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Hypersonic Thermal Environment of a Proposed
Single-Stage-to-Orbit Vehicle

K. James Weilmuenster, P. A. Gnoffo, F. A. Greene,† C. J. Riley,‡ and H. H. Hamilton II
NASA Langley Research Center, Hampton, Virginia 23681

The thermal environmentof a representative single-stage-to-orbitwinged body vehicle has been investigated at a
Mach number of 21.89 and an altitude of 233,000ft, which corresponds to the peak heating condition on a nominal
re-entry trajectory. Both surface heating and temperatures are mapped for the baseline con� guration and for con-
trol surfaces both � xed (tip � ns) and de� ected (body � ap and elevons). The thermal environment is predicted for
angles of attack of 28, 32, and 36 deg; for body � ap de� ections of 10 and 20 deg; and for a matrix of tip � n parame-
ters based on leading-edge radius and leading-edgesweep angle. The analysis is based on laminar � ow in chemical
equilibrium and chemical nonequilibrium including catalytic surface effects. The analysis shows that, in the vicin-
ity of the wing fuselage juncture and tip � n leading edge, the localized heating can be as much as three times and
temperatures as much as one-third greater than those found at the stagnationpoint.These extremes are the result of
shock interactions that are in� uenced by vehicle aerolinesand attitude, as well as the chemical state of the gas in the
� ow� eld.

Nomenclature
d = de� ection angle, deg
h = altitude, ft
M = Mach number
Q = surface heat � ux, Btu/ft2-s
Re = unit Reynolds numbers per foot
r = radius, in.
T = temperature, F
x y z = Cartesian coordinates, local coordinate system, in.

= angle of attack, deg
= tip � n sweep angle, deg

Subscripts

cs = control surface
le = leading edge

= wall
= freestream

Introduction

N ASA is laying the groundwork for the next-generation space
transportation system that is envisioned as a family of fully

reusable,robustvehiclesthat operatemuch likeaircraft for commer-
cial airlines. A foundation for this new space transportationsystem
was established by a NASA, Department of Defense, Department
of Transportation interagency study.1 This study examined a wide
spectrum of space transportation system concepts and concluded
that the single-stage-to-orbit (SSTO) rocket-powered vehicle was
the most viable technologicalapproach to achieve an order of mag-
nitude reductionin the life cyclecost (comparedto the Space Shuttle
Orbiter) by the year 2008.

The former Space Systems Division at the NASA Langley Re-
search Center performed systems analysis studies and generated
aerodynamic and aeroheating information via computational � uid
dynamics (CFD) and ground-based testing for a number of space
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transportation system concepts. Included in these studies was a
SSTO, vertical takeoff/horizontallandingwingedbodyconceptpro-
posed as a candidate advanced manned launch system (AMLS). 2

Results for this AMLS concept were introduced into the Access to
Space Study.1 Because of the advantagesprovided by this concept,
a substantial effort was undertaken to fully assess and to optimize
the aerodynamic performance across the speed regime for entry to
landing and to determine aeroheating characteristics for design of
the thermal protection system (TPS).

The authors have shown that CFD can provide an accurate pre-
diction of vehicle surface heating and temperature for hypersonic,
laminar � ow over the Shuttle Orbiter vehicle through the proper
modeling of the reacting gas chemistry in the � ow� eld, as well as
the interaction of the surface composition with that � ow� eld.3 In
addition to properly modeling the vehicle’s environment, a CFD
analysis is particularly helpful when predicting surface properties
in localizedsurfaceareasof topologicalcomplexityor areasaffected
by shock interactions.

Historically, the Shuttle Orbiter has operated within the limits
of its TPS. However, to meet the operational goals of an advanced
launch system, new approachesto vehicle constructionand thermal
protection will have to be utilized; the optimization of these new
approaches will require a thorough knowledge of the thermal envi-
ronment of the vehicle. In addition, this new class of vehicle can be
more or less geometrically complex than the Shuttle Orbiter and,
if more complex, such as the one addressed in this paper, may see
surface temperatures higher than those experienced by the Orbiter.
In this paper, the CFD techniques3 will be used to de� ne the ther-
mal environment of a proposed SSTO vehicle at peak heating on
the entry trajectory.Results will be presented for multiple angles of
attack, for different control surface geometries (both movable and
� xed) and for chemical equilibrium and nonequilibrium� ow.

Geometry and Grids
The coordinate system in which the geometries are described

is shown in Fig. 1. The full vehicle geometry is shown in Fig. 2
with the movable control surfaces (elevons and body � ap) de� ected
20 deg. The surface was constructed in the PRO ENGINEERING
solid modeling software and transferred through a standard IGES
format to the ICEM surface modeling system, which was used to
generate a 161 129 surface grid. The volume grids were created
using the GRIDGEN software4 to de� ne the volumeouter boundary
and the 3DMAGGS code5 to de� ne the internal volume grid that
has 65 points between the wall and the outer boundary. To obtain
a quality Navier–Stokes solution, it is necessary to maintain grid
orthogonality at the surface of the vehicle. For this study, a great
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Table 1 Computationalpoint

Time, Altitude, Density, Temperature, Velocity, Mach
s ft kg/m3 K m/s , deg no. Re/ft

1,032 233,000 0.0000717 217.0 6,461 32.00 21.9 5 55 104

Fig. 1 Vehicle orientation in the LAURA coordinate system.

Fig. 2 Baseline SSTO vehicle surface de� nition with control surfaces
de� ected.

deal of care was taken to ensure that the grid was normal to the
surface at all points on the body.

The normal grid density chosen for this study is based on the
extensive Shuttle Orbiter calculations,3 6 which included grid reso-
lution studies as well as comparisons with experimental and � ight
data. These studies showed that, whereas surface pressure is rela-
tively insensitive to grid quality, computed surface heat � ux is sen-
sitive to not only grid density but also grid distribution (stretching)
and cell Reynolds number at the wall. This work also showed that,
when the grid is properly distributed, 64 nodes between the body
and the outer boundaryis suf� cient for the Mach and Reynoldsnum-
bers being considered here, to compute accurate surface heat � ux.
Because the vehicle of interest is operating in an environment sim-
ilar in angle of attack and freestream conditions to the Orbiter, the
authors feel the grid density and topology used herein is adequate
to predict the thermal environment of this vehicle.

The vehicleconsideredis 2227 in. in lengthwith a wing semispan
of 570 in. It is a circular body set on a 45-deg swept wing based on
a NACA 0012 airfoil section with a leading-edgeradius of 11 in. at
the wing root and 2.5 in. at the wing tip. The wing tip � n controller
shown in Fig. 2 represents the baseline con� guration for this part of
the vehicle geometry and is based on a NACA 0012 airfoil section
with a 1.74-in. leading-edge radius at the half-span and is swept
32 deg relative to the vertical.

Several other tip � n con� gurationswere devised for this study. In
addition to the baseline geometry, two other 1.74-in. leading-edge
radius � ns with leading-edge sweep angles of 24 and 40 deg were
constructed.The 40-deg con� guration is shown in Fig. 3. The
trailing edge of the � ns for the 24 and 40 deg caseswere swept
to conform to the systems study requirement that the height and
platform area of the � ns were to remain constant.Also, tip � ns with
leading-edge radii of 1.16 and 2.31 in. at the semispan point and a

32 deg were constructed for use in this study.

Computational Techniques: Flow� eld Solutions
Code

The LAURA code7 9 can compute inviscid or viscous solutions
for perfect gas � ows and reacting gas � ows in either an equilibrium

Fig. 3 Representative tip � n geometry, = 40 deg.

or a nonequilibrium state. The inviscid � ux is constructed using
Roe’s10 � ux-difference splitting and Harten’s11 entropy � x with
second order corrections based on Yee’s symmetric total variation
diminishing scheme.12

Chemistry
Tannehill’s13 curve � ts are used for the thermodynamicand trans-

port propertiesof equilibriumair.A seven-specieschemicalreaction
model3 is used for the reacting gas computations.The speciesN, O,
N2 , O2 , NO, NO , and e are included in the model.

Boundary Conditions
The usual no-slip condition is imposed at the wall for the viscous

computations.The surface temperature is based on a radiative equi-
librium wall boundary condition.3 Freestream conditions are set at
points on the outer boundary of the computationaldomain; the exit
plane is set such that the inviscid out� ow is supersonic.

Thermal Surface Model
For this analysis, the TPS for the vehicle is assumed to be a

materialof low catalyticitysimilar to thatusedon theShuttleOrbiter.
Applicationof the catalytic wall boundarycondition is based on the
work of Thompson.14 This approach has been shown to produce
results that are in good agreement with Orbiter � ight data.3 14

Solution Technique/Strategy
A multiblock solution strategy is applied in two stages. The

� rst stage may be regarded as a space marching solution, like the
parabolizedNavier–Stokes methods, except that three-dimensional
data blocks are employed rather than two-dimensional data planes.
The second stage is a conventional, global relaxation, which uses
the � rst-stage solution as an initial condition. The advantages of
the three-dimensionalblock marching over two-dimensional block
marching are that solution robustness is not sacri� ced when em-
ploying second-orderdiscretizationin the streamwise directionand
embedded subsonic pockets and shock/boundary-layerinteractions
are easily computed, provided that the out� ow boundaryof the sub-
domainis intelligentlychosen.The subdomainboundariesare easily
tailored to the physics of a given application.A detailed description
of this solution technique can be found in Ref. 3.

Solutions for multiple tip � n and control surface con� gurations
are based on solutionsfor the baselinecon� gurationat a givenangle
of attack.For the tip � ns, the computationalsubdomainwas bounded
by an upstream plane and wind and leeside planes from the baseline
solution.

Results
All of the calculations are based on the freestream condi-

tions given in Table 1. These conditions correspond to the peak,
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Table 2 TPS material thermal limits15

Maximum temperature, F
Material Multiple use Single use

Blankets
FRSI 700 800
PBI 700/900 1100
AFRSI 1200 2000
TABI 2000 2200

Rigid ceramics
LI-900 2500 2700
LI-2200 2600 2800
FRCI-12 2600 2800
AETB-12/TUFI 2500 2700
AETB/RCG 2600 2800
ASMI 2600 2900
AETB-8/RCG 2600 2800

Metal
Titanium 1000
Rene 41 1600
Inconel 617 1800 2000

RCC/ACC
Short-term use 3000 3300
Extended use 2600/2800

a) Equilibrium

b) Nonequilibrium

Fig. 4 Surface heat � ux map of the baseline con� guration at 32-deg
angle of attack for both equilibrium and nonequilibrium � ow chemistry
(Btu/ft2-s).

stagnation-pointheatingona SSTO vehiclenominalentry trajectory.
For referencepurposes,the multiple-useand single-usetemperature
limits15 for some representative traditional and nontraditional TPS
materials are given in Table 2.

Baseline Con� guration
Surface heating and temperature contour plots for equilibrium

and nonequilibrium � ow for the baseline con� guration are shown
in Figs. 4a, 4b, 5a, and 5b, where the viewing angle has been cho-
sen to emphasize the wind surface of the vehicle. The equilibrium
solution represents a very good approximation to a nonequilibrium

a) Equilibrium

b) Nonequilibrium

Fig. 5 Surface temperature map of the baseline con� guration at 32-
deg angle of attack for both equilibrium and nonequilibrium� ow chem-
istry ( F).

solution based on a fully catalytic wall boundary condition and is
computationallymore ef� cient than the nonequilibriumcalculation.
The nonequilibriumsolution provides an indication of the effect of
� nite wall catalyticityand is basedon the surfacepropertiesof Shut-
tle Orbiter tiles. Over the vast majority of the vehicle, the surface
heating and temperatureare on the order of 10 Btu/ft2-s and 1500 F
regardless of the � ow chemistry model being used. Thus, for most
of the vehicle surface, the TPS requirements can be met by a com-
bination of the thermal blanket and rigid tile materials (Table 2).
These plots also show four areas of higher heating: 1) the forebody
stagnation point, 2) the wing/fuselage juncture, 3) the wing leading
edge, and 4) the tip � n leading edge. For both the equilibrium and
nonequilibrium � ows, the thermal maximums occur on the tip � n
leadingedge.On the windward surface,as expected,theequilibrium
� ow model producesgenerally higher thermal levels over the entire
vehicle. In the followingdiscussion, the four areasof higher heating
just identi� ed will be examined in more detail.

The predictedsurfacethermal environmentin theupper and lower
symmetry planes is shown in Figs. 6a and 6b as a functionof vehicle
axial length.In theupper symmetryplane,out of the immediatestag-
nation region, the heating is negligible and the surface temperature
is near the freestreamvalue. In the lower symmetry plane, the effect
of chemistry model on the surface thermal environment comes into
play, particularly in the stagnation region. At the stagnation point,
a change from a nonequilibriumto an equilibrium chemistry model
results in an 80% increase in surface heat � ux. Downstream of the
immediate stagnation region, the differential in surface heat � ux
is 20–30% over the remaining length of the vehicle. Referring to
Table 2, the resulting surface temperatures in the stagnation region
are well within the multiuse limits of reenforced carbon carbon
(RCC)/advanced carbon carbon (ACC), although the equilibrium
temperaturesare approachingthe extended-uselimit of these mate-
rials typically used in the constructionof vehicle nosecap TPS.

Similar plots of the predicted surface thermal environment at the
wing/fuselage juncture and along the wing leading edge are shown
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a) Heat � ux

b) Temperature

Fig. 6 Windward and leeward symmetry plane heat � ux and temper-
ature for both equilibrium and nonequilibrium � ow at 32-deg angle of
attack as a function of axial body length.

in Figs. 7a and 7b, where the surface thermal properties have been
plotted as a function of the distance along the wing leading edge
measuredfrom the symmetryplane.Again, for equilibrium� ow, the
heating rates are substantiallyhigher than those for nonequilibrium
� ow. The high level of heatingnear the wing/fuselage junctureis the
result of a shock/shock interactionbetween the forebodybow shock
and the wing shock (Fig. 8). As stated in Ref. 16, the two chemistry
models produce different shock topologies, which accounts for the
different spatial distributionsof heating and temperaturesignatures
along the wing leading edge. Across the wing leading edge, the
equilibrium� ow solutionpredictsheatingrates 20–30% higher than
those for the nonequilibrium� ow solution. Surface temperatures in
the wing/fuselagejuncturearea exceedor arevery near themultiple-
use limit for rigid ceramic tiles depending on the chemistry model
being consideredbut are within the limits for RCC/ACC, which are
materials typically used for TPS on wing leading edges. Because
of the large size of this vehicle, the shear layer resulting from the
shock/shock interaction may be transitional or turbulent. Thus, the
laminar � ow results presented are not a conservative prediction of
the thermal environment. Outside of the shock interaction region,
the wing leading-edgesurface temperatures are within the multiuse
limits of ceramic TPS.

The surface thermal environment for the tip � n leading edge is
plotted in Figs. 9a and 9b as a function of tip � n height. The � rst
heating pulse around x 50 in. is due to the wing/tip � n junc-
ture. The second heating pulse is due to a shock/shock interaction
between the wing shock and the tip � n shock generated when the
tip � n protrudes through the wing shock and into the freestream.
Again, the dependency of the shock topology on the chemistry
model leads to different spatial distributions of heating and tem-
perature along the tip � n leading edge. For the equilibrium case,
the multiple-use limit for all of the listed materials is exceeded.
The maximum temperature is still less than the single-use limit of
RCC/ACC. For the nonequilibrium case, the surface temperatures

a) Heat � ux

b) Temperature

Fig. 7 Wing leading-edge distribution of surface heat � ux and tem-
perature for both equilibrium and nonequilibrium � ow at 32-deg angle
of attack as a function of distance outboard of the vehicle centerline.

Fig. 8 Shock structure in front of the wing/body juncture; a planform
view.

still exceed the multiple-uselimitsof all of the TPS materialsexcept
RCC/ACC.

Angle-of-Attack Analysis
The present nominal angle of attack for the peak heating case

being considered is 32 deg, with potential dispersions from this
norm expected to be 4 deg. To quantify the thermal environment
at these angle-of-attack bounds, two additional cases were run at

28 and 36 deg for nonequilibrium� ow chemistry.These results
are discussed in the following section.

The fuselage windward centerline plot (Fig. 10) shows that the
stagnation point heat � ux is insensitive to these relatively small
changes in angle of attack, which is not unexpected as the surface
radius of curvature is nearly constant in the immediate stagnation
region. Over the remaining length of the vehicle, there is an angle-
of-attack in� uence on the surface heat � ux that is nominally 20%.
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a) Heat � ux

b) Temperature

Fig. 9 Tip � n leading-edge distribution of surface heat � ux and tem-
perature for both equilibrium and nonequilibrium � ow at 32-deg angle
of attack as a function of tip � n height.

Fig. 10 Windward centerline distribution of surface heat � ux for
nonequilibrium � ow and angles of attack of 28, 32, and 36 deg as a
function of vehicle axial length.

On the wing leading edge (Fig. 11), the magnitude of the change
in heat � ux at the surface with change in angleof attack is similar to
that found on the windward centerline.Note, however, that the trend
is reversed. On the centerline, the heating increaseswith increasing
angle of attack, whereas the opposite is true on the wing leading
edge. This difference is due to two effects. First, as the vehicle
rotates down, the angle between the incoming � ow and the tangent
planeto the surfaceat thewing leadingedge increases;thus, the local
surface pressure increases. Second, at the same time, the effective
radius of surface curvature seen by the incoming � ow decreases.
Both of these effects, increasing pressure and decreasing radius of
curvature, lead to higher heating.

Unlike the effect on the fuselage windward centerline and wing
leading edge, small changes in angle of attack lead to large changes

Fig. 11 Wing leading-edge distribution of surface heat � ux for
nonequilibrium � ow and angles of attack of 28, 32, and 36 deg as a
function of distance outboard of the vehicle centerline.

Fig. 12 Tip � n leading-edge distribution of surface heat � ux for non-
equilibrium � ow and angles of attack of 28, 32, and 36 deg as a function
of tip � n height.

in the surface heat � ux on the tip � n. As shown in Fig. 12, surface
heat � ux can decrease by as much as 130% for an angle-of-attack
change from 28 deg up to 36 deg. As already described, the � rst
heating pulse is due to the wing/tip � n juncture,whereas the second
pulse is the result of a shock/shock interaction.In Figs. 13a and 13c,
the locations of the wing and tip � n shocks are plotted in a plane
that is normal to the surface along the tip � n leadingedge. At 28
deg, approximately 70% of the tip � n is exposed to the freestream
and is subjected to the effects of a strong shock interaction,whereas
at 36 deg, the tip � n lies entirely within the wing shock. By
exposing the tip � n to the freestream, the potential exists for the
surface temperatures to exceed the multiuse limits of RCC/ACC.
On the other hand, keeping the tip � n immersed in the wing shock
layer reduces the leading-edgesurface temperatures to such a level
that the multiuse limit for rigid ceramic TPS is not exceeded.

Tip Fin Parameterization
In the results shown to this point, it is clear that maximum sur-

face temperaturesoccur on the tip � n leading edge. Thus, the tip � n
represents the greatest challenge to the TPS designer.The angle-of-
attack heating calculations demonstrated that the orientation of the
leading edge relative to the oncoming stream had a large effect. In
addition, tip � n and wing leading-edgeradii will also have a strong
in� uence on surface heating. To investigate these two parameters,
additional solutions were obtained for tip � ns having leading-edge
sweep angles of 24 and 40 deg and leading-edge radii of 1.16 and
2.31 in. on a 32 deg leading-edge tip � n at the nominal � ight angle
of attack of 32 deg. The leading-edge heat � ux for the additional
leading-edge sweep angles is presented in Fig. 14 as a function of
tip � n height. These solutions show that the relation between tip
� n leading-edge sweep and � ight-path inclination strongly in� u-
ences the heating levels on the tip � n leading edge. And, for these
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a) = 28 deg

b) = 32 deg

c) = 36 deg

Fig. 13 Tip � n shock structure in a plane normal to the tip � n leading
edge for nonequilibrium � ow.

Fig. 14 Tip � n leading-edge distribution of surface heat � ux for
nonequilibrium � ow at 32-deg angle of attack for leading-edge sweep
angles of 24 and 40 deg as a function of tip � n height.

Fig. 15 Tip � n leading-edge distribution of surface heat � ux for
nonequilibrium � ow at 32-deg angle of attack for half-span height lead-
ing edge radii of 1.16 and 2.31 in.

Fig. 16 Centerline distribution of surface heat � ux on the de� ected
control surface for nonequilibrium � ow at 28-deg angle of attack and
control surface de� ections of 0, 10, and 20 deg.

con� gurations, it means the differencebetween the applicationof a
multiuse as opposed to a single-use TPS.

The effect of varying leading-edge radius on the tip � n leading
heat � ux is shown in Fig. 15 as a function of tip � n height. Clearly,
the leading-edge radius has as large an impact on the leading-edge
heating as does the leading-edge sweep angle. The maximum heat-
ing levels for the 24 deg case and the rle 1 16 in. case are
nearly the same, and both cases correspond to the surface tempera-
tures that are near the single-use limit for RCC/ACC.

The analysis was carried out at the peak stagnation-point heat-
ing point on the vehicle’s re-entry trajectory. As shown, the maxi-
mum heating does not occur at the stagnation point but on the tip
� n leading edge. There is no reason to believe that the maximum
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Fig. 17 Centerline distribution of surface heat � ux on the de� ected
control surface for nonequilibrium � ow at 32-deg angle of attack and
control surface de� ections of 0, 10, and 20 deg.

Fig. 18 Centerline distribution of surface heat � ux on the de� ected
control surface for nonequilibrium � ow at 36-deg angle of attack and
control surface de� ections of 0, 10, and 20 deg.

Fig. 19 Windward surfaces temperature contours ( F) for nonequilibrium � ow at 32-deg angle of attack and a control surface de� ection of 20 deg.

heating on the tip � n occurs at this condition, and several other
pointson the trajectoryneedto be checkedto establishthemaximum
heating at this point on the vehicle. Given the strong in� uence of
tip � n geometry on tip � n leading-edge heating demonstrated, it
may be possible to tailor the geometry of the tip � n to minimize the
temperatureson the tip � n leading edge.

Control Surfaces
At hypersonicspeeds, the control surfaces,body � ap and elevons,

are assumed to de� ect in unison,as shown in Fig. 1. In the following
discussion, analysis of the thermal environment of the de� ected
control surfaces is based on the nonequilibrium� ow model.

The centerline surface heat � uxes for control-surfacede� ections
of 0, 10, and 20 deg at angles of attack of 28, 32, and 36 deg are
shown in Figs. 16–18. For the highest heating case at each angle
of attack, cs 20 deg, the corresponding temperature levels are
well within the multiuse limits of rigid ceramic TPS. In Ref. 16 it
was shown that, as con� gured, the vehicle would trim at this peak
heating conditionat a cs from 7.5 to 10 deg for the presentangle-of-
attack range.At thesede� ectionangles,on thecenterline,thecontrol
surface will only see maximum temperatures in the 1500–1600 F
range. A surface temperature map for the entire control surface for
the 32 deg and cs 20 deg condition is shown in Fig. 19, and
the corresponding surface streamline pattern is shown in Fig. 20.

Fig. 20 Surface streamline patterns for nonequilibrium� ow at 32-deg
angle of attack and a control surface de� ection of 20 deg.



704 WEILMUENSTER ET AL.

Figures 19 and 20 show only a small separation region in front of
the control surfaces, which is consistent with the results presented
in Ref. 3 for � ow over the Shuttle Orbiter control surfaces.There is
only a 300 F temperature variation over the entire control surface
area. The patterns shown are typical of those found for all angles of
attack and control surface de� ections.

Concluding Remarks
The predicted surface thermal environment for a representative

SSTO winged body vehicle at the peak heating point, M 21 89
and h 233 000 ft, on a nominal re-entry trajectory has been pre-
sented. Surface maps of heating and temperature for the baseline
con� guration for both equilibrium and nonequilibrium � ow show
that, for the nominal angle of attack and 4-deg increments, the
majority of the vehicle surface is subject to a moderate thermal
environment due to the large size of the vehicle, with surface tem-
peratures that fall well within the multiuse limits of numerous TPS
materials. This analysis identi� ed the nose stagnation region, the
wing/fuselage juncture, the wing leading edge, and the tip � n lead-
ing edge as areas of high heating on the vehicle.Of these four areas,
only temperatures on the tip � n leading edge are high enough to
present a serious TPS materials problem. Parametric studies of tip
� n leading-edge sweep and leading-edge radius effects show that
both have a strong in� uenceon the thermalenvironmentof the tip � n
leadingedge.The thermalenvironmentof thecontrolsurfaces(com-
bined body � ap and elevons) was investigated for control surface
de� ections up to 20 deg. For all of the control surface con� gura-
tions, the surface temperatures fell below the multiuse temperature
limits for all rigid, nonmetallic TPS materials. And, for the most
severe case, the temperature variation over the surfaces was less
than 300 F.
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