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T HE purpose of this paper is to provide an overview of the
X-34 technologyprogramand to serve as an introductionto the

papers that follow in this special section. Orbital Sciences Corpora-
tion (OSC) is developing a reusable launch vehicle (RLV) technol-
ogy demonstrator called the X-34 for NASA’s RLV program.1 This
low-cost, liquid-fueled,rocketplane is designed to demonstratenew
operational approaches and technologies that will dramatically re-
duce the time and cost required to process and operate future launch
vehicles. The overall goal of NASA’s RLV program is to demon-
strate the key technologiesneeded to lower dramatically the cost of
putting a pound of payload into space by a factor of 10 or more.

The X-34 is a winged,hypersonicvehicle thatwill be air launched
from the belly of OSC’s L-1011 carrier aircraft. It will be capableof
reaching speeds of up to Mach 8 at altitudes up to 250,000 ft. OSC
relies heavily on experience with their air-launched Pegasus and
ground-launchedTaurus systems. In fact, the X-34 ascent trajectory
and performancetargets are very similar to those of the Pegasus � rst
stage. In this way X-34 is demonstrating advanced technologies,
low-cost operations, and rapid processing of a � rst-stage launch
vehicle from which comparisons with expendables can be made.

The X-34 will also be used to demonstrate autonomous � ight,
all-graphite/epoxy composite construction, a composite propel-
lant tank, � exible thermal protection blankets, and new silicone-
impregnated leading-edge tiles. The operating goals of the X-34
are a two-week turnaround between launches and a one-time, 24-h
turnaround. The X-34 may also be called upon to demonstrate au-
tonomous landings in cross winds of up to 20 kn. Each of the oper-
ating goals set by NASA is intended to simulate aircraft-like oper-
ations of a launch vehicle.

Whereas previous “X” programs have pushed the edge of the
performance envelope, the X-34 program seeks to build on the ex-
perience garnered from vehicles such as the X-15 by matching or
slightly exceeding performance with an order-of-magnitudereduc-
tion in development and operations costs. In this way, the X-34 is
attempting to break the barrier of high cost and burdensome opera-
tions that limits affordable access to space.

A typical X-34 � ight pro� le (Fig. 1) consists of a drop from the
L-1011 aircraft at an altitude of approximately 38,000 ft and Mach
0.75, engine ignition and acceleration to the planned Mach num-
ber and altitude, a coast phase, re-entry, and landing. The elevons,
rudder, body � ap, and speed brake provide control and trim during
powered and unpowered � ight, aided by reaction control during the
high-altitudecoast phase. Thrust vector serves as the primary pitch
and yaw trim controllerduring � ight under main engine propulsion.

The X-34 program relies heavily on analysis and equipment fur-
nished by many of the NASA centers, as well as other government
agencies.The Fastrac engine used to power the X-34 is being devel-
oped by NASA Marshall Space Flight Center (MSFC), the silicone
impregnated reusable ceramic ablator (SIRCA) leading-edge tiles
are designed and built by NASA Ames Research Center, the NASA
Dryden Flight Research Center supports ground vibration and cap-
tive carry testing, the Kennedy Space Center will be the site for en-
velope expansion � ights, and the NASA Langley Research Center
is responsiblefor the aerodynamicheating and � ight characteristics
of the X-34.

Aggressivecost and schedule requirementsdictated a concurrent
engineeringapproachin which the designand analysisof the vehicle
were conducted in parallel with fabrication and testing. The X-34
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outermold line (OML)was frozenonly two months after NASA and
OSC signed the contract to build and � y the X-34. Five months later,
theaerodynamicheatinganalysiswas completed.This veryfastpace
required compromise and an appropriate balance of schedule and
technical risk.

This paper serves as an overview of the analyses and tests con-
ducted by the NASA Langley Research Center, NASA Ames Re-
search Center, Oceaneering Thermal Systems (OTS), and OSC
aerothermal team and presented in this X-34 Special Section. The
process of determining thermal requirements and analyses to sup-
port the selection and validation of the X-34 thermal protection
system (TPS) is covered.

X-34 Design
Costandschedule,aswell as performancerequirements,drovethe

designof the X-34. They requiredthat the aerodynamicdesignof the
currentX-34 vehicledrawheavilyfrom the X-34B program,2 which
in turn extensively utilized data and design experience generated
from the Space Shuttle program. As a result, the X-34 double delta
wing planform has an 80–45-deg leading-edge sweep angle and
elevon area ratios similar to those of the Shuttle Orbiter (Fig. 2).

Most of the vehicle is covered with thermal protection blankets.
Theyconsistof three typesof blanket,eachwith varyingtemperature
and insulation capability: 1) high heat blanket (HHB) with 2000±F
multiuse capability[similar to the AdvancedFlexible Reusable Sur-
face Insulation (AFRSI) used on the Shuttle Orbiter but with up-
graded materials for high temperature and insulation capability];
2) low heat blanket (LHB) with 1500±F multiuse capability [simi-
lar to the HHB but with reduced material properties that result in
both lower cost and temperature capability]; and 3) Felt Reusable
Surface Insulation (FRSI) blanket with 700±F multiuse capability
(identical to that used on certain areas of the Shuttle Orbiter where
fairly benign heating conditions are reached). The nose cap, wing
leading edge, and rudder leading edge are made up of SIRCA tiles.

Several competing factors led to the � nal airfoil shape, which is
quite different from that of the Shuttle Orbiter. Design constraints
were that the airfoil have a � at bottom for ease of manufactur-
ing and blending with the fuselage, that the outboard wing section
have a constant leading-edgeradius for a common leading-edgetile
design, and that suf� cient internal volume be provided for pack-
aging the main landing gear and actuator devices. The result is a
� at-bottomed airfoil with high upper surface camber and varying
spanwise thickness-to-chord ratio from 9.2% at the sweep break
point to 13.4% at the wing tip.

In addition to the manufacturing requirements, the leeward-side
thermal protection blankets vary in thickness chordwise as in-
sulation requirements are more severe toward the leading edge.
These compromises produce a wing with a suf� cient low-speed
lift-to-drag ratio and adequate supersonic and hypersonic handling
characteristics3 while meeting structural and thermal design and
manufacturing goals.

The X-34 is powered by the 60,000-lbf-thrust Fastrac engine,
which uses liquid oxygen (LOX) and kerosene (RP).4 Under pow-
ered conditions the engine nozzle gimbals to provide pitch and
yaw trim. Elevon, body � ap, and speed brake control surfaces are
also used for pitch control during both the powered and unpowered
phasesof � ight (Fig. 3). The all-movingvertical tail and asymmetric
elevon de� ections provide lateral/directional control.

The X-34 system design requires that the TPS insulate to within
50±F of the 350±F temperature limit of the structure.5 Therefore,
thermal analyses were required to show that the structure never
exceeds 300±F. The 50±F margin is used to account for trajectory
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Fig. 1 X-34 � ight pro� le.

Fig. 2 X-34 geometry.

dispersions, TPS fabrication anomalies, and uncertainties in heat
transfer and soak-back rates.

OML requirements and cost constraints dictated that the wind-
ward surface of the vehicle be protected with constant-thickness
TPS blanketsforwhich 3

4
-in.HHB was selected.Becausetheblanket

with highest temperatureand insulationpropertieswas chosen, very
high thermalprotectionmargins formost of the windwardside of the
vehicle result.More design� exibility for blanket type and thickness
selection was afforded on the leeward side of the vehicle. For this
reason,most of thedetailedaerodynamicheatinganalysisconducted
by NASA LangleyResearch Center was focusedon obtainingmaxi-
mum leewardheatingenvironments.The resultsare leewardblanket

distributionsand types that minimize weight and cost while meeting
the thermal protection requirements.

Typical X-34 Mission
The X-34 is capableof � ights fromunpoweredapproachand land-

ing tests to full-burn, maximum-Mach-number trajectories. NASA
has undertaken an envelope expansion approach in which perfor-
mance limits will be reached incrementally throughout the 27-
� ight program. This means that unpowered tests will precede pow-
ered � ights to low supersonic Mach numbers, which in turn will
precede maximum Mach and heating condition � ights. The en-
velope expansion approach allows for validation and correlation
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Fig. 3 X-34 design features.

Fig. 4 Time history for maximum-Mach-number-mission(trajectory
3904).

of the heating predictions at less stressing conditions prior to the
maximum-heating � ights.

The typical maximum-Mach-number trajectory shown in Fig. 4
and referred to as trajectory3904 begins after drop from the L-1011
carrier aircraft. The X-34 recovers from the separation, targets the
engine� re attitude,and ignitestheengine.The vehiclebeginsa pull-
up maneuver as it quickly accelerates through maximum dynamic
pressure(t » 35 s). Aerodynamicheatingdoes occuron ascent,with
stagnation heat rates of 6 BTU/ft2-s being reached, but this is rela-
tively benign when compared with re-entry heating.Dynamic pres-
sure drops off rapidly as the vehicle enters the upper atmosphere,
and when engine burnout is reached (t » 145 s) the vehicle is essen-
tially exoatmospheric,with very little dynamic pressure. The X-34
then uses the reactioncontrol system(RCS) to obtaina 25-degangle
of attack ® for re-entry. As the vehicle begins to re-enter and decel-
erate, the maximum aerodynamic heating environment is reached,
after which ® is reduced to avoid skipping or bouncing on the at-
mosphere. Stagnation heat rates of 20 BTU/ft2-s are reached. The
vehicle then continues its autonomous descent through approach
and landing.

Figure 5 shows the estimated stagnation point heat rate and load
for this trajectory. The maximum temperature of the internal struc-
ture occurs 300–400 s after the maximum external heating event
because it takes time for the heat to soak back into the structure.

Fig. 5 Stagnation point heat rate and load for trajectory 3904.

Bounding Aerodynamic Heating Trajectories
A re-entry ® of 25 deg means that the windward side and leading

edgesof the vehiclewill see the highest temperaturesand heat rates.
The re-entry conditions are still severe as the vehicle transitions
from 25- to 8-deg ®, and at this point maximum leeward-side TPS
temperatures and heat rates develop.

Given that the windward blanket temperatures cannot exceed the
maximum HHB multiuse capability (2000±F), a balance must be
struck between windward- and leeward-side maximum heating. If
the vehicle were to attempt re-entry at an exceedingly high ®, the
temperatures at the lower-surface tile-to-blanket transition on the
nose and wing leading edges could exceed the 2000±F limit. Like-
wise, if a re-entry or pull-out is attempted at a very low ®, the
leeward side of the nose and/or wing might reach maximum tem-
peratures at the critical title-to-blanket transition location. Control
issues such as minimizing altitude bounce and energy management
require adherence to a certain ® corridor.

Two bounding trajectorieswere developed to simulate maximum
heating conditions for both the windward and leeward sides of the
vehicle.These trajectoriesare referred to as 4701 and 4601, respec-
tively.These boundingheating trajectoriesattempt to simulate high-
and low-® re-entries but do not encompass 3 ¾ dispersionsbecause
margin was applied to the structural temperature limit.

Mach, ®, q , and altitude pro� les are presented in Figs. 6–9
for the three trajectories representing nominal (3904), maximum
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Fig. 6 Mach time history for 3904, 4601, and 4701 trajectories.

Fig. 7 ® time history for 3904, 4601, and 4701 trajectories.

Fig. 8 Dynamic pressure time history for 3904, 4601, and 4701 trajec-
tories.

windward-sideheating (4701), and maximum leeward-side heating
(4601).

Trajectory 4701 simulates a 30-deg ® re-entry at much higher-
than-intended energy. These conditions produce the maximum
windward-sideheatingconditions.Most of the re-entrydeceleration
occursat thehigh ® prior to the transitionto low ®, and so this trajec-
tory does not serve as a maximum for the leeward side of the vehicle.

Note that, at time 400 s, trajectory 4701 remains at a higher al-
titude and therefore lower air density than the other trajectories.
The resultant dynamic pressure in this regime for trajectory 4701

Fig. 9 Altitude time history for 3904, 4601, and 4701 trajectories.

Fig. 10 Maximumwindward- and leeward-side heating events for tra-
jectory 4601.

is nearly half that of 4601. For this reason, 4601 was selected to
simulate maximum leeward-sideheatingdespite the fact that higher
stagnation point heat rates are predicted for the other trajectories.

Trajectory 4701 holds a higher ® throughout the re-entry pitch
over 30–11 deg than both the 4601 and 3904 trajectories, whereas
trajectory 4601 maintains a lower ® (25–8 deg) than the current
reference trajectory 3904 (25–10 deg). Overall these factors tend to
drive trajectory 4601 to higher leeward-side temperatures and heat
rates than both 4701and3904.Therefore,trajectory4601conditions
wereusedby theNASA LangleyResearchCenteraerothermalgroup
for all detailed aerodynamic heating analyses and time histories,
given that design � exibility was available only on the leeward side.
Trajectory 4701 was used by the NASA Ames Research Center
aerothermal group to analyze and test the leading-edge tiles and
nose cap.

The critical conditions for maximum heating for the 4601 trajec-
tory are highlighted in Fig. 10.

Aerodynamic Heating Analysis
The NASA Langley/Ames Research Center aerothermal group

generated heating predictions using computational � uid dynamics
(CFD) and experimental and analytical methods as presented in
Refs. 6–12. In addition, data available from the Shuttle and X-15
were used for validation purposes.13¡19

The analysisapproachwas to use CFD results for a givenX-34 ge-
ometry (controlde� ections) and � ightcondition(Mach, altitude,®),
along with experimental results to form an anchor for the aerother-
mal engineeringcode MINIVER.20 This code was used to generate
surface heating time history data at speci� c vehicle locations.

The computational methods predominantly used the LATCH21

code in conjunction with inviscid � ow solver results. The reduced
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Fig. 11 Maximum windward-side heat rates and loads for trajectory 4601 (graphic courtesy of OTS): q = BTU/ft2¢ s, and Q = BTU/ft2.

Fig. 12 Maximum leeward-side heat rates and loads for trajectory 4601 (graphic courtesy of OTS): q = BTU/ft2¢ s and Q = BTU/ft2 .

grid generation and computational time associated with inviscid
solutions enabled the team to run many more conditions than
would have been possible with a viscous solver. The limited vis-
cous solutions were used along with the tunnel results to check the
Euler/LATCH method.This processprovedvery useful for the X-34
program by providing solutions at many conditions very quickly
while only slightly sacri� cing accuracy.The Euler/LATCH and vis-
cous solutionswere run at the points in the 4601 trajectoryspeci� ed
in Table 1.

The NASA Ames Research Center team used a similar approach
with the 4701 trajectory to produce heating time histories for the
nose cap and wing leading-edge tiles.

Flight Reynolds numbers will affect � ow separationand shear on
the vehicle. Because inviscid solutions do not account for separa-
tion, these methods were not used aft of the elevon trailing edges.

Estimates for the aft body, body � ap, and rudder were generated
by scaling the heating time histories based on the limited viscous
solutions that were obtained. Results from the heating tunnel were
used to validate the assumptions made, especially in areas where
� ow separation is expected.

The followingassumptionswere used for analysisanduncertainty
estimates:

1) Turbulent � ow over all surfaces.
2) Shock impingement accounted for in uncertainty.
3) Trajectory dispersion (including atmospheric variations) ac-

counted for in structural temperature margin.
4) Maximum re-entry elevon and body � ap de� ections of §10

deg.
5) Wall temperatures based on radiative equilibrium emissivity

of 0.8.
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Table 1 CFD analysis conditions

Time, s Altitude, ft Mach number ®, deg Dynamic pressure, psf Elevon, deg Body � ap, deg Rudder, deg Condition

145 182,995 6 9 21.9 0 0 0 Mach 6 ascent
152 196,437 6.83 11 16.4 0 0 0 Maximum heating ascent
330 118,419 6.32 23 299 0 0 0 Maximum windward heating
330 118,419 6.32 23 299 10 10 0 Maximum windward heating,

C10-deg de� ection
340 112,065 6 15.22 354 0 0 0 Match tunnel condition
355 110,314 5.8 8 356 ¡10 ¡10 0 Maximum leeward heating,

¡10-deg de� ection
578 86,047 3.6 6.48 406 ¡10 ¡10 0 Maximum dynamic pressure

during re-entry

Fig. 13 Thermal protection blanket types and thickness distribution.

6) Perfect gas model for computational solutions.
7) Attached-� ow, algebraic turbulence model in viscous solu-

tions.
8) Attached-�ow, integral boundary-layer turbulence model in

LATCH.
9) Maximum windward-sideheating conditionsin the elevon and

body � ap gap area where simpli� cations were made for ease of grid
generation.

10) Multiuse capability of the TPS blankets of HHB D 2000±F,
LHB D 1500±F, and FRSI D 700±F.

Summary of Heating Results
All predicted temperaturesare radiationequilibriumwall temper-

atures. The thermal mass of the structure is not taken into account
until the complete thermal analysis is conducted with the proper
heat transfer coef� cients. Therefore, radiation equilibrium temper-
atures appear higher than expected adiabatic wall temperatures by
150–200±F.

Predicted windward-side radiation equilibrium temperatures are
up to 2100±F on the nose tile, 2020±F on the wing leading-edgetile,
1800±F on the wing leading-edgeblanket,and 1700±F on the elevon.

Maximum predicted leeward-side radiation equilibrium temper-
atures are 1300±F on the leeward nose blanket, 1800±F on the wing
leading-edgeblanket, and 900±F on the elevon.

A summary of maximum heat rates and loads at selected points
on the vehicle is presented in Figs. 11 and 12. These points repre-
sent the areas for which complete heating time history data were
generated. Estimates and interpolations were used for analysis in
intermediate locations and on the side of the fuselage. Limitations
in the Euler/LATCH method did not permit heating time histories to
be developedaft of the elevon trailingedges.OSC estimatedheating
conditions for the aft fuselage, body � ap, and rudder based on the
limited viscous solutions that were generated.Again, a compromise
was made between the timeliness and the completeness of the data
to be generated.

TPS
Maximum predicted temperatures were used for the selection of

the TPS type, and heat rate and load were used to select the TPS
thickness required for insulation.

OTS is responsible for the design and manufacture of the TPS
blankets.Figure13 shows theblanket type and thicknessselectedfor
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Table 2 Summary of X-34 thermal protection materials

Multiple-� ight Multiple-� ight
temperature heat � ux limit,

Material Location limit,±F BTU/ft2-s

SIRCA Nose cap, wing leading edge, 2600 175
rudder leading edge

HHB Windward side, portion of 2000 20
leeward wing, rudder,
speedbrake, and body � ap

LHB Portions of fuselage and wing 1500 10
FRSI Portions of fuselage and wing 700 2

Fig. 14 SIRCA leading-edge tile and high-temperature AFRSI sam-
ple.

the X-34 basedon theaerodynamicheatingresults.The circledareas
on the windward side denote the locations for planned “piggyback”
TPS experiments.

Table 2 provides a summary of the material capability and selec-
tion. Figure 14 shows a sample of the SIRCA tile and HHB on the
wing leading edge. Note the stitch pattern evident on the blanket
sample. The SIRCA tile builds up a black char layer after heating
conditions are reached.

Local Heating Conditions
Some detailedheating analysesof the elevon hinge line and cove

area were performed by the aerothermal group at NASA Ames Re-
search Center. Similarly, heating analyses of the back side of the
speed brake and body � ap hinge line were performedby OSC. Seal-
ing and protecting these areas has required some engineering judg-
ment and novel approaches. In general, conservative assumptions
were made in areas where data do not exist.

Aerodynamic heating conditions were used to size most of the
X-34 TPS; however, the engine plume environment provides sig-
ni� cant radiative and convective heating as well. The leeward side
of the body � ap and speed brake were analyzed based on engine
plume heating predictions from MSFC, and the results showed that
engine plume heating dominated. The TPS in these areas was sized
speci� cally for the engine plume environment.

Conclusion
The X-34 program is attempting to push the edge of the envelope

when it comes to the cost barrier to space access. To do this, NASA
and OSC have had to balancetechnicalrisk, schedule,and cost in all
areas. This was especially evident in the early design and analysis
phaseand in the area of aerodynamicheating.The aerothermalteam
at NASA Langley Research Center, NASA Ames Research Center,
OTS, and OSC had to work under tight funding constraints within

a seven-month window to produce the data used in the design of
the X-34 TPS. To do this, the latest in CFD, experimental, and
engineering methods were applied. The result is a design that is
suf� ciently optimized to meet the goals of the program.
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