarotmd time and workforce
requirements should be less for the airbreathing
vehicle.

Other operational cost considerations include
propellant usage, vehicle losses, and transportation.

Propellant requirements for the rocket increase
operational cost through additional cost of fuel and

increased logistics. Propellant cost is considered

trivial by the current launch vehicle community,
which is accustomed to huge budgets and infrequent
flights. This attitude probably will change with

increase in flight frequency, as in the airline business.

Cost of vehicle replacements and other costs
associated with catastrophic loses clearly favor the

airbreathing system. Transportation costs, such as
returning the Shuttle from DFRC to Kennedy Space

Flight Center, again favor the airbreathing vehicle,
particularly for vehicles with turbojet systems. Cost

reduction will also be achieved by alternate use such
as endoatmospheric operations, hypersonic cruise

operations, and other military applications. These
activities eventually will share development and

operations costs.

Flight vehicle utilization probably has the
greatest impact on operating cost and is often over



looked.EventheShuttlecostcanbereducedbymore
thananorderofmagnitudebyincreasingthenumber
offlightsto 1,000-2,000peryear.Dotheuncertainties
associatedwiththeexistingsystemsrisklimitvehicle
utilization?

Computational Tools for Scram[et Engine Analysis

and Design

Computational fluid dynamics (CFD) has

emerged as an extremely valuable and cost-effective
engineering tool in aerodynamic design and analysis.

The usefulness of CFD can be attributed to many
factors. With the rapidly increasing cost of wind

tunnel testing, the development cost for a vehicle can
be greatly reduced by the judicious application of

relatively simple and inexpensive computational tools.
Parametric investigations can be performed with short
turn around time to discard designs with obviously

poor performance. When the stage in a development

cycle is reached where wind tunnel testing is required,
CFD can be very helpful in model design and

placement of instrumentation, and as a diagnostic tool
to help explain certain unexpected flow phenomena
observed in measured data. An area where

computational tools have made significant progress is

hypersonic airbreathing propulsion. These tools are
being used effectively in the analysis and design of
various engine components as well as the complete

hypersonic vehicle. A combination of low to high
fidelity computational tools is used in these

applications depending upon the stage of the design
and the level of confidence desired.

Computational analyses of inlets typically
employ codes that solve the Euler equations, iterated

with the boundary-layer equations for viscous effects,
for initial design. More detailed calculations utilize

either the parabolized Navier-Stokes (PNS) equations,
or the Reynolds-Averaged Navier-Stokes (RANS)
equations if significant flow separation must be

considered. All of the calculations typically solve the
steady-state equations so that simulations can be

completed in reasonable times. Turbulence is

modeled using either algebraic or two-equation
turbulence models with empirical compressibility

corrections and wall functions. Transition modeling is
not typically employed. Thermodynamic properties

are generally determined by assuming that the inlet
flow behaves as a perfect gas or equilibrium air.

Calculations are conducted on fixed grids of 100,000
to 2,500,000 points in multi-zone domains. A limited
degree of dynamic grid adaptation is employed when

necessary. The most limiting area of accurate
simulation of complex inlet flow is the modeling of

transition and turbulence. Some promising work is

now underway to develop new algebraic Reynolds
stress turbulence models (Ref. 10 and 11). Advances

in large eddy simulations (LES), with sub-grid scale
models appropriate for high-speed compressible flow,

may allow this technique to be applied to inlet flows
in the future (Ref. 12 and 13). However, transition
modeling for high-speed inlets still remains mostly
nonexistent.

Combustor analysis is typically done using

either the PNS or RANS based codes, depending upon
the region of the combustor being modeled and the

degree of flow separation and adverse pressure
gradient being encountered. Steady-state methods are

normally used for complete combustor analysis and
performance prediction. However, limited unsteady

analysis may be used for understanding the physics of
fuel air mixing or for combustion instabilities.
Turbulence is again modeled using algebraic or two-

equation models with empirical compressibility
corrections and wall functions. A few codes model

turbulence-chemistry interactions based on probability

density functions. Fuel-air combustion is modeled
with reduced reaction set. For example, hydrogen-air

chemistry in a hydrogen-fueled scramjet is normally
modeled using a nine species, eighteen reactions

system (Ref. 14), although other mechanisms are
available for use as the case may dictate.
Hydrocarbon fuel combustion requires much more

complex reaction mechanisms that must be further
reduced to allow practical computations. Calculations

in each case are typically conducted on fixed

structured grids of 200,000 to 2,500,000 points in
multi-zone domains. Typical run times on a Cray C-

90 computer range from 10 to 300 hours. It is obvious
from the computer resource requirements that these

times need to be improved by a factor of 10 to 100 if
advanced computational tools are to be routinely used

in the design process. Recent work by Thomas et al.
(Ref. 15) on multi-grid methods offer promise for
substantial increase in convergence rates, but the

application of these methods to high-speed reacting
flows offer additional challenges. Dynamic grid

adaptation will become even more important for

accurately capturing the complex flow structure in the
combustor, in particular, the shock interactions and
vortical structure in the flow.

Turbulence modeling for high-speed reacting
flows continues to be a challenge. Promising work is

going on in this area using several approaches.
Techniques using velocity-chemical composition
probability density functions have been successfully

applied to incompressible reacting flows, and are now
being extended to model compressible reacting flows

(Ref. 16). Although not ready for practical use in



combustorflowanalysis,workis alsounderwayto
applyLEStechniquesto suchflows. Sub-gridscale
modelsutilizingafilteredmassdensityfunctionfor
theLESofturbulentreactingflowsappearparticularly
promisingforthefuture(Ref.17).

Nozzleanalysisis usuallylessdemanding
thancombustorand,in general,combustoranalysis
codescanbeappliedtonozzles.Inmanycases,Euler
codesiteratedwithboundarylayercodescanbeused
for initial engineeringdesignstudies. Dueto
expandingflow with favorablepressuregradient,
nozzleflowismorereadilyamenableto PNScodes.
However,finiterateanalysisis requiredthroughout
thenozzletoassessthecontinuingdegreeof reaction,
andtodeterminetheextentofrecombinationreactions
thataddto the availablethrust. Transitionand
turbulencemodelingalsocontinuestoremainanissue
for nozzles.In addition,thenozzlewallboundary
layermayrelaminarizelocallyin theregionof large
favorablepressuregradientandtransitionbackto a
turbulentboundarylayerfurtherdownstream,thus
posinganadditionalmodelingchallenge.Thereduced
kineticsmodelsfor nozzleflows appearto be
reasonablyaccurate,althoughsomefurtherworkmay
bewarrantedtoimprovetherecombinationprocess.

Theultimateuseofthecomputationaltoolsis
inthenose-to-tailanalysisanddesignof thecomplete
vehicle.Thisrequiresthedevelopmentofasystemof
computationalcodesthat appropriatelyselectsthe
requiredtypeof codeformostefficientandaccurate
analysis. The codesin this systemare made
compatibleby creatingproperinterfaceswitheach
other.It isalsopossibletouseasingleRANS-based
codewithappropriatemodelingfordifferentregions.
Reference18describesanumberof codesthathave
beendevelopedandappliedin hypersonicvehicle
analysisovertheyears.Thispaperbrieflydescribes
belowonesuchrecentcode,VULCAN(Ref.19),that
hasshowna lot of promisein the analysisof
hypersonicairbreathingpropulsionandisbasedonthe
stateof theartCFDtechnology.An applicationof
thiscodeisalsopresentedasanillustration.

VULCAN(ViscousUpwindaLgorithmfor
Complex flow ANalysis) is a cell-centered finite-
volume, structured grid, multi-block code which

solves the equations governing inviscid and viscous
flow of a calorically perfect gas or of an arbitrary

mixture of thermally perfect gases undergoing non-
equilibrium chemical reactions. VULCAN allows the
flow domain to be decomposed into regions in which

the most suitable algorithm (elliptic or marching) can
be utilized. The inviscid fluxes are computed using

the MUSCL scheme of Vanleer with the approximate

Riemann solver of Roe or the low dissipation flux
splitting scheme of Edwards. VULCAN solves

spatially elliptic flow by marching the unsteady form
of governing equations in time. Spatially hyperbolic

flow (e.g. the Euler equations in supersonic flow) and
parabolic flow (e.g., the parabolized Navier-Stokes
equations) are solved by space marching while

iterating the unsteady equations in pseudo-time to a

steady state solution at each cross-stream plane.

A number of two-equation, k-omega type
turbulence models have been incorporated in

VULCAN. The code also has available an explicit
algebraic Reynolds stress model. All the models have

been modified to account for compressibility effects.

VULCAN has been used extensively by
NASA as well as by the United States Air Force to
study and simulate scramjet flow fields. One such

simulation (Ref. 20) was recently conducted to study

an ethylene-fueled scramjet combustor employing an
aerodynamic ramp fuel injector and a cavity flame-

holder. The aerodynamic ramp fuel injector consisted
of a three-by-three array of flush-wall injectors. The

injectors in the first, second, and third row were
angled at 15, 30, and 45 degrees, respectively, relative

to the wall. The nominal separation between the
injectors was 7.0 jet diameters in the streamwise
direction and 2.5 jet diameters in the spanwise

direction. The injector design is intended to produce
fuel vortex interactions to enhance fuel-air mixing but

without the complications of a physical intrusion in

the supersonic stream.

Under the modeled conditions of Pt = 574.5

kPa, Tt = 1223.0 K, M = 1.8 and Phi = 0.70, the

combustor operated as a dual-mode scramjet in which
the heat release is sufficient to choke the incoming

supersonic air stream. The pre-combustion shock
train aids flame stabilization by increasing the static
temperature and pressure of the air stream (reducing

the ignition delay) and decelerating the flow
(increasing the residence time). The position and

strength of the three-dimensional pre-combustion
shock train and the combustor heat release distribution

are strongly coupled. To accurately model a dual-

mode scramjet flow field, the code must adequately
resolve several complex physical processes including

three-dimensional shock-boundary layer interaction,
turbulent mixing in high-speed subsonic and

supersonic streams, and kinetics of hydrocarbon fuels.

A schematic of the combustor flowpath is

shown in Fig. 10. In this study, the computational
domain extended streamwise from the throat of the

facility nozzle to the exit plane of the combustor, and
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fromthecenterlineof theductto thesidewallin the
spanwisedirection.Thestreamwise,spanwise,and
normaldirectionswererepresentedbythex, y andz
directions,respectively,andx = 0 correspondstothe
exit of the facility nozzle. Distanceis non-
dimensionalizedbytheheightoftheductattheexitof
thefacilitynozzle,H. Theisolatorandcombustor
extendedfrom0.0 < x/H < 12.3and12.3< x/H<
33.3,respectively.Thethreerowsof injectorswere
locatedatx/H= 13.5,13.7and13.9,andthecavity
extendedfrom x/H = 14.7to x/H = 16.5. The
computationalmeshconsistedof 22blocksand1.06
milliongridpoints.

Chemicalkineticswasmodeledwithathree-
stepglobalethylene-airkineticsmodelwith six
species: C2H4, 02, CO, H2, CO2, and H20.
Adjustments were made to the rates of the kinetics
model to account for the effect of the small amount of

OH in the vitiated heater flow (approximately one part

per million) on ignition delay.
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Figure 10.- Schematic of the combustor flow path

The calculated heat release region within the

combustor is illustrated in Fig. 11, showing the static
temperature contours within the combustor and in the

cavity flame-holder region. The stoichiometric
surface is indicated with a black contour line. The

injected fuel did not react until it interacted with the
hot fluid within the cavity. The flame spreads rapidly

downstream of the cavity primarily along the
stoichiometric surface. The cavity was instrumental in

flameholding. Also necessary for flameholding was
the role of the pre-combustion shock train in reducing

the flow velocity and raising the static temperature.
The shock train spanned the region 6.2 < x/H < 12.5

and lowered the mass-weighted one-dimensional
Mach number from 1.78 and 0.87 and the u-velocity

from 950 m/s to 520 m/s. More importantly, the
mass-weighted one-dimensional static temperature
increased from 740K to 965K.
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Figure 11.- Contours of static temperature [K] within
the combustor and in the vicinity of the cavity.

A comparison of the experimental data with
the computed wall pressure data (normalized by the

pressure at the exit of the facility nozzle) is presented
in Fig. 12. Sidewall pressure data is also included in

the figure. The experimental data were obtained at
similar, but not identical, conditions to those used in

the calculations. The location of the pre-combustion
shock train and the peak pressure are in good

agreement, although the computed wall pressures are
slightly lower than the corresponding experimental
values.

Figure 12.- Experimental and CFD pressures

along the top wall of the combustor

NASA Langley Scramjet Test
Complex/Experimental Design Tools

Hypersonic Airbreathing propulsion

technology development so far has depended
primarily on the ground-based facilities. These

facilities are distinguished from hypersonic
aerothermodynamic facilities by the requirement that

the propulsion test facilities duplicate the stagnation
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enthalpyof flight, theMachnumberenteringthe
engineor enginecomponentundertest,andthe
oxygenmolefractionof atmosphericair. NASA
Langleyhasafacilitycomplex(Fig.13)forscramjet
enginetestingthatcansimulateflightenthalpiesand
dynamicpressurefromMach3.5tonearorbitalspeed.
A briefdescriptionofthefacilitycomplexispresented
herealongwithanexampleof itsuseinanintegrated
experimentalprogramto understandeffectsof
geometricscale,dynamicpressure,andtestgas
differencesonengineoperabilityandperformanceata
givenMachnumberor flightenthalpy.Moredetailed
discussiononfacilitiesisgiveninRef.21.

ThescramjettestcomplexatNASALangley
consistsof five facilities, the Direct-Connect
SupersonicCombustionTestFacility(DCSCTF),the
Combustion-HeatedScramjetTestFacility(CHSTF),
theArc-HeatedScramjetTestFacility(AHSTF),the
8'-HTT, and the HypersonicPulse Facility
(HYPULSE)shock-expansiontube/tunnel.The
purposeoftheDCSCTFis totestscramjetcombustors
in flowswithstagnationenthalpiesduplicatingthatof
flight at Machnumbersfrom4 to 7.5 in direct-
connect,orconnected-pipe,fashionsothattheentire
facility test gasmassflow passesthroughthe
combustor.Theflowattheexitofthefacilitynozzle
simulatestheflowexitinganinletandenteringthe
combustorof a scramjetin flight. Scramjetnozzle
geometricsimulationscan alsobeaddedto the
scramjetcombustorexit. Therequiredstagnation
enthalpyin thefacilityisachievedthroughhydrogen-
aircombustionwithoxygenreplenishmenttoobtaina
testgaswith the sameoxygenmolefractionas
atmosphericair (0.2095). Two two-dimensional
(rectangular)contourednozzlesarecurrentlyavailable
toattachtothefacilitycombustionheaterto simulate
scramjetcombustorentranceconditions.Thefirstisa
Mach2 nozzlewithexitdimensionof 1.52x 3.46
inchesandthesecondisaMach2.7nozzlewithexit
dimensionof 1.50x 6.69inches.Thefacilityis
typically usedto assessthe mixing, ignition,
flameholding,andcombustioncharacteristicsof the
combustormodels.

The CHSTFis usedto investigatethe
operabilityandperformanceof complete(inlet,
combustor,andpartialnozzle)sub-scalescramjet
componentintegrationmodelsin flows with
stagnationenthalpiesduplicatingthatof flightatMach
numbersfrom3.5to 6. SimilartotheDCSCTF,the
stagnationenthalpyisachievedthroughhydrogen-air
combustionwithoxygenreplenishment.Theflowat
theexit of the facilitynozzlesimulatesthe flow
enteringa scramjetenginemodulein flight. The
facilitymaybeoperatedwitheitheraMach3.5or4.7,

contourednozzle with squarecross sections,
measuring13.26x 13.26inchesat thenozzleexit.
Thenozzleexhaustsasafreejet intothetestsection
thatis96incheslongandhasacrosssectionof 42x
30 inches.Eitherhydrogenor ethylene(bothin
gaseousformsatambienttemperature)maybeusedas
fuelin thetestengine.Thefacilityallowstheuseof
silaneasanignitor/pilotgasto aidin thecombustion
oftheprimaryfuel.

Thepurposeof theAHSTFis to investigate
operabilityandperformanceof sub-scale,component
integrationmodelsof airframe-integratedscramjet
enginesat simulatedenthalpiesof flightfromMach
4.7 to 8. Thestagnationenthalpynecessaryto
simulateflightMachnumberfor theenginetestsis
achievedbypassingairthrougharotatingelectricarc.
Twosquarecross-sectioncontourednozzlesforMach
4.7and6 areavailableforusein thefacility.These
nozzleshaveanapproximatecrosssectionof 11x 11
inches.Testtimesnormallyrangefrom30secat
Mach8to60secatMach4.7conditions.Thisfacility
alsoallowstheuseofsilaneasapilotgas.

TheLangley8'-HTTisacombustion-heated
hypersonicblowdown-to-atmospherewindtunnelthat
providessimulationof flightenthalpyforMach4,5,
and7. Theexit of thefacilitynozzleis 8 ft. in
diameterthatexhaustsasfreejet ina26ft/-diameter
testchamber.Thelengthofthetestsectiontestspace
is 12ft.butscramjetenginemodelslongerthat12ft.
canbemountedin thisspaceif themodelis not
requiredto be fully retractedfor tunnelstartup.
Stablewindtunneltestconditionscanbemaintained
for upto about60sec. In additionto hypersonic
propulsiontesting,thefacilitycanalsobeusedfor
testingof structuralandthermalprotectionsystem
componentswithsimulationofascentorentryheating
profilesby a radiantheatersystem.Thedesired
stagnationenthalpyisgeneratedbythecombustionof
airandmethaneinapressurizedchamber.Oxygenis
replenishedfor airbreathingpropulsiontests. This
facility is the largestscramjettestfacility in the
countryandhasbeenusedto conductlarge-scale,
airframe-integratedscramjetenginetestsunderthe
NASPandHyper-Xprograms.

TheLangleyHYPULSEfacilityis locatedat
andoperatedby GASL,Inc.,in Ronkonkoma,New
York,underacontractfromNASALangley.It can
operatein botha reflectedshocktunnelmodefor
conditionsfromMach4to 12andashock-expansion
modefor conditionsfromMach12to near-orbital
speeds.MostexperiencewithHYPULSEis in the
expansiontubemodeat simulatedMachnumbersof
about 14 and 15to studyfuel injectorsand

12
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Figure 13.- NASA Langley Scramjet Test Complex

combustors. The tube exit (or combustor entrance)

Mach number varies from 4.8 to 5 depending on the
facility operations. When operated in the tunnel

mode, HYPULSE expands the test gas to Mach 6.5
using a 26-inch diameter axisymmetric nozzle. Since

the test gas in the shock-expansion tube/tunnel is
never fully stagnated, high levels of dissociation
(typical of reflected shock tunnels at high flight Mach

numbers) do not occur. However, some dissociation

does occur at the secondary diaphragm as a result of
shock reflection during the rupture process. Optical

access is provided for Schlieren images and laser
diagnostics and instrumentation is available for

collecting pressure, heat transfer, and temperature
data.

The Langley Scramjet Test Complex was
recently used in a systematic manner in the Hyper-X

program to develop the Mach 7 hydrogen-fueled,
airframe-integrated, dual-mode scramjet propulsion

system. A detailed description of the engine

development and its integration with an airframe is
given in References 22 through 25. However, the use

of test facilities in the Hyper-X program as a design
tool is described here as an example. Figure 14 shows

a roadmap of the Mach 7 flowpath development and

verification test program that involved three engine
models in three facilities from the NASA Langley

Scramjet Test Complex. The facilities used were the
AHSTF, 8'-HTT, and HYPULSE. The engines tested

were the Hyper-X Engine Model (HXEM), the Hyper-
X Flight Engine (HXFE), and the HYPULSE Scramjet
Model (HSM). These facilities and engines allowed

an integrated test program to isolate and measure the

effects on engine operability and performance caused
by geometric scale, dynamic pressure, and test gas
differences between tests. These differences,

encircled in Fig. 14, exist due to test technique and

facility differences. The effects of these differences
must be properly accounted for in the design and

analysis methodologies when using wind tunnel test
results as an integral part of the vehicle/engine design.

The HXEM was tested in the AHSTF and 8'-

HTT and provided the bulk of the data in this

integrated test program. It was a full height, partial

width, and truncated length flowpath model that could
be tested in smaller facilities, including the AHSTF,

but the model incorporated the same structural design
and active cooling as the flight engine to allow testing
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thermalprotectionsystem(TPS)panelor a more
heavilyinstrumentedmetalpanelcouldbeinstalled
andtestedto quantifytheeffectsof the surface
temperatureandroughnessof theflightTPSon the
engineoperabilityandperformance.

iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii •

Figure 14.- Hyper-X Mach 7 Flowpath Verification
Test Roadmap

at full flight dynamic pressure in the 8'-HTT. Tests of

the HXEM in the 8'-HTT provided engine data at
flight dynamic pressure, as well as data in a CH4-Air-
02 combustion-heated facility at low dynamic

pressure for comparison with the AHSTF results. For
the 8'-HTT tests, the HXEM was mounted on the

Hyper-X Full Flowpath Simulator (FFS) which
provided a partial simulation of the Hyper-X airframe,

as shown in Fig. 15. The mounting of the HXEM on
the FFS allowed for ingestion or diversion of the

forebody boundary layer to quantify the effects of
boundary layer ingestion on engine performance.

i•iiiiiiii:iiiiiiiiiiiiiiiiii
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Figure 15.- HXEM Mounted on FFS

The HXFE was a spare Hyper-X engine
dedicated to ground testing. This engine was mounted

on a Vehicle Flowpath Simulator (VFS) that
accurately represented the forebody and aftbody of the
Hyper-X. The 12-ft. long HXFE/VFS simulated

exactly the entire full-scale engine flowpath of the
Hyper-X. Figure 16a shows the details of the

HXFE/VFS and Fig. 16b shows it mounted in the 8'-

HTT on the same support pedestal and force
measurement system as the HXEM/FFS. The HXFE

incorporated a removable panel encompassing the
second and third forebody ramps so that either a flight

Figure 16a.- HXFE/VFS Details

The HSM flowpath was identical to the

HXEM flowpath and was used to provide several
important pieces of information on the Mach 7

verification roadmap. Tests of HSM in the
HYPULSE facility provided Mach 7 tests at full flight

dynamic pressure and enthalpy simulation,
comparisons of performance for high-to-low pressure

simulations, and a direct low-pressure comparison of

clean air pulse facility results with the AHSTF. In
addition, the short test duration alleviated thermal
design issues, which allowed optical access to the

scramjet flowpath for schlieren and planar images of
fuel mixing and combustion.

The integrated test program discussed above

allowed the design and performance assessment of an
airbreathing engine flowpath and associated systems,

including an understanding of the impact of various
factors associated with the ground-based facilities on

the performance and operability of the engine. The

Hyper-X flight will allow for the first time a direct
comparison of a full scale, airframe-integrated,
scramjet engine flowpath performance in flight to the

performance predicted in ground facilities under this
integrated test program.

Figure 16b.- HXFE/VFS in the 8'-HTT
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Future Technology Development Needs

Future needs of technologies for hypersonic
airbreathing vehicles for access to space are discussed

in Ref. 26 and are briefly detailed here. Some of the
key future development requirements include:

• Hypervelocity combustion and engine

performance prediction and optimization
• Efficient low-speed engine/cycle integration

- Rocket-based combined cycle
- Turbojet-scramjet combination engines

• Integrated engine performance and vehicle
controls over the flight envelope

• Efficient cooled structures and durability testing
• Three-dimensional design methods with multi-

disciplinary considerations
• Flight experience to quantify cost and reliability

Hypervelocity scramjet testing and databases

are required to reduce performance uncertainty in the
Mach 12 - 18 speed. Research in this speed range

started in the late 1980's, and remains a pacing
technology for efficient launch vehicles. Thrust

augmentation approaches being studied for this speed
range require experimental demonstration. These

approaches include pre-mixed, shock-induced
combustion, LOx addition, film and transpiration
cooling, and novel mixing enhancement strategies.

This database will validate the higher maximum
operating Mach number of the scramjet, which is

critical for effective airbreathing launch vehicles.

Basic system studies of combined cycle

engines are required. Integration of rockets into
scramjet flowpath must be accomplished with great

care to avoid degrading scramjet performance. Current
RBCC designs do not operate effectively above Mach

10-12, due to rocket drag. Alternate rocket-scramjet
integration approaches have been proposed, which
need to be investigated. Effectiveness for in-space

operation should also be considered.

Turbojet-scramjet combination engine

integration has not been seriously studied since the
1970's. This combination engine remains the only

useful approach to efficient hypersonic airplane
applications (vehicles which remain within the

atmosphere and do not require a rocket for space
application). These combination engines have also

been shown as leading contenders for launch vehicles.
Integration issues include durable variable geometry
structures, inlet interactions during transition from one

engine cycle to the other, and low inlet pressure
recovery for the variable-geometry low-speed

(turbojet or LACE) inlet. Mach 4 capable turbine-

based engines are also required, as discussed in Refs.
3 and 26.

Cooled structural concepts, material,

coatings, and small test elements, developed in the
NASP program, have not been tested. Restarting this
activity is essential for validation of structural

approaches assumed and used for efficient engine

operation above Mach 10. In addition, work need to
be focused on hot hydrogen fuel lines and valves.

Scramjet development is limited by methods

to tailor the flowpath shape and optimize performance
and weight, without violating operability limits. Even

though two-dimensional approaches require less
computer resources, three-dimensional effects in

flowpath design are important and must be considered.
This can be achieved by making cleaver use of
existing, validated CFD codes.

Flight remains the only way to fully integrate
and test the complete scramjet system. The ASTP

Program, discussed in Ref. 26, provides a logical
approach to flight testing and final development of

this hypersonic propulsion technology.
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