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Hyper-X Stage Separation Wind-Tunnel Test Program

William C. Woods,¤ Scott D. Holland,† and Michael DiFulvio‡

NASA Langley Research Center, Hampton, Virginia 23681-2199

NASA’s Hyper-X research program was developed primarily to � ight demonstrate a supersonic combustion
ramjet engine, fully integrated with a forebody designed to tailor inlet � ow conditions and a free expansion
nozzle/afterbody to produce positive thrust at design � ight conditions. With a point-designed propulsion system
the vehicle must depend on some other means for boost to its design � ight condition. Clean separation from this
initial propulsion system stage within less than a second is critical to the success of the � ight. This paper discusses
the early planning activity, background, and chronology that developed the series of wind-tunnel tests to support
multi-degree-of-freedom simulation of the separation process. Representative results from each series of tests are
presented, and issues and concerns during the process and current status are highlighted.

Nomenclature
Asep = � rst Euler angle, taken about Hyper-X Research Vehicle

(HXRV) y axis, positive Pegasus/adapter nose up
relative to the HXRV, deg

Bsep = second Euler angle, taken about HXRV z axis, positive
Pegasus/adapter nose right relative to the HXRV, deg

bref = Hyper-X vehicle reference span (5.19 ft)
Cm = pitching-moment coef� cient (pitching moment/

q1 Sreflref)
Csep = third Euler angle, taken about HXRV x axis, positive

Pegasus/adapter right wing down relative
to the HXRV, deg

lref = Hyper-X vehicle reference length (12.0 ft)
q1 = freestream dynamic pressure, psf
Sref = Hyper-X vehicle reference area (36.144 ft2 )
xsep = axial separation distance, measured in the HXRV

coordinate system between the moment reference point
of the Pegasus/adapter and the moment reference point
of the Hyper-X Launch Vehicle (HXLV), positive
forward, in.

ysep = lateral separation distance, measured in the HXRV
coordinate system between the moment reference point
of the Pegasus/adapter and the moment reference
point of the HXLV, positive right, in.

zsep = vertical separation distance, measured in the HXRV
coordinate system between the moment reference point
of the Pegasus/adapter and the moment reference point
of the HXLV, positive down, in.

® = angle of attack, deg
¯ = angle of sideslip, deg
±elv = elevon (symmetric horizontal tail) de� ection, deg

Introduction

T HE Hyper-X Research Vehicle (HXRV, or free � yer) (Fig. 1)
is a 12-ft-long, 2700-lb technology demonstrator designed
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to � ight demonstrate for the � rst time a fully airframe-integrated
scramjet propulsion system. The lower surface of the forebody is
designed to tailor the engine inlet in� ow and the lower surface of
the afterbody serves as the expansionnozzle for the exhaust plume.
This airframe, based on previous research activities and follow on
contractualstudies1¡4 to integrateef� cientlywith a scramjetpropul-
sion system, is shown in three views in Fig. 2. Figure 3 illustratesthe
nominal trajectory for the Hyper-X � ight experiment.The Hyper-X
Launch Vehicle (HXLV) stack will be carried to 20,000 ft under the
wing of a B-52 in captive/carry � ight. The HXLV will be dropped
at this altitude, the Pegasus ignited, and the assembly acceleratedto
the desired test Mach number (Mach 7 for � rst and second � ight,
Mach 10 for third � ight) and dynamic pressure (q1 D 1000 psf).
When the stack reaches test conditions and attitude, a stage separa-
tion sequence of events separates the free � yer from the booster, the
engine experiment is conducted, and the research vehicle follows a
preprogrammedcontrolleddecelerationtrajectory to splash down in
the ocean. Although occurring in less than 500 ms, stage separation
is critical to reachengine test point and hencecritical to mission suc-
cess. A complete aerodynamic characterizationof stage separation
requiresat least four components:preseparationHXLV aerodynam-
ics, mutual interference aerodynamics of the HXRV in close prox-
imity with the booster, postseparation (interference-free) booster
aerodynamics, and postseparation (interference-free) HXRV aero-
dynamics. Thus, any discussion of this program, the challenges
faced, the successes, the failures, and the current status cannot be
adequately addressed without discussion of the launch vehicle, re-
search vehicle, and overall aerodynamic database,5;6 which are all
intertwined with the stage separation. This paper highlights the
chronology of the wind-tunnel test program for risk reduction of
the stage separation event.

Chronology
The HXRV requires a booster to deliver it to engine test point,

which for � rst � ight is M1 D 7, q1 D 1000 psf, at an altitude of
approximately95,000 ft. The � rst candidatebooster to be evaluated
was the Castor IVb. An interstage adapter (Fig. 4) was designed to
mate the nonaxisymmetric HXRV to the cylindrical booster. The
adapter is comprised of a cone frustum and a cantilevered support
structure (nicknamed the sugar scoop) to undergird the nozzle ex-
pansionsurface.This geometrywas receivedat Langley in late April
1996; with an aggressive model design and construction program
using stereolithography and rapid prototyping techniques, 4.17%
Hyper-Xboosterstackmodelswere fabricated,andsubsonicandhy-
personicdata on the launch con� guration (castor/adapter/free � yer)
were obtainedby late June.Booster performanceand cost issues led
to the abandonmentof the Castor. The next candidatelaunchvehicle
to be evaluated was the Orbital Sciences Corporation Pegasus.

Langley’s Aerothermodynamics Branch had previously con-
structed 3% Pegasus models that had been modi� ed to include both
hybridand XL Pegasuscon� gurationsas partof thePegasusReturn-
to-Flightactivity.Using rapidprototypingfabricationmethods,both
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Fig. 1 Artist’s representation of HXRV in � ight.

Fig. 2 Three-view drawing of the HXRV.

Fig. 3 Hyper-X � ight pro� le.

Fig. 4 Interstage adapter.

a 3% Hyper-X free � yer/adapter forebody (preseparation) and an
adapter-alone forebody (postseparation) were fabricated to � t the
existing Pegasus model. Hypersonic tests at Mach 6 and 10 were
conductedon the pre- and postseparation launch vehicle con� gura-
tions in the late summer of 1996.

The � rst attempts at de� ning the hypersonic aerodynamic char-
acteristics of the HXRV made use of a 12-in. (8.33%) keel line
3 model. The model was precision machined from stainless steel
with variable rudder and full-� ying wing de� ection parametrics.
The model was sting mounted through the expansion nozzle on a
six-component strain gauge balance. In keeping with the multiuse
design philosophy, this model was sized to permit an interstage
adapter to be mounted to the sting at various axial locations and at

Fig. 5 Photographof initial stage separation interference test setup in
31-Inch Mach 10 Tunnel.

two pitch orientations. Figure 5 is a setup photograph taken in the
Langley 31-Inch Mach 10 Tunnel. Although the balance/sting as-
sembly interferes with the � ow between the HXRV and the adapter
and permitsonlyaxial separations,thismodel providedan important
preliminaryassessmentof the orderof magnitudeof the interference
aerodynamicsand aided in the developmentof requiredparametrics
for the interferenceaerodynamicsdatabase.Tests were conductedat
both Mach 6 and 10 to evaluate Mach-number effects on the hyper-
sonic interference. These tests were completed in the fall of 1996,
shortly after the release of the request for proposal (RFP). By early
October (the date of the Hyper-X RFP release), over 20 weeks of
wind-tunnel testing on 3% HXLV and 8.33% HXRV con� gurations
had been concluded; these tests produced basic aerodynamic data
as well as interference loads on the free � yer in proximity to the
adapter. These data were used along with results calculated by en-
gineering methods in a 3 C 3 degree-of-freedomsimulation of the
free � yer’s motion relative to the Pegasus adapter during separation
(simultaneous three-degree-of-freedom simulation of the free � yer
and three-degree-of-freedom simulation of booster in close prox-
imity). This effort by the Hyper-X stage separation team identi� ed
the axis systems and critical parameters required to de� ne the rel-
ative motion of the two systems and identi� ed a desired database
of six-component force and moment data on both free � yer and Pe-
gasus/adapter at 40,000 different combinationsof relative position,
relative incidence, and free-� yer control settings. The volume of
data required, the schedule, and possible cost led to the � nal con-
clusion that tests utilizinga captive trajectorysystem at high-Mach-
number conditionswere the only means of producingthe volume of
data in the scheduledtime. This conclusionfocused stage separation
wind-tunnel testingactivitieson the Arnold Engineeringand Devel-
opment Center (AEDC), where the U.S. Air Force utilizes captive
trajectory systems (CTS) for store separation tests at subsonic to
hypersonic conditions7¡9 and where NASA developed its space-
shuttle stage separation wind-tunnel database.10¡13 In addition, the
relatively large size of the AEDC hypersonic tunnels is desirable
for benchmark testing the full launch vehicle con� guration. Cost
remained an open issue and, while beyond the scope of this paper,
led to a decreasein the size of the matrix ultimately to 26,000points.

Model Design Considerations
CTS were designedprimarily for store separationstudies. In such

studies the main airframe is stationary in the tunnel at a given angle
of attackand sideslip(internalstraingaugebalanceis blademounted
on a � xed strut), and the store (internal balance is sting mounted) is
traversed behind the aircraft at a series of axial, lateral, and vertical
positions and at relative pitch, yaw, and roll. With a database that
bounds the relative positions of the vehicles in � ight and has suf� -
cient resolution, the trajectory of the store can be computed for any
set of mass properties.Figure 6 is a schematic diagramshowing this
arrangement. In AEDC Tunnel B the CTS is mounted on top of the
tunnel, and the primary model strut assembly is injected from be-
neath the tunnel� oor. Therefore if the store separatesfrom the lower
surface of the carrier, models are tested inverted. This arrangement
is shown in Fig. 7, a photographof a conceptual two-stage reusable
space transportation system installed in AEDC Tunnel B for CTS
testing. The larger (and typically heavier) model is strut mounted,
and the smaller (typically lighter) model (the store) is mounted to
the CTS rig. CTS test procedure requires both models to be in the
hot hypersonic � ow for extensive periods of time (¸15 min).

To provideinternal room for a force balance and to protect it from
thermal (high-temperature) effects, a free-� yer scale of 12–15%
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Fig. 6 Schematic diagram of two models mounted for CTS testing in
AEDC Tunnel B.

Fig. 7 Photograph of conceptual two-stage space transportation
system separation setup in AEDC Tunnel B.

Fig. 8 Diagram of 8.33% Hyper-X stage separation hardware in
AEDC Tunnel B.

Fig. 9 Diagram of the model balance, blade support system for
Hyper-X stage separation testing in AEDC Tunnel B.

was desired. Because of the predominantly axial orientation of the
free � yer on the launch vehicle stack, the larger vehicle (Pegasus/
adapter) is mounted to the CTS, and the smaller vehicle (free � yer)
is blade mounted to the strut system. Figure 8 is a schematic of this
test setup in AEDC Tunnel B. Structural analysis of the loads from
boosterweight on the CTS rig revealed that the desiredmodel scale
of 12–15% exceeded safety factor load limits. A maximum model
scale of 8.33% was possible only after the original model design
was revised to minimum wall thickness for the heat load imposed
by Tunnel B. The decision to maintain model scale at the expense
of minimum wall thickness effectively eliminated the capability to
reuse the model at a later date in Tunnel C (Mach 10) as a result of
a heat load incompatibility.

This size limitation focused attention on the problem of locating
a blade-mountedforce balance in an 8.33% (12-in.-long) free � yer.
Consideration was given to designing and fabricating a pancake-
shaped balance, but there was concern that design, fabrication,cali-
bration,and heat protectionfor such a balancein time to meet the re-
quired schedulewas an unacceptablerisk. There was an alternative.
One active six-componentbalance in Langley’s inventory appeared
small enough to � t within the outer mold lines of an 8.33% free
� yer. Figure 9 is a sketch showing the location of SS02B balance
in the model. The dashed rectangle parallel to the upper surface in
the side view represents the body of the balance. The dashed trape-
zoid behind the dashed rectanglerepresentsthe block supportingthe
balance that has the cooling interface and is attached to the blade
support (representedby the dashed lines above the side view). In the
top view sideslip ¯ was obtained by fabricating two balance blocks
to be mounted in the free � yer: one with a balance bore aligned
with the model and one with the balance bore at a 3-deg angle with
respect the fuselage. This was necessary to keep the blade support
unloaded in the lateral direction during testing and to keep the free
� yer in the proper tunnel location relative to the Pegasus/adapter.
Because of space limitations, once the balance was assembled with
the supporting block, blade interface cooling passages were con-
nected directly to the block, essentially taking this balance out of
service except for Hyper-X stage separationtesting.This alternative
also bore a risk because of the lack of a backup balance. Downtime
caused by a balance failure (or worse, removal and later reinstalla-
tion of the CTS rig after balance repair) carried a signi� cant cost
risk. In spite of the cost risk, this alternative was accepted by the
program over the fabricationof a new pancake balance, which bore
technical, cost, and schedule risk.

The 3 C 3 degree-of-freedomsimulationusing engineeringcodes
and available wind-tunneldata produced a suf� cient number of col-
lisions that an alternative stage separation mechanism was added
to the test matrix for evaluation. This approach rotated the portion
of the adapter under the free-� yer nozzle down as separation oc-
curred; the term “drop jaw” was applied to this adapter design.
Figure 10 is a three-view drawing of the � nal stage separation
Pegasus/adapter design incorporating the drop jaw. Drop jaw po-
sitions of 30, 60, and 90 deg were added to the baseline unde� ected
(0-deg) orientationand absorbedin the 26,000point test matrix.The
CTS test at AEDC began in November 1997.
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Fig. 10 Sketch of the 8.33% Hyper-X Pegasus Booster with variable
drop jaw.

Facilities
Because of its size and interface with a CTS system, the AEDC

von Kármán Gas Dynamics Facility (VKF) Tunnel B became the
primary test facility for stageseparation.The Langley20-InchMach
6 and 31-Inch Mach 10 tunnels, utilized in launch, postlaunch, and
free-� yerhypersonictesting,were initiallyexcludedfromstage sep-
aration tests because their relatively small size could not accommo-
date a free � yer and the full length of booster at a scale large enough
to house force and moment balances. Later, both of these facili-
ties became indispensable in addressing concerns that could not
be addressed in Tunnel B, including the effects of high heating to
the free-� yer balance and blade support interference on free-� yer
aerodynamics.Additionally, a comparison of the interferenceaero-
dynamics at Mach 6 and 10 was performed in the Langley facilities
using the free � yer and the adapter portion of the booster model to
establish a preliminary Mach 10 separation database.

AEDC VKF Tunnel B
Tunnel B is a continuous, closed-circuit variable density tunnel

with an axisymmetric contoured nozzle and a 50-in.-diam test sec-
tion. The testgas,dry air, is heated to avoidair liquefactionin the test
section.Test conditionsinclude a range of freestreamunit Reynolds
numbers from 0.3 £ 106 to 4.7 £ 106/ft. Because the facility is capa-
ble of continuous operation for hours, balance heating can become
an issue. Consequently, the NASA-supplied free-� yer balance and
vertical strut were water cooled. Free-� yer angle-of-attack varia-
tions were obtained by manually changing a pivot and pin connec-
tion. Nominal free-� yer sideslip angles tested were 0 and ¡3 deg.
The Pegasus boostermodel was mounted to the CTS mechanismvia
an AEDC-supplied balance, water jacket, and straight sting combi-
nation. The CTS mechanism is a remote positioningsix-degree-of-
freedom,electromechanicaldrive system that can be installedon the
top of AEDC Tunnels A, B, or C. The axial and verticalmotions are
obtained using linear drive units. Lateral motion is achieved by ro-
tating the roll-pitch-yawsupport arm about the vertical support arm
at the verticalsupportaxis with the aft yaw mechanismand compen-
sating for the resulting yaw with the forward yaw mechanism. For
additionalinformationonTunnelB and theCTS, seeRefs. 14 and15.

NASA Langley Research Center (LaRC) 20-Inch Mach 6 Tunnel
The NASA Langley20-InchMach6 tunnel is a blowdownfacility

with a 20 in.£ 20 in. square test section thatoperatesat a � xedMach
numberof 6, usingdry air as the test medium. Typical test conditions
in this facility include nominal freestream unit Reynolds numbers
from0.5 £ 106 to 9 £ 106/ft.Model angleof attackcan be varied in a
pitch-pausemode from ¡5 to C55 deg, dependingon the length and
position of the model in the test section. The design of the injection
system permits the pitch-pause sequence at sideslip angles up to 5
deg. Run times are typically several minutes with a maximum time
of approximately 15 min.

NASA LaRC 31-Inch Mach 10 Tunnel
The NASA Langley 31-Inch Mach 10 tunnel is also a blowdown

facility, with a 31-in. square test section that operates at a � xed

Mach number of 10, using dry air as the test medium. Typical test
conditions in this facility include nominal freestreamunit Reynolds
numbers ranging from 0.55 £ 106 to 2.15 £ 106/ft. Angle of attack
can be varied §45 deg and runs last nominally 60 s. For additional
information on both the 20-Inch Mach 6 Tunnel and the 31-Inch
Mach 10 Tunnel, see Refs. 16 and 17.

Representative Results and Discussion
The stage separation wind-tunnel test program evolved from a

low-cost component testing approachfor preliminaryorder of mag-
nitude screening of early separation concepts to benchmarking the
fullPegasusbooster/free-� yermutualinterferenceaerodynamicsfor
the � ight data book via captive trajectory system testing. Analysis
of this data, includingsimulationresults, led to follow-ontesting for
envelope expansion and risk reduction. This section provides rep-
resentative results and discussion from each stage of this evolution.

Early Stage Separation Con� guration Screening
Figure 5 shows the 8.33% sting-mountedfree � yer installedin the

31-Inch Mach 10 Tunnel. The interstage adapter, which mates
the free � yer to the cylindricalfuselage of the booster, is clamped to
the sting behind the free � yer. With this arrangement the axial loca-
tion xsep and pitch angle of the adapter relative to the sting µwt could
be varied.Figures11a–11c are three schlierenphotographsof the in-
terference� ow� eldbetweenthe adapterand free � yer in the Langley

a) ® = 0 deg, xsep = ¡¡3.75 ft, Asep = ¡¡4 deg

b) ® = 0 deg, xsep = ¡¡0.75 ft, Asep = ¡¡4 deg

c) ® = 2 deg, xsep = ¡¡0.75 ft, Asep = ¡¡4 deg

Fig. 11 Schlieren photographs of Mach 6 test partial separation
hardware.
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20-Inch Mach 6 Tunnel. Figure 11a shows the assembly at ® D
0 deg with the adapter at a full-scale separation distance of 3.75 ft
and a nose-down attitude of ¡4 deg. The shock structure is well de-
� ned, and there appears to be a slip line coming off the engine and
impacting the front of the adapter.Figure 11b shows the assembly at
the same angleof attack with the adapter at a full-scaleseparationof
0.75 ft and the same nose-downattitude.A complex � ow structureis
noted between the adapter and the back of the engine package, and
a separation shock is visible on the top of the free � yer ahead of the
vertical � ns. Figure 11c shows the assembly at 2-deg angle of attack
with the components in the same relative positions as on Fig. 11b
with anunsteadyseparationon theuppersurface.Thesephotographs
show that the � ow� eld between the free � yer and the adapter pos-
sesses characteristics that range from a separated wake resembling
a driven cavity to direct � ow impingement on the free-� yer nozzle.

The in� uence of the interferenceon the aerodynamicsof the free
� yer is shown in Fig. 12. In Fig. 12a HXRV pitching-moment co-
ef� cient is plotted vs angle of attack for HXRV without the adapter
(interference-free) and in the presence of the ¡4 deg (nose-down)
adapter at four different axial separations. The largest interference
effect is for an axial separation of 0.75 ft (full scale), where a
nose-down 1Cm on the order of ¡0:02 was produced. There is
a gradual reductionas axial separationis increased,and at full-scale
separationdistancesof 3 and 3.75 ft angleof attack is shown to have
a mitigatingeffect. (With increasingangleof attack,thegap between
the nose-down adapter and the free � yer becomes more aligned
with the freestream, which provides a relieving effect.) Figure 12b
puts this interference in perspectiveby comparing interference-free
maximum nose-down pitch control to the maximum interference

Fig. 12a Effect of axial separation distance between the HXRV and
adapter on pitching-moment coef� cient for Asep = ¡¡ 4 deg.

Fig. 12b Comparison between the effect of separation interference
and control de� ection on HXRV pitching-moment coef� cient.

measured; the interference is equivalent to approximately1.5 times
the maximum control surface in� uence. These and other results
obtained con� rmed the need for detailed database development.
Additionally these data were used in the 3 C 3 degree-of-freedom
simulation that guided the test matrix design for the CTS test. The
simulations also indicated little clearance between the adapter and
the free � yer during separation, instigating incorporation of a drop
jaw adapter as a variable in the test matrix.

Captive Trajectory Testing
Figure 13 is a setup photograph of the blade-mounted HXRV

and the CTS-mounted Pegasus/adapter booster in AEDC Tunnel B.
This shows the inverted orientation of the models and emphasizes
the difference in size between the two models. For each block of
wind-tunnel runs, the Pegasus was placed on centerline for Pegasus
alone data, then retracted to the top of the tunnel so the HXRV
could be injected from below for HXRV alone data. At this time
the Pegasus was docked (brought into position) behind the HXRV
and moved through its sequence of positions relative to the HXRV
to obtain interference data on both vehicles. Each block of wind-
tunnel runs was concluded with another set of HXRV alone data
and booster alone data to allay concerns of balance heating effects
on the HXRV during the 15–20 min of continuous exposure to the
900±R freestream. Repetition of this procedure for each block of
runs provided numerous repeat data points to ensure measurement
system stability throughout the test.

Figure 14 is a schlieren photograph of the interference � ow� eld
with the drop jaw de� ected to 60 deg. The � ow� eld is extremely
complex with multiple shock interactions and compression waves
produced in the area between the HXRV and the adapter. The ef-
fect of varying drop jaw angle on the free-� yer pitching-moment

Fig. 13 Setup photograph of the Hyper-X stage separation hardware
in AEDC Tunnel B.

Fig. 14 Schlieren photograph taken during Hyper-X stage separation
testing in AEDC Tunnel B with the drop jaw at60 deg, xsep = ¡ ¡ 4, Asep =
0 deg.
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Fig. 15 Effect of adapter drop jaw angle on HXRV pitching-moment
coef� cient.

Fig. 16a Schlieren photograph from AEDC Tunnel B Mach 6 separa-
tion tests for Asep = 0 deg, xsep = ¡¡ 9.

coef� cient is shown in Fig. 15. Increasing the drop jaw angle pres-
surizes the free-� yer nozzle and produces a nose-down moment.
Over the drop jaw angles tested, the maximum in� uence is found
at a 60-deg de� ection. These data were used in the 6 C 6 degree-of-
freedom simulations,which demonstrated that the drop jaw adapter
generatednose-downpitching-momentinputs that couldnot be con-
trolled by the control system.These results precipitatedthe decision
not to deploy the drop jaw in � ight, i.e., to � x the adapter at 0 deg.

Figure 16 is a seriesof schlierenphotographsfrom AEDC Tunnel
B for a purely axial separation (no lateral or vertical translation,
no relative pitch, yaw, or roll) at separation distances from 9 to
44 in. full scale. Compared to the complex � ow� eld found with the
60-deg drop jaw de� ection, the � ow� eld between the HXRV nozzle
and the adapter is characterized by a relatively benign wake � ow
interaction.Figure 17 demonstratesinterferenceeffectson pitching-
moment coef� cients approximately an order of magnitude smaller
than the 60-deg drop jaw de� ection for a purely linear separation at
free-� yer angles of attack of 0 and 3 deg over a range of xsep . These
results along with all test data for � xed adapter geometry (0-deg
drop jaw) were used to produce the database for control system de-
sign for the separationsequencebetween the HXRV and the booster.
AEDC has a safety requirement that prohibits the store on the CTS
from coming closer than 0.25 in. to the strut-mounted vehicle. This
is equivalent to a minimum full-scale separation distance of 3 in.;

Fig. 16b Schlieren photograph from AEDC Tunnel B Mach 6 separa-
tion tests for Asep = 0 deg, xsep = ¡ ¡ 20.

Fig. 16c Schlieren photograph from AEDC Tunnel B Mach 6 separa-
tion tests for Asep = 0 deg, xsep = ¡ ¡ 44.

Fig. 17 Effect of axial separationdistance on HXRV pitching-moment
coef� cient, Asep = 0 deg, zsep = 0.
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Fig. 18 Schematic representation of the testing technique to determin-
ing blade and sting interference effects.

Fig. 19 Setup photographof blade/sting interference test hardware in
the Langley 20-Inch Mach 6 Tunnel.

the original test matrix was modi� ed to accommodate this require-
ment andsome desiredorientationsremoved.Additionallyconcerns
aboutHXRV balanceheatingwerenot unfounded;late in the test the
yaw beam was lost as a result of heat. Time and funding constraints
caused other modi� cations to the test plan, but in the � nal analysis
96% of the 26,000C point test matrix was completed. Several stage
separation issues remained to be resolved: de� ning the effect of the
blade support on HXRV data, determining interference effects at
distances closer than 3 in., and determining Mach 10 interference
effects.

Blade/Sting Interference Risk Reduction Testing
A 12.5% model was fabricated to develop the stability and con-

trol database for smaller control increments than was possible
with the 8.33% model. Additionally, multiple mount capability for
blade/sting interference was designed into this model. Figure 18
shows schematically the approach to de� ning sting interference at
hypersonicconditions.A model is tested supportedby a sting alone
and a blade alone. Deltas are providedby testing with dummy (non-
metric) blade while sting supportedand a dummy (nonmetric) sting
when blade supported.Figure 19 is a photographof the model sting
mountedwith a dummybladein theLangley20-InchMach6 Tunnel.
These tests successfullyde� ned the support interferenceeffects and
were used to correct all HXRV data for support effects, not just the
stage separation results. Details are presented in Ref. 6.

Envelope Expansion Testing
Balance heating problems encountered during the Mach 6 stage

separation test emphasized the improbability of successfully con-
ducting Mach 10 stage separation tests at AEDC on the 8.33%
model. The severity of the heating environment is nearly double
at Mach 10 compared to Mach 6. Therefore, to bridge the gap from
Mach 6 to 10, a support system was designed and fabricated to
interface with the Langley 31-Inch Mach 10 and 20-Inch Mach 6
tunnels.This system supports the HXRV model from the AEDC test
on a blade identical to the AEDC blade in proximity of the adapter
portionof the boostermodel from the AEDC test. Figures 20 and 21

Fig. 20 Setup photograph of stage separation hardware test in the
Langley 20-Inch Mach 6 Tunnel.

Fig. 21 Setup photographof stage separationhardware in the Langley
31-Inch Mach 10 Tunnel.

are setup photographsof this test article in the 20-Inch Mach 6 and
31-Inch Mach 10 tunnels, respectively.Besides providing informa-
tion on the differences between Mach 6 and 10 interference data,
this apparatus presented the opportunityto expand the test envelope
from the AEDC test to include proximities closer than permitted at
AEDC. The data comparing Mach 6 and 10 are still under analysis.
The Mach 6 resultsat closer separationdistanceshavebeen included
in the multi-degree-of-freedom separation database used to design
the control system to promote collision-free separation.

Monte Carlo simulationswere run as the databasewas being con-
structed, with each new test series contributing as the data became
available. An initial 500-run simulation was conducted and used to
identifycollisionconditions.(Efforts suchas these identi� ed theout-
of-control pitching moments induced by the drop jaw that resulted
in the � xed jaw requirement for the � rst � ight.) Concerns about the
AEDC data not “bounding” the simulations created the necessity
of modifying the Mach 6 vs Mach 10 test apparatus and perform-
ing additional tests to reduce risk through further envelope expan-
sion. Figures22a–22g present the recentresultsof 100 collision-free
simulations based on the current database. The boxes represent the
bounds of the test data with the heavy vertical lines indicating the
same bounds based on the AEDC data alone. As the solid curves
move outside the boxes, extrapolateddata are used. The simulations
are anchored at xsep D ¡70 in. by the interference-freedata on the
HXRV. The role of computational� uid dynamics in augmenting the
separation database as well as developing a correlation parameter
for data extrapolation in presented in Ref. 18.
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Fig. 22a Monte Carlo simulations of HXRV angle of attack with
separation distance from the adapter.

Fig. 22b Monte Carlo simulations of HXRV sideslip with separation
distance from the adapter.

Fig. 22c Monte Carlo simulations of Asep with separation distance
from the adapter.

Fig. 22d Monte Carlo simulations of Bsep with separation distance
from the adapter.

Fig. 22e Monte Carlo simulations of Csep with separation distance
from the adapter.

Fig. 22f MonteCarlo simulationsof ysep with separationdistance from
the adapter.
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Fig. 22g Monte Carlo simulations of zsep with separation distance
from the adapter.

Conclusions
The Hyper-X Research Vehicle is a 12-ft long, 2700-lb technol-

ogy demonstrator designed to � ight demonstrate for the � rst time
a fully airframe-integratedscramjet propulsion system. Prior to the
engine test, the vehicle must be boosted to test point and separated
from the booster at high Mach number and high dynamic pressure
conditions. The HXRV shape is not readily adaptable to a launch
vehicle and requires an interface adapter. This nonaxisymmetric
separation from the booster/adapter at extreme conditionsis critical
to the success of the mission. This paper has reviewed the Hyper-X
stage separation wind-tunnel test program, including early plan-
ning, preliminary separation con� guration screening, development
of the database requirements, and captive trajectory testing. Sam-
ple test results have been provided, and risk reduction and envelope
expansionfollow-on testing have been reviewed. Results from sim-
ulations using these data have also been discussed. Although all
of the dispersions from the nominal separation trajectory could not
be completely bounded, the available facilities and test techniques
(supplementedwith computational � uid dynamics) have been used
to produce the most extensive separation database possible. Monte
Carlo simulations using this database along with a model of the
mechanical process have been used to develop control systems to
produce clear separations at minimum risk.
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