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The thermal protection system on the windward side of the Lockheed Martin X-33 technology demonstrator
vehicle consists largely of metallic panels. As the vehicle travels through the Earth’s atmosphere at hypersonic
speeds, thermal gradients between the top and bottom face sheets of the honeycomb panels cause them to bow.
This study uses Navier-Stokes flow analysis to assess the effects of panel bowing on the surface heating of the
vehicle. Analysis is performed at key locations on the design trajectory. A series of surface heating augmentation
factors are presented that provide the increase or decrease in heating rate as a function of bow height. The existence
of reverse flow at the panel interfaces because of panel bowing is demonstrated.

Nomenclature

diffusion coefficient, m?/s

specific enthalpy, J/kg

molar mass, kg/mole

Mach number

= heat flux, W/cm?

= Universal Gas Constant, 8.3144 J/mole-K
= boundary-layer-edgeReynolds number
temperature, K

velocity, m/s

bifurcation mass fraction

recombination coefficient

emissivity

direction normal to vehicle surface

= thermal conductivity of gas, W/m-K

= density, kg/m’

= Stefan-Boltzmann constant, 5.667¢—8 W/m?-K*
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Subscripts
s = species
w = wall

Introduction

HE X-33 vehicle is a half-scale single-stage-to-orbt (SSTO)

reusable launch vehicle (RLV) technology demonstrator be-
ing built under a cooperative agreement between Lockheed Mar-
tin and NASA. The vehicle is 20.4 m long and 20.7 m wide and
has a gross takeoff weight of 600,600 kg. It is powered by two
liquid-hydrogendiquid-oxygenlinear aerospikeengines. Scheduled
for first launchin 2000, the X-33 will demonstratethe enablingtech-
nology to constructa full-scale SSTO RLV! in the early part of the
21st century.
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The thermal protection system (TPS) on the Space Shuttle or-
biteris ceramic-basedand requires significant maintenancebetween
flights. The X-33 vehicle will use a metallic TPS, the first time a
metallic system will be used on a flight vehicle. The metallic system
was chosen because of its durability, moisture resistance, and lower
life-cycle costs with respect to existing ceramic tile designs. The
metallic TPS is designed to be reusable, low weight, low mainte-
nance, and of sufficient strength to accommodate the aerodynamic
and thermal loads encountered during ascent and reentry. There are
two types of metallic systems being employed on the X-33, one
made from PM-1000>* and the other from INCO 617.* Both are
of similar construction, with the PM-1000 material reserved for
the higher temperature areas of the vehicle.

The TPS layout on the windward surface of the X-33 is shown
in Fig. 1. Each TPS panel consists of outer and inner metallic face
sheets surrounding a metallic honeycomb core. Beneath the inner
face sheetis alayerof insulationcontained withinan Inconelfoil bag
that is attached to the back of the honeycomb panels. The insulation
is sized to maintain the vehicle substructure and tank insulation be-
low 450 K. The TPS panels are attached to the vehicle substructure
via a standoff at each corner of the panel. The honeycomb construc-
tion and geometry is typical of that found on existing commercial
and military aircraft; however, the material gauges are somewhat
smaller to minimize weight.

The honeycomb materials were selected based on their strength
and creep properties at high temperatures. However, one problem
inherent to honeycomb panels is bowing caused by thermal gra-
dients. The equivalent thermal conductivity of honeycomb panels
is generally poor, consequently, when heated from one side, there
can exist large thermal gradients through the panel. The aeroheat-
ing rates occurring on the X-33 during ascent and descent are high
enough to produce gradients on the order of 170220 K through the
panel. Increasing the honeycomb facesheet temperature produces
an in-plane expansion of the facesheet material. When the temper-
ature of the inside facesheet lags that of the outer, there will also be
a similar lag in the facesheet expansion. This nonuniform expan-
sion of the honeycomb facesheets causes the panel to bow. When
the temperature of the outer facesheet is greater than that of the
inner facesheet, the panel bows in the outward direction. When the
temperature of the inner facesheet is higher than that of the outer
facesheet, the panel bows inward.

Panel bowing, into and out of the local flowfield, results in a
change to the local heating rates. Depending on the location on
the panel and whether the panel is bowing inward or outward, the
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Fig. 1 X-33 windward surface TPS configuration.

heating rate and surface temperature can increase or decrease from
the nominal value. This study uses Navier-Stokes computational
fluid dynamic (CFD) analysis to determine heating amplification
factors for various levels of panel bowing. These factors are applied
to the undeflected heat rates to determine the panel temperatures
during flight. The heating augmentation factors, along with the
acreage aerothermal CFD analysis from Ref. 5, are used to gen-
erate the aerothermal database that was used to design the TPS of
the X-33 vehicle The panel bowing data are also used by Kontinos
and Palmer’ in a more rigorous investigation of the metallic TPS
panel bowing phenomenon that includes the entire panel-lattice-
substructure stackup.

Methodology

The flow solutions are computed using GASP version 3 (Ref. 8).
GASP is an established commercial Navier-Stokes flow solver that
has been applied to a wide array of internal and external flow
problems.’~'? Solutions using GASP have been validated against
Space Shuttle flight data’'? and have also been applied to generate
the aerothermodynamic CFD solutions used in the design of the
X-33 vehicle> GASP solves the full Navier-Stokes equations that
model the conservation of density, momentum, and energy using a
variety of differencing schemes. It has a number of built-in chem-
istry and turbulence models and uses dynamic memory allocation
to reduce run-time memory requirements.

Third-order spatially accurate van Leer flux-vector splitting® is
used to difference the inviscid fluxes. Viscous terms are evaluated
in all three coordinate directions. A five species, finite-rate, re-
acting gas, air chemistry model is used for all computations. The
reaction-rate model is that of Park.!® The species specific heats and
enthalpies are obtained by assuming the internal energy modes are
in translational,rotational, and vibrationalequilibrium. Species vis-
cosity is obtained using Blottner curve fits.'* Species thermal con-
ductivity is calculated using Eucken’s relation.!> Mixture viscosity
and thermal conductivity are obtained using Wilke’s mixing rule.'
Species diffusionis assumed to be binary. The diffusion coefficients
are obtained by assuming a constant Schmidt number. The turbulent
flow solutions use the Baldwind.omax turbulence model'” with a
correction for compressibility effects.

The surface temperature is computed by solving an energy bal-
ance at the vehicle surface!:

0 o 0Z,
K— + Y pDh—2 = ccT* 1)
arl arl w

s=1

For the calculations presentedin this study, a constantemissivity of
0.851s applied to the entire configuration. A more rigorous analysis
of the panel-bowing phenomenon that includes in-depth conduction
into the TPS stack-up is presented in Ref. 7.

The species diffusive flux is modeled using first-order reaction
rates'!:

D ac.)‘ RTIU (2)
PslUs pPLs or Ps Vs 2717M)

The wall is assumed to be fully catalytic,and so y, = 1.

The computations were performed axisymmetrically using the
windward centerline as the defining curve. The surface and volume
grids used by the Navier-Stokes flow solver are generated from
IGES geometry data using the GRIDGEN'® grid generator. The
X-33 analysispresentedin this paper focuseson the forebodyregion
of the vehicle. A hyperbolic tangent function is used to distribute
grid points normal to the body surface. The first grid spacing off the
body surface is set to 1.0e—6 m. The flow problems investigated
in this study are axisymmetric, but the flow solver is three dimen-
sional so three-dimensionalgrids are generated with two symmetric
circumferential planes. The OUTBOUND feature of the SAGE"
adaptive grid code is used to conform the outer boundary of the
grids to the shape of the bow shock wave.

There are certain limitations and assumptions inherent in this
work. The bowed-panel geometries used in the parametric CFD
analysis are generic in nature. The actual shape of the bowed pan-
els on the X-33 vehicle will be different than the simplified con-
figurations used in this study. Another uncertainty resides in the
axisymmetric assumption. This assumption is made because of
resource and schedule limitations, but the actual flow will have
a three-dimensional crossflow component. Generally speaking, a
two-dimensional object, such as a cylinder, will experience slightly
less heating than its three-dimensional counterpart,a sphere. How-
ever, results from Ref. 7 indicate that the computed streamwise
heating-rate profile along the center of a three-dimensional panel is
the same shape as that produced by the axisymmetric solution, and
the maximum and minimum values are of similar magnitude for a
given bow height.

Results
Computations for the X-33 panel bowing analysis are performed
at the trajectory points shown in Table 1. The 353-s point is the
expected peak laminar heating-rate point. The 392-s point, when
the vehicle is traveling at Mach 10, is a conservative estimate of the
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Table 1 Freestream conditions

Altitude, Density, Angle of
Time, s km kg/m® Mach attack
353 534 6.8le—4 11.4 35.8
392 49.6 1.08¢—-3 10.0 20.0
465 45.0 1.90e—-3 8.5 16.4

earliest trajectory point where the vehicle may experience turbulent
flow overmostofits surface. This assumptionis based on freestream
Reynoldsnumber and experimental Re o/ Ma correlations. The 465-s
pointis the expected point of peak negative panel bowing.

Panel Bowing: Comparison with Experiment

Tests were conducted in the NASA Langley Research Center 8-
FootHigh Temperature Tunnel ata Machnumberof 6.5 to determine
the surface heating effects of spherical protruberances mounted on
a flat-plate test apparatus 2’ The purpose of the experiment was to
simulate the effects of a thermally bowed metallic TPS tile. The
experimental configuration is very similar to that used in this study,
and so an attempt was made to reproduce the experimental results.

Computations are performed for dome heights of 0.005 and
0.01 m. The diameter of the dome is 0.3556 m. The domes are in-
strumented with pressure transducersand thermocouplesto provide
pressure and heat flux data. Boundary-layer probe measurements
confirm that the undisturbed flow over the test apparatusis laminar.
Turbulent data are also obtained using flow trips located 0.13 m aft
of the 0.01-m-radius blunt leading edge.

The test gas consisted of the combustion products of methane
and air. The total temperatures for the three runs (flat plate, 0.005-m
dome, 0.01-m dome) range from 1856 to 1983 K. Total pressures
range from 2.62¢+6 to 2.98¢+6 Pa. Freestream Mach numbers
range from 6.54 to 6.59. All tests are performed at an angle of
attack of 5 deg.

The ratio of the surface heatingrate on the dome over the surface
heating rate on the flat plate are shown in Fig. 2. The computed
heating ratio for the 0.01-m dome is very close to the experimental
data. The peak heatingratiois slightly underpredicted,and the com-
puted location of the peak is slightly upstream of the experimental
results. The maximum discrepancy between the computational and
experimental heating ratios for both cases is less than 10%.

The maximum computational heating rate ratios are 1.25 for the
0.005-m dome and 1.8 for the 0.01-m dome. The ratio of dome
height to dome diameter for these two cases is 0.014 and 0.028,
respectively.Olsen and Smith?! performed an analyticalanalysis on
the same flat-plate-with-dome protuberance. They used freestream
conditions corresponding to Mach 7 flow at 36.6-km altitude. For
a dome height to dome diameter ratio of 0.021, they computed a
maximum heating ratio of 1.4, which is consistent with the values
computed in this study.

Panel Bowing: Parametric Analysis

Three 0.4572-m panels are modeled along the windward cen-
terline of the X-33 vehicle. The leading edge of the first panel is
0.2286 m aft of the carbon-carbonnosecap. The panels are assumed
to be attached to the underlying support structure 0.0381 m from
the edge of the panel. Figure 3 shows a schematic of one of the TPS
panels under a positive deflection. The assumption is made that %
of the overall panel deflection will occur outward at the panel mid-
point. The remaining % of the overall panel deflection occursinward
at the panel edge. The shape of the deflected panels is assumed to
be spherical with the maximum deflection in the center of the panel.
This bowed shape correspondsto a flat TPS panel under a uniform
surface temperature distribution. The spherical-shapeassumptionis
a simplification in that the panels may have some break in curvature
and will certainly experiencea nonuniformtemperaturedistribution,
but even under these conditions the bowing shape is approximately
spherical in nature.

A parametric study of surface heating rate as a function of
panel-deflection magnitude is performed. Computations are per-
formed for the nominal (unbowed) surface and for six differentlev-
els of panel-deflection magnitude at two trajectory points. To make
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Fig. 3 Schematic of bowed-panel configuration.

the study computationallyfeasible, an axisymmetric analysisis per-
formed using the windward centerline of the vehicle as the defining
curve. To simulate the proper angle of attack at the peak heating
and Mach 10 turbulent trajectory points, the axisymmetric grids are
rotated by an amount equal to the angle of attack.

A grid sensitivity study is undertaken to determine a surface grid
that would minimize grid dependence of the solution while main-
taining a reasonable number of surface grid points. The results for
a 0.0152-m panel deflection at the peak heating point are shown
in Fig. 4. Using 9 or 17 equispaced points to represent the surface
of each panel did not eliminate the grid dependence of the solu-
tion. Using 33 points to represent the surface of each panel with
the panel-edge grid spacing, one-halfthe average grid spacing gave
a solution very similar to that using 65 points per panel at half
the computational cost. This distribution is used for all subsequent
computations.

Figure 5 shows solutions at the peak heating point of the nominal
Malmstrom 4 trajectory. Solutions are computed for the nominal
surface and for panel deflections ranging from 0.003 to 0.0152 m.
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The maximum panel deflectionis expectedto be less than 0.0152 m.
Figure 5a shows the absolute value of surface heating rate, whereas
Fig. 5b shows the ratio of the deflected surface to nominal surface
heating rate. The figures show a reduction in surface heating near,
but not at, the panel edges and an increase in heating near the panel
center caused by panel deflection. There is separation once the flow
crosses the apex of the bowed panel and reattachmenton the upward
face of the next bowed panel. The maximum positive and negative
heating spikes coincide with the separation and reattachmentpoints.
The 0.0152-mpanel-deflection case shows a maximum heating aug-
mentation factor of 1.26.

An examination of Fig. 5b indicates that, generally speaking,
the maximum heating ratio value increases with each downstream
panel. An early study that modeled nine panels showed that the peak
heatingratio value did not continueto increase but fell into a pattern
of rising and falling heating ratio peak values. The nonuniformpeak
values suggest there is an effect on the heating rate perturbation on
a given panel because of the upstream panels. Applying the max-
imum heating-rate augmentation factor for all panels would be a
conservative approach.

The same set of computations is performed at the Mach 10 tur-
bulent point. The results are shown in Fig. 6. The panel edges are
at different locations because this distance is measured from the
stagnation point, which is a function of angle of attack. The maxi-
mum heatingaugmentation factor for the 0.0152-mpanel deflection
is 1.08. Figure 7 compares the surface heating-rate profiles for the
0.0152-m panel deflection at the peak heating and Mach 10 turbu-
lent trajectory points. In this figure the panel edges of the Mach 10
turbulent data are shifted to line up with the peak heating panel
edges. The disturbance in the heating-rate profile caused by panel
bowing is less at the Mach 10 turbulent point than at the peak heat-
ing point. The higher laminar heating augmentation is also seen in
the experimental data of Ref. 20, where the heating-rate ratios for
a given dome height are higher when the flow is laminar than it is
for turbulent flow. A summary of the maximum heating augmenta-
tion factors for the peak heating and Mach 10 turbulent cases are
contained in Table 2.

One of the consequences of panel bowing is that the flow com-
ing over the apex of the bowed panel separates and a region of
reverse flow develops at the panel edge. This reverse flow may
have consequences with regard to the panel-edge seal design. This
phenomenon, although seen with the high-resolutionaxisymmetric
computations, was not found in lower resolution three-dimensional
solutions,so thatitis notclearif and to what extent flow recirculation
occurs.

During the descent, heat soak into the TPS panel can cause the
innerfacesheetto be ata highertemperaturethan the outer facesheet.
When this happens, the TPS panels will bow inward, causing peaks
at the panel edges. Computations were performed at the point where
the maximum negative bowing is expected to occur. The magnitude

Table 2 Maximum heating augmentation factors,
outward panel bowing

Deflection magnitude, m

Cases 3.05e—3 6.10e—3 9.14e—3 1.22¢—2 1.52¢-2
Peak heating 1.05 1.09 1.13 1.18 1.26
Mach 10 1.02 1.05 1.07 1.09 1.12
turbulent
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Fig. 5 Effect of panel bowing: 353-s trajectory point.

of negative bowing modeled ranged from 0.00229 to 0.0137 m.
The results are shown in Fig. 8. Sharp peaks in surface heating rate
occur at the panel edges because of negative panel bowing, whereas
the panel centers are cooler than the nominal surface solution. The
maximum heating augmentation factors as a function of deflection
magnitude are listed here:

1) For a negative deflection magnitude of 2.29¢—3 m, the heating
augmentation factor is 1.04.

2) For a negative deflection magnitude of 4.57e—3, the heating
augmentation factoris 1.11.

3) For a negative deflection magnitude of 6.86e—3, the heating
augmentation factoris 1.18.

4) For a negative deflection magnitude of 9.14e—3, the heating
augmentation factor is 1.24.

5) For a negative deflection magnitude of 1.37e—2, the heating
augmentation factor is 1.38.
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For a given level of panel bowing, the heating augmentation fac-
tors are greater for inward bowing than they are for outward bowing.
However, the inward bowing occurs at a point in the trajectory of
relatively low nominal heating. The augmented negative bowing
heating rates are below the peak heating nominal values.

Conclusion

A simplified model is developed and detailed, and parametric
computationsare performed to assess the effects of TPS panel bow-
ing on the surface heating rate of the X-33 vehicle. Navier-Stokes
flow analysis is performed at three locations of the X-33 nominal
Malmstrom 4 trajectory. A series of surface heating augmentation
factors are presented that provide the increase in surface heating
as a function of bow height. The existence of reverse flow at the
panel interfaces caused by panel bowing is demonstrated in the ax-
isymmetric computations but is not seen in lower-resolution three-
dimensional computations. The heating augmentation factors pre-
sented are for generic surface protuberancesand should be viewed
with the limitations of the solution methodology in mind.
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