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Engineering Aerothermal Analysis for X-34
Thermal Protection System Design
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NASA Langley Research Center, Hampton, Virginia 23681

Design of the thermal protection system for any hypersonic � ight vehicle requires determinationof both the peak
temperatures over the surface and the heating-rate history along the � ight pro� le. The process used to generate
the time-dependent aerothermal environments for design of the X-34 thermal protection system is described. The
process evolved from a relatively simplistic approach based solely on engineering methods applied to critical areas
to an integrated approach using ground-test data with detailed computationaland engineering methods to predict
the aeroheating over the entire vehicle. A brief description of the trajectory development leading to the selection of
the thermal protection system design trajectory is included. Comparisons of engineering heating predictions with
wind-tunnel test data and with results obtained using a Navier–Stokes � ow� eld code and an inviscid/boundary-
layer method are shown. Good agreement is demonstrated among all of these methods for both the ground-test
condition and the peak heating � ight condition.

Nomenclature
h = heat transfer coef� cient, Btu-s/ft4 or lbm/ft2-s
L = reference length, in.
M = Mach number
Pq = heat transfer rate, Btu/ft2-s
Re = Reynolds number
x = axial location, in.
y = spanwise location, in.
® = angle of attack, deg
± = control surface de� ection, deg
" = emissivity

Subscripts

BF = body � ap
cl = centerline ( )
el = elevon
FR = Fay–Riddell
min = MINIVER
ref = reference value
1 = freestream conditions

Introduction

C ONTINUED human presence in space will soon require up-
grade or replacement of the current Space TransportationSys-

tem. JointNASA/industrypartnershipshavebeen formed to develop
and test the technology required to provide cost-effective, yet reli-
able access to space. The primary goal of the Reusable Launch Ve-
hicle (RLV) Technology Program1 is to provide affordable access
to space. Development and � ight of the suborbital X-34 vehicle
is an integral part of the RLV program and is intended to address
numerous operations, manufacturing, and other technology issues
that can best be evaluated through demonstrationon an actual � ight
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vehicle. One of the key technologies to be demonstrated is that of
an operationally effective thermal protection system (TPS).

Aerospace vehicles, such as the X-34, that reach hypersonic
speeds generally require protection of the vehicle structure from
aerodynamic heating. The TPS can be either active or passive. Ac-
tive systems typically use onboard coolant pumped through pipes
behind the external surface or employ heat pipes that use capillary
action to redistribute the heat from hotter areas of the vehicle to
cooler ones. A passive system, such as that employed on the X-34,
takes advantage of the insulative properties of the TPS materials to
hold a signi� cant portion of the incident heat until it is radiated or
convected away from the vehicle. The two critical parameters that
determinethe TPS optionssuitablefor a givenvehicleand trajectory
are the peak-heatingrate and the integratedheating over the time of
the � ight pro� le. The former determines the maximum temperature
environment,and thus thematerial options,and the latterdetermines
the thickness distribution of the insulative TPS material required to
protect the surface. Except for the nosecap and wing leading edges
[where siliconeimpregnatedreusableceramicablator (SIRCA)2 tile
is used], the X-34 is protected with � exible-blanketor felt systems.
At the request of the lead contractor, Orbital Sciences Corporation
(OSC), the NASA Langley Research Center (LaRC) accepted the
task to de� ne the aerothermalenvironmentfor the surface areaspro-
tected by the � exible blanket and felt systems. The � exible blanket
and felt systems are discussed in Ref. 3. Preliminary estimates of
the heating to the stagnationareas will be included in this paper, but
the bulk of the stagnation area analysis, both environment predic-
tion and SIRCA tile design, has been performed at the NASA Ames
Research Center (ARC) and is described in Refs. 2 and 4.

In the past, engineering methods have been used almost exclu-
sively to predict external thermal environments and de� ne TPS re-
quirements for hypersonic� ight vehicles.The advent of high-speed
computers that reduce the time required to producea computational
solution has enabled incorporation of detailed � ow� eld methods
much earlier in the design process. However, limited resources and
the complexity of the typical vehicle con� guration generally pre-
clude the generation of a suf� cient number of computational solu-
tions to adequately de� ne the heating histories for TPS de� nition.
The recent development of experimental wind-tunnel techniques,5

whereby global heating distributions over the vehicle can be mea-
sured rapidly and at relatively low cost, also allows incorporationof
experimental results at an early stage of the design process. These
measured data are currently limited by the inability of the wind
tunnel to reproduce the actual � ight environment (� ight Reynolds
numbers and reacting chemistry). The primary focus of this pa-
per is to describe how wind-tunnel and computational-�uids re-
sults have been coupled with engineering methods to predict the
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Fig. 1 Artist’s concept of the X-34 con� guration in � ight.

Fig. 2 Typical X-34 � ight pro� le.

time-dependentthermal environmentsrequired for the design of the
X-34 TPS. The validity of the process is demonstrated using an
intermediate check case.

Vehicle/Mission Description
The X-34 Testbed Technology Demonstrator represents a key

element of the RLV program. Originally envisioned as an opera-
tionalvehiclewith the capabilityto deliver relativelysmall payloads
(1000–2000 lb) to low Earth orbit, the program was restructured in
early 1996 to focuson the demonstrationof RLV technologies6 such
as reusable cryogenic fuel tanks and insulation, composite primary
structures, and advanced TPS concepts and materials. OSC, for-
merly teamed with Rockwell International in the initial effort,7 was
selected in June of 1996 to lead the redirected program. An artist’s
concept of the X-34 � ight vehicle is shown in Fig. 1. Compared to
the Shuttle orbiter, the vehicle is relatively small with dimensions
of approximately 58 ft in length, 28 ft in wing span, and 12 ft in
height (measured from the bottom of the fuselage to the tip of the
vertical tail). An illustration of a typical � ight pro� le is shown in
Fig. 2. The vehicle is designed to be air-launchedfrom an L-1011 at
a Mach number of about 0.7, to ignite its 60-klb-thrustbipropellent
(LOX/kerosene) engine, to accelerate to speeds up to Mach 8, to
reach altitudes up to 250 kft, and � nally to coast to a horizontal
landing on a conventional runway.

Analysis Tools
MINIVER

MINIVER8 is a versatile engineeringcode that uses variouswell-
known approximateheatingmethods, togetherwith simpli� ed � ow-
� elds and geometric shapes to model the vehicle. Postshock and
local � ow properties based on normal-shock or sharp-cone entropy
conditionsaredeterminedin MINIVER throughuser selectionof the
various shock shape and pressure options. The calculations can be
based on perfect-gas or equilibrium-air chemistry. Angle-of-attack
(AOA) effects are simulated through the use of either an equivalent
tangent-coneor an approximate cross� ow option.9 The � ow can be
calculated for either two- or three-dimensional surfaces. However,
the three-dimensional effects are available only through the use of
the Mangler transformation10 for � at-plateto sharp-coneconditions.
MINIVER has been used extensivelyas a preliminarydesign tool in
governmentand industryand has demonstratedexcellentagreement
with more detailed solutions for stagnation and windward acreage
areas on a wide variety of vehicle con� gurations.11¡14 The predic-

tion of accurate thermal environments with an engineering code is
certainlybased in part on the experienceof the analyst.A major part
of that experience is the understandingof the code limitations.

LATCH
The LATCH code15 employsan inviscid/boundary-layermethod-

ology that is used to compute laminar and turbulent surface heat-
ing rates on three-dimensional vehicles at AOA. An axisymmetric
analog concept for three-dimensional boundary layers is used in
conjunctionwith a generalizedbody-� tted coordinatesystemand an
approximateheatingmethoddevelopedbyZoby.11;16;17 The LATCH
code requires far less computationalresources than a full boundary-
layer solution. LATCH has been shown to provide accurate results
for both wind-tunnel and � ight conditions15;18¡20 and is described
in detail in Ref. 15.

Inviscid Solutions
For the purpose of this study, the inviscid solutions required

for use with the LATCH code were computed using either the
Data-ParallelLower-UpperRelaxation(DPLUR) method21;22 or the
LAURA23;24 run in the inviscidmode. Use of these two codes,which
take advantage of different computer architectures, allowed solu-
tions to be run concurrently on different machines, generating a
greater number of solutions than would have been possible using
a single computer resource. Both codes utilize rectangularly or-
dered structured grids as required for compatibility with LATCH.
LATCH results for the peak heating condition computed using the
DPLUR and the LAURA inviscid solution are shown to be in good
agreement,19 both with each other and with a detailed viscous thin-
layer Navier–Stokes (N–S) solution computed using LAURA. The
LAURA viscous solution is described in detail in Ref. 25. Previous
heating studies on a wide variety of vehicles including the Space
Shuttle orbiter,26 the LockheedX-33 (Ref. 20), HL-20 (Ref. 27), and
Reentry-F (Ref. 28) have demonstratedthe accuracyof the LAURA
solutions computed for both � ight and wind-tunnel conditions.

Wind-Tunnel Test Techniques
Advances in wind-tunnel test techniques have recently enabled

the rapid acquisition of quantitative global heat-transfer measure-
ments. The method, known as two-color relative-intensityphosphor
thermography, is described in Refs. 5 and 29–31. Ceramic models,
typicallyon the orderof 12 in., can be fabricatedrapidly,and a range
of parameters, including AOA, sideslip, Reynolds number, Mach
number, and control-surface de� ection angle, can be investigated.
For the X-34 heating studies,32 results were obtained using this
technique in the Langley 31-Inch Mach-10 and 20-Inch Mach-6 air
facilities.These facilities are describedin detail by Micol in Ref. 33.
Digital optical measurements allow the rapid processingof data us-
ing Merski’s IHEAT5 code. In addition to the global images avail-
able, spanwise and chordwise cuts can be presented for comparison
with engineering or detailed solutions. Reference 5 reports the un-
certainty levels for the phosphor data obtained in the 20-Inch Mach
6 tunnel to be from 8 to 15%, dependingon the surface temperature.

Flow visualization techniques are also used to complement the
surface heating tests. The oil-� ow technique is used to highlight
surface streamline patterns. For the X-34 a stainless-steel model,
painted black and coated with white pigmented oils, was tested in
both the Mach-6 and the Mach-10 facilities. The Mach-6 facility,
equipped with a schlieren system that shows the density variation
in the � ow� eld, was used to highlight the existing shock patterns.
These techniques, although qualitative in nature, represent an im-
portant contribution to the heat-transfer analyses by highlighting
regions of the vehicle that may require detailed analysis.

TPS Considerations
OSC chosea TPS thatutilizesthermalblanketsover the acreageof

the vehicleand ceramictiles in the stagnationregionsof the noseand
the leading edges. This decision enabled OSC to take advantage of
previously demonstrated TPS technologies and to incorporate ad-
vancements that have improved the operational characteristics of
these systems.3 A chief advantage of the � exible blankets is that
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Fig. 3 X-34 TPS blanket layout.

they can be adhesively bonded to a nonsmooth surface. Also, the
blankets’ insulative characteristics lessen the impact to the struc-
ture because of uncertainties in external heating. However, the
quilted-blanket design presents a fairly rough surface and is more
likely to induce turbulent� ow than would a smoothsurface.Another
issue that may impact vehicle operability,an important program ob-
jective, is the use of blankets in areas of high shear stress. This
technology has not been demonstrated. The TPS layout is shown
in Fig. 3. Three types of blankets are utilized on the X-34 vehicle,
depending on the peak temperatures expected. The � rst, a low heat
blanket (LHB), is used for regions expected to experience temper-
atures no greater than 1500±F. This blanket is similar to the � ight-
certi� edblanketcurrentlyin useon the leewardregionsof theShuttle
Orbiter. The second type of blanket is the high heat blanket (HHB)
designed for reuse at temperatures up to 2000±F. This blanket is
used over the majority of the windward surface. In this blanket, the
Astroquartz fabric and Q-felt insulation of the LHB are replaced
with Nextel 440 and Saf� l insulation, respectively, increasing its
temperature capability. The LHB and the HHB are assumed to be
coated with protective ceramic coating (PCC),34 a high-emissivity
coating designed to improve radiant characteristicsat high temper-
atures. Nomex felt blankets, also known as � exible reusable surface
insulation (FRSI), are to be used in the lowest temperature regions,
up to 700±F (primarily the side fuselage and the upper surface). The
FRSI is coated with a white silicone. SIRCA tiles are used in the
high- temperature stagnation areas. Design and analysis for the tile
regionswereperformedat ARC.2;4 The LaRC effortconcentratedon
the blanketareasof the vehicle.Areas of concernimmediatelynoted
were roughness-induced turbulent heating, the design of the inter-
face between the tile and blanket systems, potential areas of shock
impingement and shock interactions, use of blankets in the high-
shear regions of de� ected control surfaces, the zone of transition of
the fuselage cross section from circular to square, and the vortices
emanating from the strake-fuselagejuncture. The tile/blanket inter-
face design and the blanket performancein high shear environments
were outside the scope of the LaRC effort.

Overview of Aerothermal Approach for TPS Design
This paper details the aerothermal environments prediction pro-

cess as it has been applied to the X-34 effort. In the year and a half
since LaRC began this effort, the thermal environment predictions
have evolvedfrom preliminaryheating estimates limited to the stag-
nation areas and the windward centerline, to an integrated analysis
for 83 representativepoints on the vehicle, including off-centerline
windward, leeward, and side fuselage locations. Prior to the ac-
quisition of any wind-tunnel or computationaldata, an engineering
heating method was employed. The obvious approach would have
been to validate the engineering code results for the X-34 vehicle
prior to implementation. However, this option was not possible be-
cause of the fast pace of the program. As wind-tunnel data became
available,32 comparisons were made with engineering predictions,
and the engineeringmodel was re� ned to reduce the conservatismin
the predictions. An approach that coupled the experimentallymea-
sured heating distributions over the body with the time-dependent
engineering predictions along the centerline was developed. This

methodology was used to make the � rst predictions of the thermal
environments over the acreage of the vehicle.

The program schedule and computational resources limited the
number of detailed N–S heating solutions that could be used to
benchmark the engineering methods. Instead, a coupled inviscid/
boundary-layer method19 was used. More solutions could be ob-
tained along the trajectory because the inviscid/boundary-layer
method requires fewer computational resources than an N–S
method. Inviscid solutions were coupled with an approximateheat-
ing method16 using the LATCH15 code to provide heating distribu-
tions over the surface of the vehicle. The inviscid solutions were
chosen to bound the heating-rate, AOA, freestream Mach-number,
and Reynolds-number ranges over the � ight pro� le, including the
peak heating condition. Finally, the engineering code, MINIVER,8

was used to interpolatetheLATCH-generatedspatialdistributionsin
Mach number, AOA, and Reynolds number over the time of the tra-
jectory. Thus, the time-dependent thermal environments necessary
for TPS design were predicted through integration of wind-tunnel,
detailed computational, and engineering methods. The thermal en-
vironmentswere then providedto the contractor for determining the
acreage TPS requirements.

Preliminary Methodology
The � rst � ight of the X-34 Technology Testbed Demonstrator

was originally scheduled to occur prior to the end of 1998, approx-
imately 2.5 years from the date of the award of the � nal contract.
In this remarkably short time frame a vehicle system needed to be
designed, materials ordered, components manufactured (including
the engine that has yet to be demonstrated), ground facilities built,
operational issues addressed, the vehicle assembled, the carrier air-
craft modi� ed, the vehiclemated, and the vehicle made ready to � y.
The extraordinary pace of this program required that thermal en-
vironments be generated in parallel with design of the vehicle and
development of the � ight pro� le. The lead time required to set up
for manufacture of the thermal blankets for the acreage and the tiles
for the stagnation areas required preliminary de� nition of the TPS
requirements very early on in the program. In light of these con-
siderations, it was necessary to proceedwith conservativeengineer-
ing estimates of the heating environments before any wind-tunnel
data or detailedcomputationswere availableand before a legitimate
� ight pro� le had been determined.

For the preliminary aerothermal predictions the windward cen-
terline calculations were performed assuming sharp-cone entropy
conditions. Flat-plate heating predictions were corrected for three-
dimensional boundary-layer effects only through the use of the
Mangler transformation.In the initial calculationsno attempts were
made to account for cross� ow or regions of high localized heat-
ing due to � ow phenomena such as shock interactions. The high
probability of turbulent � ow resulting from the inherent roughness
of the quilted blanket system coupled with the low-altitude, high-
Reynolds-number trajectory conditions led OSC to make the de-
cision to base the TPS design on fully developed turbulent � ow.
Therefore, the heating calculations were based on turbulent levels.

The initial trajectory used in the calculations was denoted
WAG18D and is presented in terms of Mach number, altitude,
and AOA in Fig. 4. A more detailed discussion of the trajectory
development and analysis is presented in a later section. Of all of

Fig. 4 WAG18D trajectory pro� le.
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a) Stagnation area temperature–time histories

b) Windward centerline peak-heating distribution

c) Experimental heating distributions

Fig. 5 Preliminary aerothermal predictions.

the trajectories examined, the WAG18D was found to be the most
severe in terms of heating rates.A summary of the early engineering
predictionsis presented in Fig. 5. Figure 5a shows the calculatedra-
diation equilibrium temperature time histories for the nosecap and
the leading edges of the strake and wing. The radiative equilib-
rium temperatures are presented throughout this paper to provide a
� rst-order assessment of the TPS selection. The calculationsdo not
includeheat conductionwithin the TPS and thus represent the max-
imum expectedsurface temperature levels. As noted previously, the
nosecap and wing leading edge are constructed of SIRCA tile. An
emissivity of 0.86 is therefore assumed for these areas. Compari-
son with similar calculations35 performed by ARC show reasonable
agreement.Figure 5b shows the peak radiation equilibriumtemper-
ature and the total-heat-load distribution values predicted for the
windward centerline. A constant emissivity of 0.8 is assumed. The
emissivity of the PCC coating used on the blankets varies from
about 0.75 to 0.85 over this temperature range. Even for this se-
vere trajectory case, the centerline heating environments should be
well within the capability of the HHB. The environments provided
to the blanket designers, Oceaneering Space Systems (OSS), were
presented in terms of the heat transfer coef� cient and recovery en-

thalpy time histories and initially included several points along the
centerline.

Figure 5c illustrates typical spanwise heatingdistributionsat sev-
eral x=L stations on the windward surface. These data also were
provided to OSS to aid in the initial blanket design. The laminar
distributions, based on the 0.0153-scale model32 of the X000912
(a pre-outer-mold-line-freeze con� guration), were available for use
in the initial blanket sizing to give some indication of the ratio of
the heating at the vehicle chine relative to that at the centerline.
Experience indicates that, although the local turbulent heating lev-
els will be higher, the ratio of the chine to the centerlineheatingrates
will be reduced in turbulent � ow,36 partially because of the reduced
effectof cross� ow on turbulentheating levels.The 20-degAOA case
was selected because it generally showed the highest heating am-
pli� cation from the centerline to the chine. OSS was able to couple
the predicted centerlineheating time histories with the wind-tunnel
heating data at several spanwise locations to make an initial deter-
mination of the blanket requirements over the windward surface.
The initial blanket sizing and layout by OSS were based on these
initial heating estimates and preliminarywind-tunnelheatingdistri-
butions. Detailed computational solutions were not available until
the outer mold line was frozen.

As additional wind-tunnel data became available, the data were
used to con� rm or modify the present engineering methodology.A
sample of these data from Ref. 32 is presented in Fig. 6. Oil-� ow

a) Oil-� ow pattern (windside view, ® = 15 deg)

b) Schlieren image (side view, ® = 15 deg)

c) Comparison of MINIVER heat-transfer results with experi-
mental data (® = 20 deg)

Fig. 6 Preliminary wind-tunnel results.
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views, similar to that presented in Fig. 6a, showed evidence of
streamlines turning inward toward the model centerline (in� ow) at
AOA of 20 deg and lower. This result suggested that Baranowski’s
cross� ow method9 be modi� ed to account for the thickening of
the boundary layer along the centerline due to in� ow. This mod-
i� cation has been shown to provide fairly good agreement with
more detailed methods on vehicles such as the X-33 (Ref. 20).
Schlieren views, such as that illustrated for a 15-deg AOA case
in Fig. 6b, show a relatively strong conical shock, thus con� rm-
ing the choice of sharp-cone entropy for the engineering analysis.
Figure 6c shows a typical windward centerline experimental heat-
ing distributionnormalizedby a referenceFay–Riddell37 stagnation
point value. These data show clear evidenceof transitionat approxi-
mately x=L D 0:25.The resultsof the MINIVER heatingpredictions
are shown to be in good agreement with the laminar and turbulent
experimental data. The � ight thermal environments were updated
to re� ect the modi� ed methodology and recomputed. The change
in maximum temperatures and total heat loads from the initial esti-
mates were insigni� cant, and no modi� cation of the blanket sizing
was required. Although wind-tunnel tests often cannot match the
actual � ight Reynolds-number conditions or � ow chemistry, com-
parisons such as that shown in Fig. 6c validate the analysis tools,
which can then be applied to actual � ight conditions.

Final Methodology
Trajectory Considerations

The rapidpaceof the X-34programrequiredtheenvironmentpre-
dictions to be updated repeatedly as the vehicle con� guration and
trajectory were developed. All trajectories discussed herein were
generated by OSC. The initial trajectory (WAG18D), available in
July of 1996 and shown in Fig. 4, was based on a three-degree-
of-freedom analysis (control de� ection and trim requirements not
considered) using the vehicle weight and performance available at
that time. The maximum Mach number is about 9.3, and the max-
imum AOA is 25 deg. An updated trajectory pro� le, designated
the DRM2, was made available at the Systems Requirements Re-
view early in the fall of 1996. This trajectory, illustrated in Fig. 7a,
reached a Mach number of only about 7.4 with the same maximum
AOA (25 deg), indicating either reduced vehicle performance or a
change in mission requirements.One feature noted in each of these
early trajectorieswas the“bounce”that occursat an altitudeof about
110–120 kft. Once the outer mold line was frozen in December of
1996, higher-� delity trajectoriescould be developed.As part of this
effort, a guidance system had to be designed. OSC elected to elimi-
nate the bounce in the trajectory in order to reduce the demands on
the guidance system. The two trajectories shown in Figs. 7b and 7c
are designatedthe X1004601and the X1004701trajectories,respec-
tively. The altitude-time histories clearly show that the bounce has
been successfully eliminated from both. Similar to the DRM2, the
X1004601 has a peak Mach number of 7.4 and a maximum AOA of
25 deg. The X1004701, on the other hand, has a peak Mach number
of 8.6 and a maximum AOA of 30 deg. It would be expected that the
latter trajectorywould yield the more severewindwardheatingenvi-
ronmentwith a possiblereductionon the leeward side becauseof the
increasedAOA. However, at the requestof OSC, LaRC providedall
thermal environments based upon the X1004601 � ight conditions.
Possible reasons for OSC’s initial selection of this trajectory to be
used for blanket design are discussed in this section.

Figure 8 illustrates a comparison of the four trajectories in terms
of reference heating levels. The reference levels are based on a
Fay–Riddell calculation of the stagnation heating to a 1-ft sphere,
corrected for a hot wall. These results indicate that the original tra-
jectory(WAG18D)wouldprobablysubjectthevehicleto the highest
temperatures, requiring more extensive use of the high-temperature
blankets, whereas the X1004701 would result in the greatest heat
loads, possibly requiring greater TPS thickness. The peak heating
levels for all of the newer trajectories are similar and signi� cantly
lower than those for the initial design trajectory.

Hot wall heating results presented in Fig. 9a show that the
X1004701 trajectory presents somewhat more severe environments
than the X1004601. A cold-wall heating comparison, presented in
Fig. 9b for the same trajectories, suggests the opposite conclusion.

a) DRM2

b) X1004601 (TPS blanket design trajectory)

c) X1004701

Fig. 7 Trajectory pro� les.

Fig. 8 Reference heating-rate comparisons for the design trajectories.

Trajectory codes such as POST38 typically use a cold-wall heat-
ing indicator, and it is likely that these cold-wall results led to the
OSC decision to base the blanket design on the X1004601 trajec-
tory. Obviously, for � ight conditions similar to those for the X-
34 where the ratio of the wall enthalpy to recovery enthalpy is
fairly high (approximately 0.4), the hot-wall heating rate would
be a more appropriate parameter for use during trajectory devel-
opment. This observation, together with the information required
to assess the differences in the hot-wall heating levels for the
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a) Hot-wall reference heating-rate time histories

b) Cold-wall reference heating-rate time histories

c) Windward-centerline peak-temperature distributions

d) Windward-centerline peak-heat-load distributions

Fig. 9 Heating comparison of the X1004601 and the X1004701 trajec-
tories.

X1004601and the X1004701 trajectories,was provided to the cont-
ractor.

Figures 9c and 9d illustrate the peak temperature and heat-load
distributions, respectively, along the windward centerline for the
two TPS design trajectories used: X1004701 and X1004601. Sim-
ilar to the results shown for the reference heating (hot-wall), the
temperatures and the loads are generally greater for the X1004701
trajectory than for the X1004601.

Table 1 LATCH solutions

AOA, Mach Pqref (hot),
Time, s Case # deg number Re1 /ft Btu/ft2-s

145 7 9 6 1:9 £ 104 3.0
152 4 11 6.83 1:4 £ 104 3.1
330 1a 23 6.32 2:8 £ 105 8.3
340 5a 15.22 6 3:6 £ 105 7.3
355 3 8 5.8 3:8 £ 105 6.5
578 6 6.48 3.6 7:5 £ 105 0.9
334 8b 20.3 6.17 3:2 £ 105 7.8

aViscous solutions available.
bAdditional LATCH solution obtained to check interpolation validity.

Table 2 Trajectory application of LATCH solutions for interpolation

Pqref
AOA, Mach range (hot),

Time, s Case # deg number Re1/ft Btu/ft2-s

0–137 6 4–14 0.7–5.2 3 :0 £ 104–1 :5 £ 106 0.1–2.5
145 7 9 6 1:9 £ 104 3.0
150–240 4 10.5–11.1 6.7–7.3 1 :1 £ 103–1 :5 £ 104 0.9–3.2
242–331 1 23–25 6.3–7.3 1 :1 £ 103–2 :8 £ 105 0.9–8.3
340 5 15.22 6 3:6 £ 105 7.3
355 3 8 5.8 3:8 £ 105 6.5
578–714 6 6.6–5.5 1.6–3.5 7 :7 £ 105–8 :5 £ 105 0–0.9

Flow Condition Selection and Application
For trajectoryand TPS trade studies an ef� cient approachmay be

to produce a large number of aeroheating solutions over a range of
Machnumber,Reynoldsnumber, and AOA. For a speci� c trajectory,
interpolation of the resultant heating database should be suf� cient.
The available time and resources precluded use of that approach
here. The data set was limited to six solutions. The � ight condi-
tions were selected along the X1004601 trajectory at the request of
OSC. Engineering judgment was required to choose the appropriate
application of this solution set over the trajectory.

The trajectory points chosen (given by case numbers) and the
associated parameters are listed in Table 1. Case 2, not shown, was
not used to anchor the engineering results because the inviscid so-
lution was based on a coarser grid than case 1, which was computed
for the same trajectory condition. LATCH solutions were available
at all conditions, whereas N–S solutions were available only for
cases 1 and 5. Case 8, discussed later in the paper, was used as a
check case to verify the interpolation scheme. Cases were selected
to include the peak heating on ascent and descent and to represent
variations in AOA and an appropriate range of Reynolds numbers.
Figure 10 shows the time historiesof altitude(Fig. 10a), Mach num-
ber (Fig. 10b), AOA (Fig. 10c), Reynoldsnumberper foot (Fig. 10d),
and reference heating rate (Fig. 10e). The trajectory times selected
for theLATCH (inviscid/boundarylayer) solutionsarenotedoneach
plot, as are the times at which the viscous solutionswere generated.
Because the majority of the high-heating portion of the trajectory
has a small variationin Mach number and the � ow state is de� ned to
be turbulent, the primary in� uenceon the heat-transferdistributions
is the AOA. As shown in Fig. 10c, the AOA range is captured fairly
well over the high heating portion of the entry (Fig. 10e). The point
at 330 s (23 deg) should adequately represent the peak heating to
the windward surface while that at 355 s (8 deg) should represent
the highest heating on the leeward surface because of the low AOA.
The case at 340 s (15 deg) provides heating distribution de� nition
where the AOA is changing rapidly.

TPS sizing required computations to be performed at small time
increments throughout the trajectory. A time step of 2 s was found
to provide suf� cient accuracy to de� ne the changes in temperature
experienced on the design trajectory.Referring to Fig. 10e, the ma-
jority of the heating will occur between 100 and 600 s making the
case selection before and after those times less critical. Wherever
a solution was available, it was applied. Table 2 lists the trajectory
times at which the six solutioncases were applied.Additionally,this
table lists the corresponding range of AOA, Mach, and Reynolds
numbers. In the time from 100 to 600 s, AOA was given priority in
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a) Altitude

b) Mach number

c) ®

d) Re 1 /ft

e) Cold-wall reference heating rate

Fig. 10 X1004601 trajectory pro� le.

case selection. Comparison of the conditions in Table 2 with those
in Table 1 for the design cases shows that Mach numbers generally
did not vary signi� cantly from the design point used. In some cases
Reynolds number is seen to vary substantiallyfrom the design case.
However, because a fully turbulentboundary layer was assumed for
all heating distributions this variation was not considered critical.
Where two times are listed, the distributionswere held constant (but
not theMINIVER reference). Times weregenerallychosensuch that
the � ight AOA correspondedto those of the detailed solutions, thus
allowing linear interpolation from one time step to the next.

Code Validation
Comparisons are presented in this section to demonstrate the

validity of the more detailed techniques, as well as to further
demonstratethe applicabilityof the MINIVER code.Several � gures
are used for the sake of clarity. Initially, the data are compared to the
MINIVER predictions.Then the MINIVER results are compared to
the LAURA and to the LATCH results, respectively. Finally, com-
parisons of the predicted results are made at a � ight-test condition.

All engineeringpredictions shown here are made using the mod-
i� ed methodology as described in the Preliminary Methodology
section. In Fig. 11 the MINIVER engineering predictions for the
windwardcenterlineof a 0.0183-scaledX-34 modelat a wind-tunnel

condition of Mach 6, an AOA of 15 deg, and unit Reynolds number
of 7.9 million are compared to thermographic phosphor data32 and
analyticalpredictions.19;25 In Fig. 11a the MINIVER predictionsare
comparedwith the thermographicphosphordata where transition is
evidentat an x=L of approximately0.25.Both laminar and turbulent
MINIVER solutions are shown. Once again the data are presented
in the form of h=hFR. Good agreement with the data is evident for
both the laminar and turbulent results. MINIVER’s overprediction
of the laminar results in the forward portion of the body is expected
and results primarily from the use of sharp-cone entropy condi-
tions in this region where the streamlines are likely to have passed
through a higher angle shock, characterizedby higher entropy con-
ditions. In Fig. 11b the MINIVER calculations are compared with
the LAURA solutions.Once again good agreement is noted, partic-
ularly downstream where sharp-cone entropy is most appropriate.
Finally, in Fig. 11c the MINIVER predictions are compared with
those from the inviscid/boundary-layersolutionof LATCH. Reason-
able agreement is demonstrated once again, although it is apparent
by comparisonwith Fig. 11a that the LATCH solutions tend to over-
predict the data and the viscous solutions (Fig. 11b) at centerline
stations downstream of approximately x=L D 0:6. The difference
appears, however, to be less than 10% for the turbulentcomparisons
and suggests some conservatism in the LATCH-based predictions.
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a) Experimental data (thermographic phosphor)

b) LAURA viscous results

c) LATCH results

Fig. 11 MINIVER results compared at wind-tunnel test condition.

Figure 12 presents the MINIVER engineering prediction of
turbulent heating rates along the windward centerline for the
full-scale vehicle at the peak-heating � ight condition (t D 330 s)
on the X1004601 trajectory. Downstream of the 200-in. station,
where the sharp-cone-entropyassumptionis more appropriate,good
agreement is shown with the LAURA and LATCH results.

A MINIVER-generated radiation equilibrium temperature–time
history is shown in Fig. 13 for a representativelocationon the wind-
ward centerlinefor the X1004601trajectory.The LATCH-generated
values are shown for comparison. Even without adjustment, the
MINIVER predictionof the temperatures is in excellent agreement
with the LATCH predictions.Where any noticeable differencesex-
ist, MINIVER tends to overpredict and results in the conservative
estimatesdesired.Particularlyin regionsof steep temperaturegradi-
ents, the LATCH and MINIVER computed temperaturesdiffer.The
LATCH equilibriumwall temperatureswere computedat a giventra-
jectory time. For this study the time historysolutionsgeneratedwith
the MINIVER code used the equilibriumwall temperature from the
previous time step, previouslynoted to be small. Thus, this solution
procedureresultsin slightdifferencesin the temperaturevalues.This
case is typicalof the MINIVER/LATCH agreementshown along the
windward centerline for stations downstream of the nose region.

Comparisonsof the MINIVER predictionswith wind-tunneldata
and detailed solutions at � ight conditions suggest that the modi-

Fig. 12 MINIVER/LAURA/LATCH predictions compared at � ight
condition (case 1).

Fig. 13 MINIVER temperature comparison with LATCH results.

� ed heating methodology yields heating rates that are somewhat
conservative over the forward portion of the vehicle but predict
the environmentsover the remainder of the acreagewith reasonable
accuracy. This conservatism, in combination with the more severe
trajectory originally considered, suggests that the blanket TPS de-
signed using the original environments provided and the WAG18D
trajectoryshould be suf� cient to handle both the maximum temper-
atures and total heat loads associated with the re� ned trajectories
now available.

Coupled Procedure
The sixLATCH solutionsidenti� ed in Table1 wereused to anchor

the engineeringresults.The engineeringsolutionswere then used to
interpolatein time to providethe requiredaerothermalenvironments
at 83 body locations. The body locations examined were carefully
selected to include regions of high heating, e.g., shock–shock in-
teractions and imbedded vortices. The aerothermal environments
were provided to the contractor in the form of time-dependent
heat-transfer coef� cients and recovery enthalpies (adiabatic wall
enthalpies) like those shown in Fig. 14. These time-dependentenvi-
ronments were used to size the blankets, and the split-line locations
for the different blanket materials (HHB, LHB, and FRSI) were de-
termined using results from the detailed solutions.19;25 The grid for
the detailed solutions did not model TPS roughness, and thus po-
tential increases in the turbulentheating were not determined in the
detailed calculations.Therefore, the possible heating augmentation
because of surface roughness was not included in the engineering
results.

Centerline Adjustments
Figure 15 shows a typical comparison of MINIVER and LATCH

heat-transfercoef� cients for the windward centerline.This particu-
lar � gure shows the heating comparison at 330 s on the X1004601
trajectory.Plots such as this were used to determine the factors nec-
essary to correct the MINIVER prediction to match the LATCH
value. The ratio of hcl (the LATCH value) to hmin (the MINIVER
prediction) was determined for 14 locations along the windward
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Fig. 14 Typical heat-transfer-coef� cient and recovery-enthalpy time
histories for blanket design.

Fig. 15 MINIVER/LATCH windward-centerline heat-transfer coef� -
cient comparison for peak heating case (case 1).

Fig. 16 Typical turbulent circumferential heating distributions from
LATCH.

centerline from a point approximately 15 in. aft of the nosecap to
approximately 560 in., which is the farthest aft location for which
a LATCH solution was calculated.This procedure was repeated for
each trajectoryconditionforwhicha LATCH solutionwas available,
a total of six in this case.

Off-Centerline Adjustments
Once theadjustmentfactorsweredeterminedfor thecenterline,an

additional correction had to be determined to adjust the predictions
to match the heatingdistributionsat locationsaway from the center-
line. Figure 16 presents typical circumferentialheatingdistributions
for three different times along the X1004601 design trajectory rep-
resenting AOA of 8.0, 15.2, and 23 deg. The data are presented as
an h=hcl distribution for a cut plane19 located at an axial station
of 350 in. The increasing in� uence of in� ow with reduced AOA is
evidencedby the correspondingincrease in heating ampli� cation at
the most outboard locations. For each solution and each cut plane
factors were evaluated at a suf� cient number of spanwise locations
to adequately de� ne the distribution (typically three to � ve points)
such that linear interpolationbetweenpointswould yield reasonable

agreementwith the detailedsolution.For each cut plane the location
of maximum heating was selected as one of these locations. This
selection ensured that the peak temperature would be captured for
blanket TPS design. The h=hcl factors and the centerline factors
(hcl=hmin ) were used to determine the required MINIVER adjust-
ment factor. The local heat transfer coef� cient h was calculated
using the following equation:

h D hmin £ .hcl=hmin/ £ .h=hcl/ (1)

where hcl=hmin is evaluated at the appropriate centerline location,
h=hcl is evaluated at the desired spanwise position along the cut
plane, and hmin is calculated as a function of time using standard
engineeringtechniquesin MINIVER. Thus, a MINIVER-generated
centerline heating-rate time history could be corrected to yield the
time-dependent thermal environment for any point on the body for
which the appropriate set of factors has been determined.

Results
In this section, several radiation-equilibriumtime histories will

be presented. As noted previously, the calculated temperatures are
presented only to provide an assessment of the TPS selection. The
calculations do not include heat conduction within the TPS, and
thus represent the maximum expected surface temperature levels.
The locations for the calculationsinclude the windward and leeward
surfaces as well as the side surface. As previously noted for the
selection of the 83 body points, attention was given to selecting
body points in regions of high localized heating.

a) Windside view (case 1)

b) Leeside view (case 3)

c) Side view (case 5)

Fig. 17 Body point locations for time-dependent environment calcu-
lations (LATCH temperature contours, ±F).
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Analysis Locations
Figure 17 shows the locations (standard body-oriented x , y, z

coordinate system with the x-axis origin at the nose; the y axis
oriented out the starboard wing; and z de� ned by the right-hand
rule) selected for calculation of the time-dependent aerothermal
environments. The locations are superimposed on windward, lee-
ward, and side views of the X-34 vehicle.LATCH results19 are indi-
cated in terms of temperaturecontours.Fifty-two windside locations
were chosen based on the peak-heatingcase, case 1 (Mach D 6:32,
AOA D 23 deg, time D 330 s), and are shown in Fig. 17a. They in-
clude locations on 14 cut planes. Points along the cut planes were
selected such that linear interpolation between the points would
generally yield a fair representation of the results. Two additional
points on the centerlineof the unde� ected body � ap were calculated
(x D 630 and 660 in.) but not shown because the LATCH solution
did not extend to that region.

Comparison of all of the LATCH solutions con� rmed that case 3
(Mach D 5:8, AOA D 8 deg, time D 355 s) represented the worst-
case heating on the leeward surface, primarily because of the low
AOA at relatively high-referenceheating levels. Shown in Fig. 17b,
superimposed on the LATCH results for case 3, are the locations
of the 22 leeward points for which time histories were provided.
These included eight points on the wing, two on the strake, and the
remainderon the fuselage.No pointswere providedfor the de� ected
elevons, apparent in Fig. 17b at roughly the 530-in. station.

Time-dependentenvironmentsat additional locations on the side
of the fuselage also were provided. These locations are marked
on Fig. 17c, which also shows the LATCH temperature contours
for case 5 (Mach D 6, AOA D 15.22 deg, time D 340 s). An area
of particular concern is the juncture where the rounded forward
fuselage transitions to the square cross section, given by x and z
locationsof approximately400 and 50 in., respectively.This area is
protected by the LHB (see Fig. 3).

Windward Surface Heating
Windside time-dependent aerothermal environments have been

calculated for a total of 52 points. Typical results, presented in the

a) Cut plane: 15 in.

b) Cut plane: 70 in.

c) Cut plane: 350 in.

d) Cut plane: 450 in.

Fig. 18 Typical windside temperature–time histories.

form of radiation-equilibriumtime histories, are shown in Fig. 18.
Figures 18a–18d represent calculations at four representative cut
planes: x D 15, 70, 350, and 450 in. As can be seen in Fig. 17a, the
two forward cut planes lie entirely on the fuselage,whereas the two
aft cut planes include points on the strake and wing, respectively.
The trendsin the time historiesaregenerallyconsistent:the outboard
locationstracking the centerlineresults but with some ampli� cation
in heating. This ampli� cation is particularly evident on the 450-in.
cut planenear the leading edge of the wing (Fig. 18d). Assuming the
radiation-equilibrium temperaturesprovide a conservativeestimate
of the surface temperature, the multiuse temperature limit of the
HHB selected for use over this region (Fig. 3) is not exceeded for
any of the points calculated.

Leeward Surface Heating
Time-dependentaerothermal environments have been calculated

for a total of 22 points on the leeside of the vehicle. Figure 19 il-
lustrates typical time-dependent results for this surface at four cut
planes: x D 15, 70, 350, and 450 in. Once again, the two forward cut
planes lie entirely on the fuselage, whereas the two aft cut planes
include points on the strake and wing, respectively. As expected,
maximum temperatures are shown to be signi� cantly lower on the
lee surface than those seen previously on the windward surface
(Fig. 18). The occurrence of peak heating on the leeward surfaces
is delayed slightly from that on the windward surface. Unlike the
windward surface, heating on the leeside lags the peak reference
heating slightly and occurs as the AOA drops rapidly. The charac-
ter of the heating on the leeward surface also differs from that on
the windward surface in that the heating, although not as high in
magnitude, does not drop off as rapidly after peak heating. As can
be seen by comparing the blanket layout in Fig. 3 to the analysis
locations shown in Fig. 17b, all of these locations [with the excep-
tion of the point on the 450-in. cut plane near the leading edge of
the wing (SIRCA) and the centerline locations on the 350- and the
450-in. cut planes (FRSI)] are protected with the LHB, which has
a maximum-use temperature of 1500±F. Upon the examination of
the time histories in Fig. 19, this temperature appears unlikely to
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a) Cut plane: 15 in.

b) Cut plane: 70 in.

c) Cut plane: 350 in.

d) Cut plane: 450 in.

Fig. 19 Typical leeside temperature–time histories.

be exceeded at any of these locations. Even the point near the lead-
ing edge of the wing on the 450-in. cut plane exceeds 1500±F only
slightly (Fig. 19d). The SIRCA tile at the leading edge should be
suf� cient to accommodate this thermal environment.

The majority of the lee surface of the wing is to be protected
by FRSI as is the aft portion of the leeward fuselage. Figure 20
illustrates the radiation-equilibrium time histories for two locations
on the leeward surface of the wing. Both points appear to exceed

Fig. 20 Typical leeward-wing temperature–time histories.

Fig. 21 Typical side-surface temperature–time histories.

the FRSI capability of 700±F. However, at the time of this study the
TPS had not been laid out in suf� cient detail to determine whether
the locations (shown in Fig. 17b) in question would be protected by
FRSI or LHB. The information provided enabled OSC to adjust the
split lines if necessary. The centerline locations on the 350- and
the 450-in. cut plane (mentioned previously) do appear to lie within
the region protected by FRSI. The predictions shown in Figs. 19c
and 19d, respectively,for thesepoints show maximum temperatures
just within the FRSI capability.

Side-Surface Heating
Time-dependent aerothermal environments also have been cal-

culated for seven side-surface locations, including a point at the
395-in. cut plane where the body cross section transitions from cir-
cular to rectangular. Figure 21 illustrates some typical results for
the side fuselage. Except for the fuselage transition zone, the peak
temperatures along the fuselage aft of 300 in. are in the 750–850±F
range. With this result and the blanket distributionshown in Fig. 3,
the fuselage regions that are protected by FRSI are likely to exceed
the blanket temperature capability. The LHB used at the transition
zone would be suf� cient to withstand the maximum temperatures
(approximately 1030±F) shown in Fig. 21.

Interpolated Result Veri� cation
An additional LATCH inviscid/boundary-layersolution was cal-

culated to test the validity of the interpolation scheme used to es-
tablish the time-dependent aerothermal environments shown here.
The test case, identi� ed as case 8 in Table 1, was computed for the
� ight condition at 334 s on the X1004601 trajectory. An inviscid
solution at a Mach number of 6.17 and an AOA of 20.3 deg was
used as input to the LATCH code to establish turbulent heating lev-
els over the vehicle. Figure 22 shows some representative heating
time histories as predicted using the techniques described in this
paper. The predictions are shown for three points along the 350-
in. cut plane, including the windward and leeward centerline and
a point near the leading edge of the strake. The predicted heating
rates and radiation-equilibriumtemperaturesare shown in Figs. 22a
and 22b, respectively. The results of the new LATCH solution at
334 s are also shown. Differences in heating rates of less than 10%
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a) Heating rates

b) Temperatures

Fig. 22 Veri� cation of MINIVER interpolation process.

are noted. The correspondingdifferences in temperature are signif-
icantly lower, less than 2%. Heat-transfer-coef�cient discrepancies
(not shown) were noted to be less than 3%. Similar results were ob-
servedfor all other points examined.As notedpreviously,part of the
disagreementis introducedsimplybecausethe radiationequilibrium
temperature computed along a trajectory will not be equivalent to
one computed at a constant freestream condition. The interpolated
results are shown to compare well with the LATCH solution gen-
erated at the additional � ight condition, demonstrating the validity
of the approach used in this study. Thus, the techniques employed
here enablepredictionof time-dependentaerothermalenvironments
with a suf� cient degree of accuracy for TPS design.

Concluding Remarks
This paper has described the methodologyby which the aerother-

mal environments for the X-34 have been predicted in suf� cient
detail to allow design of the TPS such that the survivability,as well
as the reusability, of the � ight vehicle is ensured to a high degree
of certainty. Initial estimates of the aerothermal environments,pro-
vided before any wind-tunnel or detailed computational data were
available, are shown to be conservative. Engineering results, val-
idated against both experimental data and viscous N–S solutions,
demonstrate good agreement. A combination of engineering meth-
ods, coupledwith inviscidCFD solutions,is used to generatethe de-
tailed time-dependentenvironmentsover the surface of the vehicle.
The interpolatedengineeringvalues are shown to be in good agree-
ment with the more detailed results. However, the selection of the
cases for detailed solutions is critical to the success of the interpola-
tion. In particular, the AOA and Mach-number conditions must be
matched adequately, and the conditions of peak windward and lee-
ward surfaceheatingmust be captured.Selectionof the peakheating
conditions based on a cold-wall value has been demonstrated to be
inappropriate for vehicles such as the X-34 that operate in � ight
regimes where the recovery-to-wall-enthalpyratio is signi� cant.

The aerothermal results presented in this paper have been used
to design and size the blanket TPS on the X-34. The method de-
scribedwas formulatedto take optimal advantageof the strengthsof

the engineeringand experimental techniques together with those of
the detailed � ow� eld codes. Minimal computational resources and
time were required to provide suf� ciently accurate, time-dependent
aerothermal environments to design the X-34 blanket TPS. This
method easily could be automated and applied to many of the fast-
paced programs that are typical in today’s design environment. In
doing so, the conservatism inherent to any TPS designed using en-
gineering methods alone could be reduced, potentially decreasing
the vehicle weight and improving the payload capability.
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