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Experiences gained in recent airbreathing hypersonic vehicle development programs have ascertained that
mastering hypersonic � ight will depend directly on continued ability to experiment, test, and evaluate. Indeed,
many of the hypersonic � ight systems being studied will require testing and modeling capabilities that do not
currently exist or that may soon be lost if current infrastructures are not maintained. The testing and evaluation
of hypersonic systems represents a unique set of challenges. Duplication of the hypersonic � ight environment
requires extreme temperatures and pressures coupled with complex physical interactions. Ground-test facilities
are limited in their ability to duplicate all salient parameters simultaneously. Data from � ight experimentation
are also limited due to range airspace requirements for long distance � ight corridors. These limitations manifest
themselves in range safety, data acquisition, and environmental concerns. Computationaltechniques are a growing
supplement to experiment, but are not a replacement. Despite the improvement in both hardware and algorithms,
analytical models and computational techniques are extremely time consuming, fall short of adequate � delity, and
require data to anchor and validate them. The conclusion is that only through a unique combinationof experiment,
� ight testing, analysis, and computation, will hypersonic system risks be reduced and the vision of airbreathing
hypersonic � ight be realized.

Introduction

D EVELOPMENT of airbreathing hypersonic technology has
been the subject of renewed interest since the 1980s because

of the tremendous military and commercial capabilities that could
be enabledby merging the air and space continuum.Many advances
are being realizedin researchprogramsthroughoutthe world, as ev-
idencedby the wealth of articleson the subject found in this Journal
of Propulsionand Power special issueon progressin hypersonicsci-
ence and technology development.To translate these technological
achievementsinto operationalhypersonicairbreathingvehicleswill
require innovation in experimentation,test, and evaluation.

Hypersonic vehicle development is approaching a critical junc-
ture as large-scale hypersonic ground-test facilities are aging, with
no major new facilities in sight. Existing facilities with suf� cient
run time have been unable to match the Reynolds numbers and en-
thalpiesassociatedwith the previousgenerationof hypersonic� ight
vehicles, includingmissiles, rockets, and the space shuttle.As such,
these vehicles were designed by collecting data in lower Reynolds
number, lower enthalpy facilities,and applyingcorrectionfactors to
predict true transientperformance.The correctionshave themselves
been based on empirically derived formulations, which cannot be
validated before � ight. To compensate, vehicles have been overde-
signed.Both global reach and single-stage-to-orbitairbreathinghy-
personicvehicleswill operateveryclose to the limitsof performance
such that every aspect of the vehicle will have to be optimized for
minimal weight and maximum performance.Overdesign due to in-
adequate data will prevent achieving practical con� gurations. Em-
pirical corrections to the propulsion, aerodynamic, structure, and
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control systems must be replaced by an understanding of hyper-
sonic � ow physics throughout the entire range of interest that is as
complete and physics based as possible. Hence, it is necessary to
retain and expand the ability to test and evaluate airbreathing hy-
personic vehicles under the most realistic conditions feasible. The
present contributionmaintains that how that knowledge will be ac-
quired should be a matter of extensive national and international
debate.

Background
The conclusions and recommendations of the 1989 Air Force

Scienti� c Advisory Board (SAB)1 and the 1998 National Research
Council (NRC)2 studies on hypersonic test requirements, indica-
tive of the salient issues, are virtually identical. Both groups ob-
served that the best approach to support hypersonic research and
developmentembodieda combinationofmodelingand testing(both
ground and � ight). Both studies identi� ed complete propulsionsys-
tem ground testing (including forebody compression and aft body
expansion effects) as a requirement that could not be met by any
existing test facility. The NRC study recommended modifying the
Arnold EngineeringandDevelopmentCenter’s AeropropulsionTest
Unit to enable testingof full-scalemissiles and associatedscramjets
to Mach 8. A more recent SAB study3 estimates that a hypersonic
vehicle can be acquired in the 2020–2025 time frame and agrees
with the facility improvement recommendations listed earlier. All
threestudiesadvocated� ightexperimentationand testing.A reliable
predictionof the future of airbreathinghypersonicvehicle develop-
ment requires an understanding of the technologies that must be
demonstrated to make these vehicles a reality.

Critical Hypersonic Technologies
Several hypersonic technologies are generally identi� ed as crit-

ical to the success of future hypersonic weapon and space ac-
cess concepts. The needs for validation in each of these areas
will in turn drive the requirements for hypersonic experimenta-
tion, test, and evaluationintegratedcapabilities.These areas include
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the following categories, which are then summarized: propulsion
and propulsion/airframe integration, thermal management, aero-
dynamics, materials and structures, guidance navigation and con-
trol, weapon-related technologies, and revolutionary hypersonic
technologies.

Propulsion and Propulsion/Airframe Integration

The combined test requirements for propulsion and propulsion
integration highlight the most pressing test de� ciencies. Overcom-
ing these de� ciencies will be critical to the success of hypersonic
system development. Flight experimentation arguably will play an
essential role in the demonstration of propulsion techniques; how-
ever, ground demonstration is needed to reduce risk to acceptable
levels before � ight. Testing hypersonicpropulsion systems requires
adequate simulation of the � ight conditions, representative engine
scale (for combustion,mixing, heating,and viscous losses), and suf-
� cient test duration. Because there is no capability to safely � ight
test actual � ight weight systems for true mission duration,a balance
must be achievedbetween test conditions,engine scale, and test du-
ration. Test duration is de� ned by whether tests are for performance
(milliseconds), operability (tens of seconds), or durability (minutes
to hours). The size of the engine is directly related to the mixing and
combustion processes.By de� nition, the � ow of air inside a scram-
jet engine is supersonic,so that the correspondingresidence time of
air and fuel molecules is measured in milliseconds. The scramjet’s
combustion chamber must be long enough to allow the fuel and the
air to mix and burn effectively. If the fuel releases its energy af-
ter exiting the back of the vehicle, the scramjet would not produce
suf� cient thrust to maintain � ight. Attempts at scaling combustion
processes are seriously compromised by the nonlinearity of chemi-
cal reaction times and dissipativeprocesses. Therefore, it is critical
that supersonic combustor testing be accomplished at or near full
scale. Testing of components in a direct connectmode (where inlets
are omitted and the facility � ow exits into the combustor) can al-
low full-scale hardware to be developed in smaller facilities before
freejet testing. However, true performance will involve integration
with an inlet and nozzle, which would most likely require � ight
testing.

Thermal Management

The thermal loads on airbreathing hypersonic vehicles are high,
growing with (roughly) the cube of the speed. High temperatureson
large portions of the airframe structure due to aerodynamic heating
and high combustor temperatures are beyond the current capability
of high-temperature materials. Therefore, active cooling of many
structural components,most likely using the fuel to recuperateheat
into the engine, is essential for hypersonic � ight. A ground-test
facility capable of preconditioningthe fuel to the appropriate com-
position, temperature,and pressurewould require roughly2 MW of
power per kilogram of feed fuel.4

Aerodynamics

Several hypersonicaerodynamictest facilities exist in the United
States and abroad. Complimentary computational techniquesbene-
� ting from validated data sets from these facilities have matured to
the pointwhere test matricescan be signi� cantlyminimized in some
instances. However, some regimes stretch the limits of our estab-
lished data or our capability to obtain new data. Several examples
of aerodynamicand aerothermal related challengesare summarized
as follows: the in� uence of propulsion system on aerodynamics,
high-speedweapons eject and store separation, integration of seek-
ers and antennas to vehicle aerodynamic designs, highly accurate
static stability data, quanti� cation of the effects of reaction con-
trol systems, telemetry and communication through ionized shock
layers, and plasma effects on drag and � ow structure.

The combination of these test requirements will arguably drive
aerodynamic test facilities to high-quality, calibrated test environ-
ments, better simulation of hypersonic � ow physics, and the ability
to integrate aerodynamic testing with other subsystem tests.

Materials and Structures

Regardless of the hypersonic system application, concepts will
require new materials for thermal protection and airframe/engine
development.As an example, the stagnationtemperaturesof the on-
coming air� ow approach 2600 K at Mach 8, and the temperatures
after combustion inside the engine are more than 3200 K. Inter-
nal engine material and structural components will create testing
challenges. Material samples will need to be elevated to these high
temperaturesfor a long duration(minutes). Heat soak into structural
components must also be measured. Internal cooling schemes such
as endothermicfuels could be used to enhancematerialsurvivability
and durability in this exacting environment.A facility must be able
to test for minutes at Mach 8 and a stagnationtemperatureof 2600K
with preconditionedfuel to provide validationof these components
and subsystems.

The materials covering the vehicle and exposed to the hyper-
sonic � ow� eld (especially on engine cowls, leading edges, and
windows/antennas) will need to be validated in these environments.
As the integration of engines with airframes progresses, facilities
will need to provide some capability for long duration testing at re-
alistic temperatures with increasing scale test articles before � ight
testing.

Guidance Navigation and Control

The unavoidable challenge of providing guidance, navigation,
and control accompanyhypersonic� ight speeds. Increasedreaction
time and communication through hypersonic � ow� elds for target
set identi� cation create a unique challenge for the vehicle designers
and ultimately the testers.

Guidance and navigation may rely on incoming signal through
global positioning system antennas, or active onboard seekers. Ob-
taining target updates, position, or health monitoring of the vehicle
will require communication through a hypersonic � ow� eld which
may be highly turbulent and electrically charged at speeds above
Mach 8. To further complicate matters, the antennas and windows
must be designed to survive this stressing environment. Testing of
these systemswill requireadequateduplicationof � ow physicsdriv-
ing the problem, whether on the ground or in � ight.

Control of a hypersonic vehicle will require multiple complex
aerodynamiccontrol surfacespossiblycombinedwith reactioncon-
trol or advanced physics, that is, plasma generation, for increased
maneuverabilityor high-altitude maneuver/control. Because of the
magnitude of aerodynamic forces and the drag penalties for control
surface de� ection, control issues will have to be thoroughly under-
stood across the � ight spectrum.This will drive the requirement for
adequate duplicationof � ow physics and maintain the need for pro-
ductiondata capability.Testingwill bedriven to largerscales,higher
quality data, and improved duplication of certain � ow physics.

Weapon-Related Technologies

Delivering a weapon payload at hypersonic speeds presents spe-
cial challenges.To deliverordnanceadequatelyat an effectivespeed
would requirean endgamemaneuver to bring the vehicle into a steep
dive and eject the warhead at about Mach 5 to achieve an impact
velocitygreater than 1200 m/s. This velocitywould subject the war-
headto a high thermalenvironmentduring� ightand veryhighshock
loads on impact. Capabilities to validate adequately the weapons
eject at high speed and the penetration effectivenessneed improve-
ment. For weapons eject, the current capability used for supersonic
aircraft, which is a close coupled computationaland ground testing
capability validated through actual drop tests, should be applied at
higher speeds. Several warhead concepts exist. Warheads can be
kinetic, using the energy released on impact to damage a target or
explosive by detonating energetic material on or after impact or
by releasing submunitions to handle multiple targets. Kinetic war-
heads can be tested in subscale facilities such as ballistic ranges,but
dif� culties arise with larger scale units. The closest applicable test
facilities are supersonic rocket sled tracks. Even these sled tracks
are limited, however, by throw weight and energetic explosive lim-
its, as well as the presentation of realistic targets with the proper
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� delity to ascertain effectiveness against all target sets and obtain
real world authenticity. Currently rocket sleds are also limited to
sea-level conditions.

Revolutionary Hypersonic Technologies

The near- and mid-term hypersonic technologies just discussed
entail tremendous technical challenges.However, there are far-term
hypersonic technologies under consideration that might have even
more profound effects on required test infrastructure.

There is an ongoing desire for affordable access to space.
Whereas this might be satis� ed by relatively conventional scram-
jets or combined-cycle systems, more radical technologies includ-
ing pulsed detonation engines, plasma augmented propulsion, and
beamed energy may hold the ultimate key. One particularlyintrigu-
ing concept is the use of available energy within the hypersonic
� ow� eld itself for propulsion. The use of this energy for � ow con-
trol, drag reduction, offensive energy weapons, or self-protection
has been postulated. These and other yet unseen technologies will
create further challenges for the test community. Transmission of
electrical signals through an electrically charged � ow� eld, pro-
ducing stable and repeatable plasmas, and understanding the ef-
fects of vehicle-generated energy � elds will require updated in-
strumentationas well as methodologies to understandexperimental
results.

Discussion
Status of Hypersonic Infrastructure

As already discussed, the need for validated data in the hyper-
sonic regime presents requirements far beyond any experienced in
testing to date. These requirements for high-quality data in envi-
ronments that are dif� cult to simulate in-ground or in-� ight is a
fundamental challenge to our hypersonic infrastructure. Vanishing
facilities, eroding � ight ranges, and skills drain present a challenge.
Note that de� ciencies in each area are the result of several variables
including proper test environment, suf� cient test time, or adequate
size to permit proper scaling of test data to real systems.

Case for an Integrated Solution

The airbreathinghypersonicsystemimposesa criticalneed for the
successful integrationof modeling and simulation, ground test, and
� ight test. Moreover, the advancementof these tools to a state where
they can be effectively leveraged to provide integrated research,
development, test, and evaluation (RDT&E) of hypersonic systems
is critical.

According to the recent SAB report on hypersonic technology,3

“A key factor that has limited the [United States’] ability to sustain
development of hypersonics has been the lack of � ight test data.”
To acquire � ight-test data requires an integrated, iterative, evolv-
ing process of building computationalmodels, ground-testveri� ca-
tion, and � ight-test validation. Furthermore, integrated RDT&E is
a process that continues throughout the system acquisitionprocess,
from concept exploration X-planes through developmental test of
systems. This concept requires greater use of modeling and simu-
lation (M&S) in test development, leading to more ef� cient testing
and predicting � ight results of new concepts. Additional develop-
ment of computational techniques in conjunction with test tech-
nologies needs to be pursued. It bears recognizing, however, that
although M&S complements ground and � ight testing it is not a
replacement.

Modeling and Simulation Option

Accurate modeling of a detailed hypersonic � ow� eld is com-
plicated by the close coupling between the � uid, chemistry, and
structure, as well as some basic unknowns about the governing
physics.Theseunknownsincludethe structureof shockinteractions,
boundary-layer transition, chemistry– turbulence coupling, etc. Be-
cause these phenomena are poorly understood, in turn limits our
ability to model these � ow� elds computationally. Chemistry and
certain unsteady effects can make the governing equations mathe-

maticallystiffand, therefore,dif� cult to solve.Complicatingthepic-
ture even further,certain � uid structures,includingshockwaves, are
not accurately described by the Navier–Stokes equations. Propul-
sion efforts are especially hindered by the tremendous challenge of
accuratelymodeling hydrocarboncombustionchemistry in realistic
hypersonic� ows, which involves independentscalars numbering in
the hundreds, in realistic hypersonic � ows.

There is generalconcurrencethat hypersonicaerodynamicsalone
is solvable with a combination of modern computational � uid dy-
namics (CFD), short runtime duration, high-enthalpyfacilities, and
limited � ight tests. The challenge, however, is in modeling hyper-
sonic propulsion systems and � uid–structure coupling interactions.
The short duration runtimes of shock tunnels and impulse facili-
ties cannotbe extrapolatedto predict actual � ight results accurately.
The contamination, that is, vitiation, associated with � ow facilities
obfuscates experimental results and hinders progress in validating
CFD results for propulsion systems. Within the experimental com-
munity, there is reluctance to believe CFD results validated with
data made available before the computational solution is obtained.
Nonetheless, recent efforts to compare data-blindCFD results with
experiments have been very successful at demonstrating that com-
putational aerodynamic solutions can be accurate and unbiased by
the investigator’s knowledge of the answer.

The pace of progress in computational efforts is governed by
the rate at which new breakthroughs occur in the understandingof
the relevant chemistry and physics, as well as advancements in the
available speed and memory of computers. Though the latter has
followed predictable trends, it is dif� cult to predict the impact of
breakthroughs such as quantum computing. Thus, it is a challenge
to determine if there will ever exist a truly reliable computational
capability that can completely replace experimental efforts in this
realm. In the meantime, any breakthroughs in CFD that do occur
will require some amount of test data to validate.

If used properly, CFD can be a strong tool in conjunction with
experiments.Computationalsolutionshave the great advantagethat
aspects of the � ow� eld can be switched on and off to isolate the
mechanism of an observed phenomenon. For instance, chemistry
may be turned on in a computed � ow to determine its in� uence,
boundary layers may be switched from laminar to turbulent, and
perturbationscan be introduced in upstream calculations to isolate
cause and effect. Computationalsolutionsalso permit a � ow� eld to
be assessed without intrusion, and numerical measurements can be
made to the resolutionof the grid.This capabilityhas beenused very
effectively to identify details of shock–shock interaction, shock–

boundary-layer interactions, supersonic shear layers, and combust-
ing systems that could not possibly be measured experimentally.
A particularly promising example is the use of CFD investigations
of ionized or electrically charged gases to explain reported aerody-
namic and propulsion bene� ts.

Computational solutions also have many of the same limitations
as experimentalfacilities.For instance,wind tunnels have a dif� cult
time producing reliable time-accurate data; this is also a challenge
for CFD. Achieving the correct chemistry in a wind tunnel is dif-
� cult, especially for propulsion modeling; CFD has dif� culty with
chemistry because of computational requirements and the stiff na-
ture of the governingequations.Providing the correctconditionsfor
turbulence is also something that is challenging for both CFD and
experiment.

A major advantage of CFD is that � ow� elds can be calculated
for a fraction of the cost required for experimental measurement,
though computational times for complicated � ow� elds can still be
considerable. Because of its relatively low cost, CFD can be used
to augment experimental data sets, exploring more conditions and
cases than experimental constraints would allow. Research organi-
zations also � nd a strong advantage in pursuing CFD approaches,
rather than attempting to build or maintain costly experimental
facilities.

For the near future,we maintain thatCFD will continueto supple-
ment and enhance testing and evaluation. It is dif� cult to anticipate
the total replacement of testing and evaluation with computational
capabilities.
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Ground-Test Option

Before the � nal validationof hypersonicvehicle designs through
� ight test, risks must be reduced suf� ciently to safely conduct the
� ighttest and to assureeffective� ightof thevehicle.The extremeen-
vironments and challengesof hypersonic � ight dictate that prudent
RDT&E should rely on a combination of different types of ground
facilitiesbecauseno one facility can adequatelyprovideduplication
of all salientparameterssimultaneously.The duplicationof environ-
ment, scale, and test duration makes it impossible to satisfy all test
objectives in one facility. Therefore, it is critical that programs take
advantageof the unique bene� ts of each type of hypersonic facility
andconcentrateon integrationof test resultsfrommultiple facilities.
Primarily hypersonic facilities can be grouped into two categories:
wind tunnels (conventional, arc-jet, combustion heated, and shock
heated) and ballistic ranges and sled tracks.

Above Mach 4, current hypersonic ground-test facilities fall far
short of duplicatingthe � ight environmentof currentand future sys-
tems. Hypersonic system developments have been very cyclic over
the years. In the 1960s, the United States embarkedon an ambitious
technologyprogramdirected toward hypersonic� ight in the Earth’s
atmosphere.The need for empirical data in the hypersonic� ight en-
vironment stimulatedfacility planningand research.Large facilities
were given priority in the fundingcycles, facility design was begun,
and prototypefacilitieswere constructed.Then in the late 1960s and
early 1970s, few if any of the proposed major test facilities were
ever built, and funds to continue hypersonicfacility research signif-
icantly decreased. New initiatives, that is, the National Aerospace
Plane (NASP) and ballistic missile defense, have encountered this
test capability de� ciency and have attempted to provide primarily
single-purposefacilities that could be made ready in a short period
of time to support their programs. Many of these assets are hyper-
sonic facilities, which has helped to preclude the total erosion of
capability in hypersonic test and evaluation.

Generally, the facilities required by the NASP initiative could
not be developed in time to support the program milestones. This
has been a common problem in hypersonic system development.
Therefore,we must � nd innovativeways to link hypersonic science
and technology to test and evaluation investment strategies.

Advocates of new large-scale hypersonic system ground-test fa-
cilities note ground testing is currently the only means of collecting
the quantity and quality of data necessary to achieve this vision (for
example, see Ref. 5). They also note the intellectual infrastructure
of scientists that understand the requirements to design and con-
struct such large facilities has nearly disappeared and that further
delayswill mean a new generationof engineerswill need to reinvent
the wheel. As already stated, for hypersonic propulsion testing, the
SAB1 and NRC2 observed present ground-test facilities are capa-
ble through Mach 7 with a few improvements and recommended
addressing facilities for Mach 8 and higher hypersonic systems de-
velopment.

A new conceptground-testfacility has been advocatedwithin the
last decade. The facility requires very high-power lasers to heat air
compressed to approximately 50,000 atm and provide testing ca-
pability at Mach numbers on the order of Mach 16. Many of the
facility’s enabling technologies have been identi� ed but currently
do not exist. Another ground-test major issue is the hydrocarbon
fuel system required for a ground-testfacility. Note that the amount
of heat endothermicfuels absorbsduring � ight is huge (see Fig. 14 ).
To date, no ground-test facility can condition the fuel to simulate
accurately the transientbehaviorof a hydrocarbonendothermicfuel
systemthroughoutthe � ightenvelope.The Air Forcedesigned,built,
and testeda relativelymodest (0.2 kg/s) endothermicfuel condition-
ing system to couple with a laboratory-scale scramjet test facility;
the equipment lasted througha limited series of tests.4 Hence, build-
ing new large-scale facilities may have unknown challenges from
both technical and economical viewpoints.

Flight Test Option

Before the � nal validation of hypersonic vehicles through � ight
test, risk must be reduced suf� ciently to conduct the � ight test safely

Fig. 1 Heat sink required as a function of Mach number: lower bound,
missiles and upper bound, aircraft.

and to assure that the effectiveness and suitability may be demon-
strated in the � ight of the vehicle. For hypersonicvehicles, this level
of risk reduction will require data unavailableon the ground. Flight
experimentation is necessary due to the unavailability of adequate
ground-testfacilities and computationalmethods.Hypersonic � ight
experimentationwill serve to obtain these data methodicallyby iso-
lating variables in the experiment as much as possible. This differs
from traditional � ight testing where the test article closely resem-
bles the end product, that is, prototype. In � ight experiments, the
goal is to design an experiment using ground test and modeling that
will answer speci� c questions left open by other methods.

As the hypersonic technologies become progressively more ro-
bust, system-level testingwill be approached.The � nal test phaseof
any new or modi� ed hypersonic vehicle will subject it to rigorous
examination of performance and ability to meet the design crite-
ria and successfully accomplish the � ight pro� le (� ight test). Test
ranges must provide the necessary instrumentation and equipment
to verify all of the parameters of the test. Range safety will be a
primary concern, especially with � ights over inhabited land areas.
Environmental impact analysis will need to be extended to cover a
larger test range.

For airbreathing hypersonic vehicle demonstrators, some short-
falls exist in the range infrastructure to validate these technologies
adequately.Signi� cant questionswill have to be addressedconcern-
ing many tangible � ight-test support issues. Because hypersonic
� ight-test events will involve extended � ight corridors, capabilities
for a hypersonic or global test range (permanent data acquisition
range) will need to be addressed. Logistical questions such as the
storageandproductionof fuels and availabilityfor adequatehangers
will depend on vehicle size and operation of these � ight systems.
Just as we analyze our ground-test infrastructure, we need to un-
derstand the impact of � ight ranges. For both mid- and far-term,3

reusable � ight experimentation testbeds are attractive. Returning a
hypersonic vehicle safely to a range, recovering the instrumenta-
tion, data, and vehicle, and obtaining the necessary approvals and
coordinationwill present challenges.

Hypersonicvehicles,by their nature,will push theenvelopeof test
range resources. Range instrumentation was originally site based
and has recently evolved to systems that are more mobile. However,
hypersonic systems may well require a different approach to be
examined for vehicles covering long distances at the fringes of the
atmosphere. Issues of vehicle control, telemetry, position, and � ight
terminationsystemsmust be addressed.One possibilityis the global
range concept that envisions relaying range requirements through
air- or space-based assets.

Whereas the hypersonics community agrees experimental data
are required, there is disagreement as to how much data is required,
and whether existing hypersonic facilities coupled with computa-
tional predictionsand limited � ight-test data is suf� cient. Arguably,
the SAB1 and NRC2 studies regardinghypersonicground-testfacil-
ities were fundamentally � awed because they assumed data are re-
quiredthroughoutthe � ight spectrum.This wouldbe thecase if � ight
test alone is to providevalidatedrisk reductionfor a hypersonicsys-
tem. When � ight tests are used in conjunctionwith validatedmodels
and carefully chosen ground test points in validated facilities, the
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� ight-test data requirement may be reduced. Data may only be re-
quired for a limited number of validation points, and � ight exper-
imentation may satisfy this need more inexpensively than ground
testing.Unfortunately,we may be currently too adverse to risk sup-
porting an inherently very high-risk � ight-test program. Note that
the X-7 program (testing the Bomarc Mach 3, 300-mile range ram-
jet) built some 60 vehicles, and 130 � ights were logged from 1951
to 1960.6

Near-term needs for experimentaldata for validatingdesign tools
may be met using data from NASA � ight tests, such as Hyper-X
(X-43) and X-43 follow-on missions, possibly powered by hydro-
carbon scramjet engine. Requirements further out can be met in a
similar fashion. The Hyper-X programs may be the ideal design
process, where signi� cant modeling is coupled with ground testing
in existing facilities and empirical corrections that are believed to
be very accurate. The risk associated with these programs may be
less than that associated with a large hypersonic facility.

Conclusions
Although experts may disagree on the best way to safely and

ef� ciently develop a hypersonic vehicle, it is clear, however, that a
truly revolutionary,designoptimizedvehiclewill requiresigni� cant
data to truly understand the physics of hypersonic � ight. Today we
are at a crossroadswhere the intellectualcorporatememory thatbuilt
the infrastructurethat put the men on the moon and the space shuttle
into orbitmay all be retired and gone beforewe have clearly de� ned

a need for a hypersonicvehicle, and we cannotafford to reinvent the
wheel. If we are to succeed in the long term, we need to maintain
our existing hypersonic infrastructure and to � nd innovative ways
to use this investment in infrastructure to accomplish science and
technology goals. This will undoubtedly involve the integration of
validated CFD and � ight experimentation. Evolutionary vehicles
such as NASA’s Hyper-X should be developed with a combination
of minor facility upgrades, CFD, and � ight testing. Ultimately, the
best chance to achieve this vision may rely on a basic research
breakthroughor a discovery that has yet to be realized.
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