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Hyper-X Research Vehicle Experimental Aerodynamics
Test Program Overview

Scott D. Holland,¤ William C. Woods,† and Walter C. Engelund‡

NASA Langley Research Center, Hampton, Virginia 23681-2199

An overview is provided of the experimental aerodynamics test program to ensure mission success for the
autonomous � ight of the Hyper-X research vehicle, a 12-ft-long, 2700-lb lifting body technology demonstrator
designed to � ight demonstrate for the � rst time a fully airframe-integrated scramjet propulsion system. Three
� ights are planned, two at Mach 7 and one at Mach 10. The research vehicles will be boosted to the prescribed
scramjet engine test point, where they will separate from the booster, stabilize, and initiate engine test. Following
more than 5 s of powered � ight and 15 s of cowl-open tares, the cowl will close, and the vehicle will � y a controlled
deceleration trajectory, which includes numerous control doublets for in-� ight aerodynamic parameter identi� ca-
tion. The pre� ight testing activities, wind-tunnelmodels, test rationale, risk reduction activities, and sample results
from wind-tunnel tests supporting the � ight trajectory from hypersonic engine test point through subsonic � ight
termination are reviewed.

Nomenclature
bref = Hyper-X vehicle reference span, ft
C A = axial force coef� cient, (axial force=q1 Sref)
CD = drag force coef� cient, (drag=q1 Sref )
CD±e = drag coef� cient derivative with respect

to elevator de� ection, deg¡1

CL = lift force coef� cient, (lift=q1 Sref)
CL® = lift coef� cient derivative with respect

to angle of attack, deg¡1

CL±e = lift coef� cient derivative with respect
to elevator de� ection, deg¡1

Cl = rolling moment coef� cient, (rolling moment=q1 Srefbref)
Cl¯ = rolling moment coef� cient derivative

with respect to sideslip angle, deg¡1

Cl±a = rolling moment coef� cient derivative
with respect to aileron de� ection, deg¡1

Cl±r = rolling moment coef� cient derivative
with respect to rudder de� ection, deg¡1

Cm = pitching moment coef� cient,
(pitching moment=q1 Sreflref)

Cm® = pitching moment coef� cient derivative
with respect to angle of attack, deg¡1

Cm±e = pitching moment coef� cient derivative with respect
to elevator de� ection, deg¡1

CN = normal force coef� cient, (normal force=q1 Sref )
Cn = yawing moment coef� cient, (yawing moment=q1 Srefbref)
Cn¯ = yawing moment coef� cient derivative with respect

to sideslip angle, deg¡1

Cn±a = yawing moment coef� cient derivative with respect
to aileron de� ection, deg¡1

Cn±r = yawing moment coef� cient derivative with respect
to rudder de� ection, deg¡1
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CY = side force coef� cient, (side force=q1 Sref)
CY¯ = side force coef� cient derivative with respect

to sideslip angle, deg¡1

CY ±a = side force coef� cient derivative with respect
to aileron de� ection, deg¡1

CY ±r = side force coef� cient derivative with respect
to rudder de� ection, deg¡1

lref = Hyper-X vehicle reference length, ft
q1 = freestream dynamic pressure ( 1

2 ½1V 2
1 ), psf

Sref = Hyper-X vehicle reference area, ft2

V1 = freestream velocity, ft/s
® = angle of attack, deg
¯ = sideslip angle, deg
±a = aileron de� ection angle, achieved by differential

wing de� ection (±rw ¡ ±lw/, deg
±e = elevator de� ection angle, achieved by symmetric

wing de� ection (±rw C ±lw/=2, deg
±lr = left rudder de� ection angle, deg
±lw = left full-� ying wing de� ection angle, deg
±r = rudder de� ection angle (±rr C ±lr/=2, deg
±rr = right rudder de� ection angle, deg
±rw = right full-� ying wing de� ection angle, deg
½1 = freestream density, slug/ft3

Introduction

T HE goalof the Hyper-XProgram is to demonstrateand validate
the technologies, the experimental techniques, and computa-

tional methods and tools for design and performance predictions
of hypersonic aircraft with airframe-integrated hydrogen fueled,
dual-mode combustion scramjet propulsion systems.1 Accomplish-
ing this goal requires � ight demonstration of a hydrogen-fueled
scramjet powered hypersonic aircraft. This � rst-of-its-kind effort
is truly pioneering in that, although hypersonic propulsion systems
have been studied in the laboratory environment for over 40 years,
one has never before been � ight tested on a complete airframe-
integrated vehicle con� guration. To meet budget and schedule, the
� ight-test vehicle design leveraged existing databases and off-the-
shelf subsystem components wherever possible.2

The design evolution of the Hyper-X con� guration used, as a
starting point, the extensive National Aerospace Plane (NASP)
database, as well as follow-on mission study programs.3 In a sense,
the Hyper-X design development was the reverse of the NASP de-
velopment.The NASP programfailedto producea � ightvehicledue
in part to insuf� cient technologydevelopment.The Hyper-X design
development looked forward to a 200-ft operationalvision vehicle4

but sought to design, build, and � y a minimum size � ight research
vehicle(becausesize is a major costdriver2) to demonstratethe tech-
nologies and design methodologies necessary to develop an opera-
tionalglobalreachendoatmospherichypersoniccruisevehicle.Such
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a visionvehiclecouldcontributeto keynationalcivilianand military
requirementsof routine, cost-effectiveaccess to space, and endoat-
mospheric,rapid-response,global reach operations.Preliminaryde-
sign studies performedby NASA in early � scal year 1995 indicated
that a 12-ft vehicle could be smart scaled from the 200-ft opera-
tional conceptand still demonstratescramjetpoweredacceleration.2

Conceptualdesign trade studies5 were performedbetween February
and May 1995, and a preliminary design was performed between
March and October 1996 under phase 3 of the Dual-Fuel Airbreath-
ing Hypersonic Vehicle Design Study contract.6 This preliminary
design, which included basic structural design, thermal protection
system selection, identi� cation of major system/subsystemcompo-
nents and potential vendors, preliminarypackaging,power require-
ments, stage separationapproach,boosterintegration,and � ight-test
planning,becamethe governmentcandidatevehiclefor the Hyper-X
program.

In July1996, theHyper-Xprogramwas approvedbyNASA Head-
quarters Code R (Aeronautics), and a request for proposals (RFP),
basedon the governmentcandidatevehicle,was releasedin October
1996. The Hyper-X Launch Vehicle (HXLV) booster development
contract was awarded in February 1997 and the Hyper-X Research
Vehicle (HXRV) developmentcontractwas awarded in March 1997.

Prior to the release of the RFP, the experimental aerodynam-
ics program focused on con� guration screening and preliminary
database development in support of control law development and
preliminary trajectory evaluations (including some Monte Carlo
analyses) for inclusion in the RFP. Following the contract award,
the experimental aerodynamics program focused on con� guration
optimization/maturation and benchmarking for each phase of the
� ight trajectory.This paper will describe the nominal trajectory and
will review the extensive wind-tunnel test program supporting the
aerodatabasedevelopment7 along that trajectory.

Mission Pro� le
The nominal Hyper-X � ight trajectories each begin with a boost

to the scramjet engine test conditions on a modi� ed version of a
Pegasus hybrid rocket. The Hyper-X research vehicle (HXRV) is
attached to the � rst stage of the Pegasus rocket by means of a con-
ically shaped adapter. This mated con� guration (the HXRV, the
adapter, and the booster) is referred to as the Hyper-X launch vehi-
cle (HXLV) or stack con� guration and is shown in Fig. 1.

The HXLV is carriedaloftunder the wingofNASA’s B-52,where,
in the case of the � rst two Mach 7 experiments,it is droppedat an al-
titudeof approximately20,000ft and a Mach numberof 0.5. Shortly
after drop, the booster solid rocket motor is ignited, and the HXLV
� ies a nominal ascent pro� le to the HXRV test point as indicated in
Fig. 2. At a point just before the scramjet engine test, the Hyper-X
� ight vehicle is separated from the launch vehicle. The entire stage
separationsequence,which occursover a periodof less than 500 ms,
presentsseveralextreme technicalchallengesin additionto the chal-
lenges associatedwith demonstrating the Hyper-X scramjet engine
operation and performance. Details regarding the stage separation
strategies and associated hardware simulation and testing can be
found in Ref. 8. Details of the experimental test program for stage
separation can be found in Ref. 9.

Immediatelyfollowingthe stageseparationevent, the HXRV con-
trol system will stabilize the vehicle, and the scramjet test portion
of the experiment will begin. The scramjet engine inlet door will

Fig. 1 HXLV con� guration.

be opened, and the scramjet fueling sequence will commence. A
combinationof silane (SiH4) and gaseoushydrogen (H2 ) is injected
into the combustor region, resulting in powered scramjet engine op-
eration. Silane is used only during the initial ignition process, after
which pure hydrogen is injected and combusted. After the fuel is
depleted,the � ight vehiclewill record several secondsof engine-off
aerodynamic tare data, then the inlet cowl door will be closed, and
the vehicle will perform a series of aerodynamic parameter identi-
� cation maneuvers at hypersonic and supersonic � ight conditions.
Thesemaneuverswill allow thebasicaerodynamicstabilityandcon-
trol characteristics of the airframe to be estimated from the � ight
data, which will then be compared with the pre� ight predictionsde-
veloped using the ground-basedwind-tunnel testing and analytical
and computational methods. The vehicle will then � y a controlled
deceleration trajectory,dissipatingenergy by performinga series of
S turns, before � ight termination at low subsonic conditions.

Model Design and Wind-Tunnel Test Philosophy
Budgetandscheduleconsiderationsplacedsigni� cant constraints

on thewind-tunneltest activities.As the con� gurationmatured,each
latest revision had to be validated in the launch con� guration, stage
separation con� guration, and research vehicle con� guration across
a rangeofMachnumbers.The testingprogramcan beviewedas hav-
ing threephases: screening,optimizing,and benchmarking.Early in
the program when the con� guration was evolving most rapidly, the
programtook advantageof rapid prototypingfabricationtechniques
to allow quick screening of several con� gurations, often in parallel,
often for several phases of the � ight, simultaneously. These early
quick look models gained a schedule advantage (design and fabri-
cation turn-around time) at a cost of limited parametrics and model
� delity.Thesemodelswere designedto bracketthe anticipated� ight
envelope to ensure that the vehicle was capable of trimmed, con-
trolled � ight at the desired test point. As the con� guration matured,
the program invested the additional time and resources to produce
higher � delity models with more parametrics to de� ne the control
effectivenessover a range of anticipated � ight operation.The aero-
database was continuallyupdated as data from higher � delity mod-
els supplantedolder data. To minimize total cost, the higher � delity
models were designed for maximal � exibility with minimal part
count, sized for use in multiple facilities, and constructed to be can-
nibalized for use in follow-on models. These trades almost always
resulted in a reduction in model scale, which created challenges
in obtaining parametrics suf� cient to address control effectiveness
and control surface interactions. Simulation results based on the
data from this intermediate set of models aided in the de� nition of
parametric requirementsfor a specializedset of larger-scalemodels
designed to benchmark the control effectiveness and interactions
at levels � ne enough to resolve nonlinearities in the aerodynamics
across the entire range of anticipated � ight (complete trajectory),
includingoff-designconditions suf� ciently broad to encompass the
simulation dispersions.Testing resources for these models were al-
located in accordancewith a three-tierprogramprioritization.10 The
highest priority wind-tunnel data are those that are required to get
the vehicleto scramjet-poweredtest condition.This includesthe fol-
lowing phases (and supporting wind-tunnel test conditions): boost
(Mach 0.8–10), stage separation (Mach 6 and 10, which bracket
the � ight-test conditions at Mach 7 and 10), and operation of the
research vehicles at test conditions (Mach 6 and 10). Second pri-
ority was given to the research vehicle � ight back to high subsonic
speeds (from Mach 4.6 to »0:8). The lowest priority was subsonic
operation of the research vehicle because landing/recovery was not
required as part of this program.

Figure 2 shows the � ight trajectory, with model photographs su-
perimposed on the portions of the trajectory addressed. Figure 2
will serve as a roadmap for the discussion of the experimental
aerodynamics program as it relates to the HXRV. Since its incep-
tion in 1996, the extensive wind-tunnel testing program to evolve
and benchmark the current con� guration across all phases of the
� ight trajectory has utilized 15 models in 9 wind tunnels (both
government and industry) with a total occupancy of more than 91
weeks. The con� gurationdevelopmentis backed by more than 5800
wind-tunnel runs. To assess the launch vehicle aerodynamic char-
acteristics from B-52 dispense to stage separation, tests included
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Fig. 2 Nominal Mach 7 Hyper-X � ight pro� le superimposed with wind-tunnel test photographs.

several entries in the Lockheed Martin Vought High Speed Wind
Tunnel (Grand Prairie, Texas) and several entries in NASA Lang-
ley’s 16-Foot Transonic Tunnel, 20-Inch Mach 6 Air Tunnel, and
31-InchMach 10 Air Tunnel. (The repeated entries over the span of
three years with multiple strain-gauge force and moment balances
demonstrated overall measurement system stability, which, along
with the within-test repeatability and estimates for wind-tunnel
uncertainty, fed into the � ight aerodynamics database uncertainty
model.) The results from these tests and their incorporation into
the launch vehicle aerodynamic database are discussed in Ref. 11.
Preliminary analysis of the interference aerodynamics during the
separation event was conducted using the HXRV and the adapter
portion of the booster in the 20-Inch Mach 6 and 31-Inch Mach 10
Tunnels. These results led to extensive testing in the Arnold Engi-
neering Development Center von Kármán Gas Dynamics Facility
(AEDC VKF) Tunnel B at Mach 6 (Ref. 12). Six-component force
and moment data were simultaneously obtained on the HXRV and
booster plus adapter combination in close proximity to each other.
These tests made use of the AEDC captive trajectory system rig.
The details of these tests are presented in Ref. 9; a complementary
computational� uid dynamic (CFD) analysisof the stage separation
is provided in Ref. 13. Because of the small size of the aerodynamic
force and moment models, inlet-open testing (unpowered or pow-
ered using a simulantgas technique14 ) was not possible.Cowl-open,
fuel-on aerodynamic increments are addressed in a comprehensive
CFD study,15 which has been experimentallyveri� ed at several dis-
crete � ight-test conditionsby a full-scalepropulsion � owpath test16

conductedin the NASA LangleyResearchCenter 8-Foot High Tem-
peratureTunnel.Hypersoniccowl-closed� ight stability and control
(both immediately before and immediately after engine test) has
been the emphasis of several entries into the 20-Inch Mach 6 and
31-InchMach 10 Tunnels, alongwith a few runs piggybackedon the

stage separationtest at AEDC VKF TunnelB. Early in the program,
supersonicand transonicdecentaerodynamicswere evaluatedin the
McDonnell Douglas (now Boeing) St. Louis Polysonic Wind Tun-
nel. As the con� guration matured, these tests were superceded by
tests usinga larger,higher � delitymodel with very � ne gradationsin
surface control increments in the NASA Langley Research Center
Unitary Plan Wind Tunnel Test Section 2 (4.6 < Mach < 2.5), Test
Section 1 (2.1 < Mach < 1.6), and the 16-Foot Transonic Tunnel
(1.2 < Mach < 0.6).

HXRV Descent Aerodynamics
It would be impossible to present in this brief overview paper

the results from the entire Hyper-X experimental test program. Fol-
lowing a brief discussion of experimental uncertainty, this section
will focus � rst on the aerodynamic tests performed to characterize
the aerodynamics at Mach 6, in deference to the � rst � ight, which
will be at a Mach 7 engine test point. This will be followed by a
summary of the across-the-speed-regime aerodynamic characteris-
tics presented in the form of stability derivatives at selected points
along the descent trajectory.

Experimental Uncertainty
An uncertaintyanalysiswas performedbasedon the small-sample

methodof Kline and McClintock.17 Sources of uncertaintyincluded
wind-tunnel � ow conditions and � ow uniformity; balance calibra-
tion;model referencedimensions,areas,andcontourshape;moment
transferdistances;model attitude; and control surfacede� ection an-
gles. Balance electrical zeros immediatelybefore and after each run
were monitored to establish balance performance during each run.
Additionally, a limited number of within-test repeat runs as well as
between-test repeat runs were made to allow model installation un-
certainty sources to express themselves. The results of the analysis
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Table 1 Experimental
uncertainties (20:1 odds)

Coef� cient Uncertainty

CN §0:0030
CA §0:0006
CY §0:0006
Cm §0:0003
Cn §0:0003
Cl §0:0002
CL §0:0033
CD §0:0009
Cm±e §0:0001
CL±e §0:0006
CD±e §0:0002
CY ±a §0:0002
Cn±a §0:0001
Cl±a §0:0001
CY ±r §0:0002
Cn±r §0:0001
Cl±r §0:0001
CY¯ §0:0003
Cn¯ §0:0001
Cl¯ §0:0002

Fig. 3 Model of KL3 HXRV at 8.33% (12-in.) scale in 20-Inch Mach 6
Tunnel.

are presented in Table 1 for the six body-axis balance components
as well as lift and drag coef� cients and stability and control deriva-
tives, at 20:1 odds. Note that error bars are omitted from the plots
for clarity, in deference to Table 1.

Mach 6 HXRV Aerodynamic Characteristics
The � rst attempts at de� ning the hypersonic aerodynamics of

the HXRV made use of an 8.33% (12-in.) keel line 3 (KL3) model
shown in Fig. 3. In keepingwith the multiusedesignphilosophy,this
model was sized to permit a clam-shell adapter to be af� xed to the
sting to provide an initial assessment of the order of magnitude of
the stage separation interferenceeffects. The model parametrics in-
cluded symmetric and differentialhorizontal tail de� ections (which
serve as elevator and aileron control, respectively) and rudder de-
� ections in coarse (10-deg) increments but bracketed the expected
de� ection requirements. When the con� guration maturation con-
cluded, a 12.5% (18-in.) high-� delity model (largest scale possible
de� ned by wind-tunnelblockageconcerns) was designedwith para-
metric capabilities including horizontal tail de� ections in 2.5-deg
increments from ¡20 to C20 deg and rudder de� ections in 5-deg
increments from ¡20 to C20 deg. Also in keeping with the mul-
tiuse design philosophy,this model was designed to addresssupport
interference as part of a risk reduction activity.

The basic longitudinalaerodynamiccharacteristicsfor the HXRV
airframe (inlet door closed con� guration) at Mach 6 conditions are
shown in Fig. 4. The experimental results, obtained on the higher
� delity 12.5% scale (18-in.) model in the most recent test entry in
the NASA Langley Research Center 20-Inch Mach 6 Air Tunnel,
indicate well-behaved, relatively linear lift characteristics over the
anticipated� ight angleof attackand elevatorde� ection angle range.
Drag coef� cient data are also shown to be well behaved with angle
of attack and elevatorde� ection angle. The pitchingmoment coef� -
cient data, shown as a functionof angleof attack for elevatorde� ec-
tion angles between 0 and 20 deg, indicate an airframe with positive
longitudinal stability (negative Cm® slope) up to angles of attack of

Fig. 4 HXRV Mach 6 basic longitudinal aerodynamic characteristics
(wind-tunnel results).

Fig. 5 Sting and blade mount adapter hardware for the HXRV wind-
tunnel tests.

approximately 8 deg. At angles of attack beyond 8 deg, the con� g-
uration becomes neutrally stable, based on the moment reference
location of 46% of vehicle length (which corresponds to the design
center of gravity of the � ight vehicle). An elevator de� ection angle
of approximately7 deg is required to trim the vehicle at the nominal
� ight angle of attack of 2 deg for the inlet-closed con� guration.

The primary intent of the stage separation tests at AEDC was
to develop the two-body interferenceaerodynamicmodels required
to support the stage separation simulation activities.8;9 As part of
that test, data on the HXRV alone (and booster alone) were also
obtained.The HXRV was supportedby a blade-mountedstrut in the
AEDC test, rather than by a conventional sting mount, so that the
� ow� eld interference effects in the region surrounding the nozzle
and base of the HXRV and the HXLV adapter were properly mod-
eled. To account for the effects of the blade-mountedstrut hardware
used in the AEDC test, a separate test entry in the NASA Langley
20-Inch Mach 6 Tunnel was conducted at the same test conditions
as at AEDC. As part of the NASA Langley Research Center test, a
sting-mountedHXRV modelwas testedwith a removablenonmetric
dummy blade, such that the force and moment increments associ-
ated with the AEDC blade mount could be computed.A photograph
of the blade and sting mount parametric model is shown in Fig. 5.

During this same test entry, the HXRV model was blade mounted
and tested in the presence of a removable nonmetric dummy sting,
so that a correspondingsting mount increment could be computed.
An example of the results of this series of tests are shown in Fig. 6,
in which the pitchingmoment data are shown for the HXRV con� g-
uration with the sting only, blade only, sting plus dummy blade, and
blade plus dummy sting. The effect of the blade mount on pitching
moment is rather dramatic. The primary in� uence of the presenceof
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Fig. 6 Effects of the sting and blade mount interference on the HXRV
Mach 6 basic longitudinal characteristics.

Fig. 7 Effects of elevator position on the HXRV basic lateral–
directional characteristics at Mach 6.

the blade is to pressurize the upper surface aft of the center of grav-
ity, yieldinga nose-up pitching moment increment.From this series
of tests, a set of blade mount increments were derived by taking
the difference of the sting mount plus dummy blade results and the
sting alone data. These increments were then applied to the AEDC
stage separation test data to account for the blade interference ef-
fects on the forces and moments on the HXRV. A similar increment
was derived from this set of test data to account for the sting mount
interference; this was accomplished by taking the difference of the
blade mount plus dummy sting and the blade mount alone data.
The primary in� uence of the sting is an increase in pressure on the
nozzle ramp on the lower surface, leading to a small nose-down
pitching moment increment. These increments were applied to the
sting mount HXRV data in the aero database.

The basic cowl-closed airframe lateral–directional characteris-
tics from wind-tunnel tests in the NASA Langley Research Cen-
ter 20-Inch Mach 6 Tunnel (Fig. 7) indicate a directionally stable
vehicle (positive values of Cn¯ ) over the anticipated � ight angle-
of-attack range. The con� guration also has positive roll stability
or effective dihedral (negative values of Cl¯ ) and a nearly constant
induced side force at sideslip conditions, CY¯ . The Mach 7 � ight
database7 indicates that approximately 7 deg of elevator de� ection
is required to trim the vehicle at 2-deg angle of attack in the inlet-
closed con� guration,whereas the inlet-openpowered con� guration
trims at approximately the 0-deg elevator position. This design fea-
ture is advantageous from a vehicle performance point of view in
that inlet-open power-on operation can occur with minimal trim

Fig. 8 Effect of elevator position on the HXRV aileron control effec-
tiveness at Mach 6.

Fig. 9 Linearized Mach 6 HXRV rudder control effectiveness at 0-deg
elevator position.

drag penalty.Following the engine test (cowl-closed,power-off de-
scent), the change in trim elevator setting has an indirect effect of
increasing the airframe’s lateral–directional stability. At the nomi-
nal 2-deg angle-of-attackcondition, there is a near 60% increase in
the magnitude of the Cl¯ term for elevator de� ections of 7.5 deg vs
0 deg and a 17% increasein the Cn¯ characteristic.Sideslip-induced
side force CY¯ remains moderately unaffected by elevator position.

The effect of elevator position on the aileron control power was
� rst identi� ed in data from the 20-InchMach 6 Tunnel and is shown
in Fig. 8. The side force and yaw and roll moment coef� cients due
to linearized aileron de� ections (per degree) are plotted against ve-
hicle angle of attack. For the Hyper-X vehicle, aileron de� ections
are de� ned by asymmetrichorizontaltail de� ectionabout a nominal
elevator position. For example, a C5-deg aileron de� ection about a
7.5-degelevatorde� ection would require a 5-deg left horizontal tail
de� ection and a 10-deg right horizontal tail de� ection. Figure 8 in-
dicates a strong dependenceof aileron effectivenesson the nominal
elevator de� ection angle. In particular, the aileron roll effectiveness
is almost 70% greaterabout a 7.5-degelevatorde� ectionas opposed
to a 0-deg elevator de� ection.

Linearized rudder derivatives, developed using measured force
and moment coef� cients at 5-, 10-, 15-, and 20-deg rudder de� ec-
tions relative to 0-deg rudder, are provided for elevator settings of
0 and 7.5 deg in Figs. 9 and 10, respectively.Elevator effectiveness
is shown to be a function not only of angle of attack, but also of the
rudder de� ection angle itself, increasing with increasing de� ection
angle. At low angles of attack, the rudders have a moderate amount
of effectiveness,which appears to be only minimally affectedby the
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Fig. 10 Linearized Mach 6 HXRV rudder control effectiveness at
7.5-deg elevator position.

Fig. 11 Effect of sideslip on HXRV elevator control effectiveness at
Mach 6.

Fig. 12 Effect of sideslip on HXRV rudder control effectiveness at
Mach 6.

elevatorposition.However, as angle of attack increases, the rudders
tend to lose effectiveness in a rather dramatic fashion. In fact, at an-
gles of attackapproaching10 deg, the ruddersare almost completely
ineffective, as the rudders become shadowed by the forebody. The
design test point is at an angle of attack of 2 deg, a condition at
which the rudders do provide some degree of directional control
authority.However, at a point in the � ight trajectory beyond the en-
gine test and post-test tares, the vehicle must pull up to an angle of
attack of approximately 10 deg to generate enough lift to maintain
its predeterminedaltitudepro� le. At this condition,the rudderswill
provide little in the way of directional control.

For some vehicles, control power is a function of sideslip. How-
ever, for the HXRV, Figs. 11–13 show that the effect of sideslip on

Fig. 13 Effect of sideslip on HXRV aileron control effectiveness at
Mach 6.

Fig. 14 Model of HXRV at 20.83% (30-in.) scale in NASA Langley
Research Center Unitary Plan Wind Tunnel.

Fig. 15 Model of HXRV at 20.83% (30-in.) scale in NASA Langley
Research Center 16-Foot Transonic Wind Tunnel.

the linearized elevator effectiveness, and rudder and aileron effec-
tiveness at both the 0 and 7.5 deg elevator position, respectively, is
minimal. As a result, the hypersonicaerodynamicdatabasedoes not
include sideslip sensitivity.

Supersonic/Transonic HXRV Aerodynamics
Supersonicand transonicaerodynamictesting was performedus-

ing the 20.83%(30-in.)KL6 HXRV model shownin Figs. 14 and 15.
The model was designed to the maximum size permitted based on
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expected loads and available strain gauge balances for testing in the
NASA Langley Research Center Unitary Plan Wind Tunnel Test
Sections1 and 2 and the 16-FootTransonicTunnel.The model para-
metrics included full-� ying horizontal tail de� ections (symmetric
de� ections for elevator, differential de� ections for aileron control)
in 2.5-deg increments from ¡20 to C20 deg and rudder de� ections
(symmetric de� ections for rudder control, differential de� ections
for speed brake) in 5-deg increments from ¡20 to C20 deg.

Figures16–18presentthebasic longitudinalaerodynamiccharac-
teristicsfor the inlet-closedHXRV at elevatorsettingsrepresentative
of trimmed conditions along the trajectory. Figure 16 presents data
from Mach 4.6 down to 2.5, Fig. 17 from Mach 2.1 down to 1.6, and
Fig. 18 from Mach 1.2 down to 0.6. Across the supersonic/transonic
speed regime, the vehicle demonstratespositive longitudinalstabil-
ity (negativeCm® slope) and well-behaved,relativelylinear lift char-
acteristics.Cm® , CL® , and minimumCD are shown to be functionsof
Mach number and reach their extrema at approximately Mach 1.2.

The cowl-closed lateral–directional characteristics as a function
of Machnumberarepresentedin Fig. 19.The vehicleis directionally
stable(positivevaluesofCn¯ ) acrossthenominal trimmed trajectory.
The con� gurationalso has positiveroll stabilityor effectivedihedral
(negative values of Cl¯ ), which is diminished with increasingMach
number. Figure 20 presents the aileron effectivenessas a functionof
Mach number. Aileron effectiveness decreases slightly with Mach

Fig. 16 Longitudinal HXRV aerodynamic characteristics from Mach
4.6 to 2.5.

Fig. 17 Longitudinal HXRV aerodynamic characteristics from Mach
2.1 to 1.6.

Fig. 18 Longitudinal HXRV aerodynamic characteristics from Mach
1.2 to 0.6.

Fig. 19 Lateral–directional aerodynamic characteristics along
trimmed descent trajectory.

Fig. 20 Aileron effectiveness along trimmed descent trajectory.
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Fig. 21 Rudder effectiveness along trimmed descent trajectory.

number; Fig. 20 also shows the requirement for control coupling
to null the adverse yawing moment with aileron de� ection. Rudder
effectiveness (Fig. 21) decreases sharply with Mach number. This
is due in part to the increased angle of attack in the higher Mach
number portion of the trajectory required to generate suf� cient lift
to maintain its predetermined altitude pro� le. At higher angles of
attack, the rudders are shadowed by the forebody and will provide
little directional control.

Conclusions
An overviewhasbeenprovidedof thepre� ightexperimentalaero-

dynamics test program for the descent trajectory of the HXRV from
engine test to � ight termination. Since its inception in 1996, the
extensive wind-tunnel testing program to evolve and benchmark
the current con� guration across all phases of the � ight trajectory
(including transonic to hypersonic launch vehicle boost, stage sep-
aration, pre- and postengine test hypersonic � ight, and controlled
descent to subsonic � ight termination) has utilized 15 models in 9
wind tunnels (both governmentand industry) with a total occupancy
of more than 91 weeks. The con� guration development is backed
by more than 5800 wind-tunnel runs. The model design and test
philosophy was reviewed. This philosophy focused on use of low-
cost, rapidprototypingmodelswith limitedparametrics to provide a
preliminarycon� guration screening, followed by optimizationwith
higher � delity, versatile, multiuse models, followed by precision,
specializedmodels to provide the benchmarkcontrol aerodynamics
(on- and off-design trajectory) for the � ight data book. Additional
risk reduction activities included extensive assessment of support
interference due to both blade and sting mounting. A brief descrip-
tion of several of the key aerodynamiccharacteristicsof the HXRV
from scramjet operation test point to � ight termination has been
provided. The con� guration is statically stable in three axes along
the descent trajectory and has adequate control power provided by
the all-moving horizontal tails and the vertical tail-rudder surfaces.
The aileron control effectiveness was shown to increase substan-
tially with elevator position at engine test point; this feature has

been includedin the � ight vehicle control law gain scheduling.Both
the vehicle’s longitudinalstability and the rudder lateral–directional
control effectiveness are diminished with increased angle of attack
beyond about 8 deg. The � rst � ight of the HXRV will be performed
at Mach 7. The � ight trajectory includes multiple parameter identi-
� cationmaneuvers to determinein-� ight aerodynamicperformance
characteristicsto providecomparisonwith and validationof the pre-
� ight design and prediction methods for this � rst-of-its-kind, fully
airframe-integrated hydrogen-fueled scramjet powered hypersonic
aircraft.
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