
JOURNAL OF SPACECRAFT AND ROCKETS
Vol. 34, No. 4, July–August 1997

High-Enthalpy Aerothermodynamics of a Mars Entry Vehicle
Part 1: Experimental Results

Brian R. Hollis¤ and John N. Perkins†

North Carolina State University, Raleigh, North Carolina 27695-7910

Aerodynamic heating tests were conducted on a 70-deg sphere–cone Mars entry vehicle con� guration in a
high-enthalpy impulse facility in both carbon dioxide and air test gases. The purpose of these tests was to obtain
heat transfer data for comparison with results of Navier–Stokes computations. Surface heat transfer rates were
determined for both the forebody and afterbody of the test models and for the stings that supported the models
in the facility test section. Little difference was observed between normalized heating distributions for the air
and carbon dioxide test conditions. For both cases, peak sting heating was on the order of 4–5% of the forebody
stagnation-pointheating, and it was concluded that the wake � ow remained laminar. The wake � ow establishment
process was quanti� ed and was found to require approximately 40–70 � ow path lengths, which corresponded to
approximately 75% of the available facility test time. The repeatability of facility test conditions was estimated to
vary between § 3% and § 10%. The overall experimental uncertainty of the data was estimated to be § 10–11%
for forebody heating and § 17–22% for wake heating.

Nomenclature
B = measurement bias error
h = enthalpy, J/kg
k = thermal conductivity,W/m ¢ K
M = Mach number
P = measurement precision error
p = pressure, N/m2

q = heat transfer rate, W/m2

R = radius, m
Re = Reynolds number
S = distance along model surface, m
T = temperature, K
t = time, s
U1 = freestream velocity, m/s
Utot = total combined uncertainty
yref = reference length, m
® = thermal diffusivity, m2/s
¯ = thermal product, ®/

p
k, W ¢ s1=2/m2 ¢ K

¸ = correction factor, K¡1

½ = density, kg/m3

¾ = heat transfer residual
¿ = nondimensional time, U11test=yref

Subscripts

est = establishment
w = wall
0 = stagnation
1 = freestream
2 = post-normal shock

Introduction

I N recent years, NASA has embarked on a long-term exploration
initiative1 in which unmanned orbiters and landers will be em-

ployed to gather scienti� c data on the planet Mars. This initiative
has produced renewed interest in blunt-body entry vehicle and aer-
obrake con� gurations such as the 70-deg sphere–cone geometry
of the Mars Path� nder (formerly known as MESUR) spacecraft.2

This interest has led to a number of computationaland experimental
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studies of blunt-body � ows3¡14 in perfect-gas, high-enthalpy, and
rare� ed environments.

The present study contributes to the growing database on blunt-
body � ows through the presentationof comparisonsbetween blunt-
bodyheat transferratesmeasuredin a high-enthalpyimpulse facility
and those obtained from � ow� eld solutions computed using a non-
equilibriumNavier–Stokes solver.These experimentsand computa-
tions were conducted with test gas environments (CO2 and N2 –O2 )
representative of the atmospheres of Mars and Earth and encom-
passed both the forebodyand wake (that is, the afterbodyand model
sting) regionsof the � ow. The experimentaldata from this study are
presented in Part 1 of this work, and the computational results are
presented in Part 2 (Ref. 15).

The subject of this work was a 70-deg sphere–cone con� guration
derived from the geometry of the Mars Path� nder spacecraft. This
sphere–cone geometry is shown in Fig. 1; the locations of control
points on the model and sting in terms of nondimensionaldistance
from the forebody stagnation point, S/Rb , are also shown in Fig. 1.
The radius of the sphere–cone forebody test model was 2.54 cm
(1 in.). The forebody had a nose-radius/forebody-radiusratio of 0.5
and a corner-radius/forebody-radiusratio of 0.05.This con� guration
also had a 40-deg cone-frustum afterbody, which represented the
payload section of the vehicle. The cone-frustumangle was altered
from that of Mars Path� nder (49.5 deg) to accommodate the sting
that was used to support the model in the test facility. This change
was considered to be acceptable, as the presence of the sting would
alter the wake � ow� eld in any event. The sting was � tted to a 45-
deg cone strut adapter. The adapter was mated to the sting at a point
4.6 forebody base radii downstream from the frustum, which was a
suf� cient distance to ensure that boundary-layerseparationinduced
by the shockat the adapterwould not in� uence the near-wakeregion
of interest directly behind the model.

Whereas this research encompassed both the forebody and wake
regions of the sphere–cone con� guration, emphasis was placed on
measurements and computations for the wake of the con� guration.
The important featuresof a blunt-bodywake � ow� eld (Fig. 2) are as
follows: a free shear layer formed by the separationof the forebody
boundary layer at or around the corner of the vehicle; a recircu-
lating � ow region in the wake of the vehicle; a free-shear-layer
impingement point on the sting (or a “neck” region in the case of
actual spacecraft, which would not have a sting); and a recompres-
sion shock formed as the free shear layer is turned back into the
direction of the freestream. These features de� ne the aerothermo-
dynamic environmentof the wake, and their behavior in� uences the
design of an aerobrake or entry vehicle. Thermal protection shield-
ing on the payload of the vehicle must be suf� cient to withstand the
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Fig. 4 HYPULSE Expansion Tube.

Fig. 5 Distance–time diagram for HYPULSE.

Facility Description
Aerothermodynamic testing of the entry-vehicle models was

performed in the NASA HYPULSE Expansion Tube,17 which
is operated by the General Applied Sciences Laboratories of
Ronkonkoma, New York (HYPULSE was previously operated by
the NASA Langley Research Center). HYPULSE is an impulse fa-
cility in which hypervelocity,high-enthalpy� ows can be produced
using a variety of test gases. HYPULSE is used in the study of high-
temperature,chemicallyreactinginternaland external� ows, such as
that inside a scramjet18 or around a planetary entry vehicle.19 Data
from studies such as these can match or be extrapolated to � ight
conditions, or can be employed in the validation of computational
� uid dynamics codes.

The HYPULSE ExpansionTube (Fig. 4) has an internal diameter
of 15.24 cm (6 in.), has a length of 30 m, and is divided into three
sections: driver, intermediate (driven), and acceleration.The driver
section is � lled with highly pressurized helium gas and is sepa-
rated by a steel double-diaphragm from the lower-pressure inter-
mediate section, which is � lled with the desired test gas. A Mylar®

diaphragm divides the intermediate section from the acceleration
section, which is � lled with test gas at even lower pressure. A HY-
PULSE run is initiated by bursting the steel double-diaphragms,

which produces a supersonic shock-tube � ow in the intermediate
section. When the incident shock wave reaches the end of the inter-
mediate section, the Mylar diaphragm bursts, and a hypervelocity,
high-enthalpy,hypersonic � ow is produced as the test gas expands
into the acceleration section. Models are positioned at the end of
the acceleration section, where the expansion tube exits into an en-
closed test section. This operating sequence is represented by the
distance–time (X –T ) diagram in Fig. 5.

This expansion-tubemode of operation is unique in that a high-
enthalpy � ow is produced with a freestream that is nearly free of
chemical dissociation.This is in contrast to re� ected-shocktunnels,
in which the � ow is stagnated and then processed by a shock wave
in order to generate the desired high enthalpy and velocity. The
re� ected-shockmethod of operation produces a high-enthalpy� ow
that has a greater test time than an expansion tube � ow but does so
at the expense of some test-gas dissociation.

Test Conditions
HYPULSE has a variety of operating points in which air, CO2,

He, N2 , or O2 can be employed as test gases. In this study, opera-
tion of HYPULSE was limited to the conditions listed in Table 1,
which are referred to as the Langley conditions, as they are derived



452 HOLLIS AND PERKINS

Table 1 HYPULSE test conditions

Test ½1 , U1, T1 , P1, h0 ¡ h298K; P0;2; T0;2 ,
gas kg/m3 m/s K Pa MJ/kg MPa K

CO2 0.00579 4772 1088 1187 12.25 0.130 3700
§3:1% §1:1% §8:7% §10:8% §2:1% §1:8% §0:9%

Air 0.00571 5162 1113 1824 14.18 0.147 6027
§1:8% §0:9% §9:3% §9:9% §1:4% §1:3% §0:8%

Fig. 6 Typical wall pressure data for CO2 test.

Fig. 7 Typical wall pressure data for air test.

from those at which tests were conducted when the facility was op-
erated by the NASA Langley Research Center. Conclusions drawn
in this paper should be interpreted as referring only to those condi-
tions and not to the overall capabilitiesof the HYPULSE Expansion
Tube. Detailed calibration studies have been performed at the Lan-
gley conditions.20 For both air and CO2 , pitot pressure surveys at
the exit of the expansion tube have identi� ed an inviscid test core
of approximately 7.6-cm (3-in.) diam over which the pitot pres-
sure is constant to within §6%. At the Langley conditions,nominal
steady-� ow test times have been determined from pitot and tube
wall pressure data to be on the order of 250 ¹s.

In this work, the actual steady-� ow test period of each run was
determined by examination of wall pressure data (the presence of
the test model left no room for a pitot probe). Because surface heat-
ing rates were observed to be very sensitive to variations in the
freestreamconditions, a small acceptablemagnitude of deviation in
the wall pressurewas stipulated,and consequentlythe accepted test
durationswere shorter than the nominal times. Typicalwall pressure
time histories for CO2 and air runs are shown in Figs. 6 and 7. To
determine the steady-state run duration, the wall pressure was � rst
averaged over a 100-¹s interval centered 150 ¹s from the arrival of
the incident shock wave for CO2 or 200¹s from the incident shock
wave for air. The total test period was then taken to be the time over

Table 2 HYPULSE simulation parameters

Test gas M1 Re1;d K n1 ½2=½1

CO2 9.71 3:35 £ 104 0.00037 18.98
Air 7.93 3:39 £ 104 0.00028 10.98

which the wall pressurevaried by no more than §5% from the aver-
age value over the 100-¹s interval. Based on the application of this
criterion to all of the CO2 and air runs conducted in this research,
the average steady-state run duration for heat transfer testing at the
Langley conditionswas found to be 150 ¹s for CO2 and 125 ¹s for
air. These values are more conservative than the quoted nominal
values, but, as the heating data were intended for comparison with
computational results, the §5% criterion was imposed to minimize
the uncertainty in the freestream � ow conditions.

The � ow conditions for each run were computed using the Equi-
libriumReactingGas (ERGAS) code.21 Inputsrequiredfor this code
are the freestream velocity, the pitot pressure, and the freestream
static pressure. The freestream velocity was assumed to be equal to
the incident shock velocity, which was computed for each run from
the time requiredfor the pressuredisturbancecausedby the incident
shock to travel between wall pressure measurement stations in the
expansion tube. The freestream pressure was assumed to be equal
to the time-averagedwall pressuremeasured immediately upstream
of the end of the expansion tube, whereas the pitot pressure was
taken from calibrationsof the facility wall pressure against the pitot
pressure. The mean values for the � ow properties based on the data
from all the runs are listed in Table 1. Nondimensional simulation
parameters for these test conditions are listed in Table 2.

Uncertainty estimates for the run-to-run repeatabilityof test � ow
conditions are also given in Table 1. The uncertaintiesare estimated
as two standard deviations of the individual properties from their
mean values, as based on the data from all of the runs at each test
condition. The test conditions were found to be quite repeatable in
this test series. In both test gases, the greatest uncertaintywas in the
freestreampressure,whichwas estimatedto varyby§10%,whereas
the freestream density and velocity, which are the factors that have
the greatest in� uence on aerodynamic heating, were estimated to
have uncertainties of no more than §3%.

Data Acquisition and Reduction
Data acquisition in the HYPULSE Expansion Tube is performed

with a LeCroy Model 6810 waveform digitizer, which is capable of
processing152 channels of data, of which 10 are reserved for facil-
ity use. For aerothermodynamic testing, thin-� lm gauge current is
supplied by LAMBDA type LQ411 low-noise linear power sup-
plies through GASL-manufactured, 20-channel, � oating-ground-
point gauge control units. In these tests, gauge current was supplied
at a constant 1 mA, which was suf� ciently low to minimize ohmic
heating of the gauges. The data sampling rate for the present work
was 500 kHz.

Test data were in the form of voltage time histories for each of the
thin-� lmgauges,whichwere convertedto temperaturetime histories
using prior voltage– temperature calibrations and gauge resistance
measurements.The temperature time histories were then input into
the 1DHEAT data reduction code,22 which was used to compute the
heat transfer rates.

Three differentdata reductionschemes, all of which are based on
the assumptionof one-dimensionalheatconduction23 into the model
substrate,are incorporatedinto the 1DHEAT code.The � rst two, the
classicCook–Felderman technique24 and the relatedKendall–Dixon
technique,25;26 are analytical methods in which the assumption of
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heat conduction to a semi-in� nite solid with constant thermal prop-
erties is used to derive closed-form solutions for the heating rates.
The third technique is a numerical solution of the one-dimensional
� nite volume heat conduction problem.

In the Cook–Felderman method, which is also referred to as the
direct method, the heat transfer rate is computed from the tempera-
ture time history via

q.tn/ D 2¯
p

¼

i D n

i D 1

Ti ¡ Ti ¡ 1p
tn ¡ ti C

p
tn ¡ ti ¡ 1

(1)

where

¯ D ½cpk (2)

is the thermal product of Macor. The value used for ¯ at room
temperature was 1642 W ¢ s1=2/m2 ¢ K (Ref. 22).

In the Kendall–Dixon method, which is also referred to as the in-
directmethod, the total heat energyadded to the model as a function
of time is � rst computed from

Q.tn/ D ¯
p

¼

n

i D 1

.Ti ¡ T1/ C .Ti ¡ 1 ¡ T1/p
tn ¡ ti C

p
tn ¡ ti ¡ 1

1t (3a)

The time history of the heat transfer rate is then computed from

q.tn/ D
dQn

dt
D

¡2Q i ¡ 8 ¡ Q i ¡ 4 C Q i C 4 C 2Q i C 8

40 1t
(3b)

Over a given time interval, the direct and indirect methods will
yield nearly identical time-averaged values. However, the instanta-
neous heating rates are quite different, because the wide four-point
differencing stencil in Eq. (3b) tends to dampen � uctuations in the
time history. This behavior is illustrated in Fig. 8 with sample heat
transfer data from HYPULSE. Although the indirectmethod is use-
ful for reducing experimental noise, its use would not be recom-
mended if transient phenomenasuch as turbulencewere of interest.
The indirect method was preferred in this work because only the
steady-state heating rates (or quasisteady in regard to the � ow es-
tablishment process) were of interest.

BothEqs. (1) and (3)werederivedwith theassumptionof constant
material thermal properties.However, materials commonly used in
the construction of heat transfer models, such as quartz, Pyrex, or,
in this case, Macor, do exhibit a dependence on temperature.Thus,
because of the high temperatures produced in a model exposed to
a hypersonic � ow, direct application of these methods can result
in large errors. To deal with this problem, an empirical correction
factor for the effects of Macor thermal properties was derived,22

which has the form

qvar D qconst.1 C ¸ 1Tw/ (4)

where ¸ is the correction factor, 1Tw is the increase in surface
temperature from ambient room temperature, and qconst is the value

Fig. 8 Comparison of heat transfer rates from indirect and direct
methods.

Fig. 9 Heating data from Macor calibration tests.

computed using either Eq. (1) or Eq. (3). The correction factor is
given by

¸ D 7:380 £ 10¡4 ¡ 4:604 £ 10¡7 1Tw (5)

This empirical method has proven to be very accurate22 and is
useful for rapid real-time analysis of experimental data. However,
for a more rigorousanalysisof heating data, a numerical solutionof
the one-dimensionalheatconductionequationshouldbe performed.
In 1DHEAT, a numerical solution is computed via an implicit one-
dimensional � nite volume technique. In a numerical solution, the
semi-in� niteassumptionis not required,and thevariationof thermal
properties with temperature is incorporated into the formulation of
the technique. Boundary conditions for the numerical solution are
the measured surface temperature time history on the exterior of the
model and an adiabatic boundary at the interior of the model. The
correction factor in Eq. (4) for the analytical methods was derived
by comparison of constant-properties solutions from Eqs. (1) and
(3) to � nite volume solutions. In this study, the indirect method was
used for initial analysis of the data during the test series, and the
� nite volume method was used to verify these results after the test
series was completed.

At present,the followingcurve � ts22 forMacor thermalproperties
(which are based on new data) for temperatures up to 600 K are
recommended for use in numerical solutions:

½ D 2543:84 kg/m3 (6)

k D 0:33889 C 7:4682 £ 10¡3T

¡ 1:6118 £ 10¡5T 2 C 1:2376 £ 10¡8T 3 W/m ¢ K (7)

® D 1:3003 £ 10¡6 ¡ 2:2523 £ 10¡9T C 1:8571£ 10¡12T 2 m2/s
(8)

The validity of these curve � ts was assessed in tests4 on a
5.08-cm(2-in.) diam Macor hemisphere in the LaRC 31-InchMach
10 Air Tunnel,27 a facility in which chemical reactionsare not a con-
cern becauseof the low total enthalpy levels and which is known for
its high� ow uniformity.Stantonnumberscomputedfromheat trans-
fer measurements were compared with both viscous shock layer
(VSL) calculations28 and Stanton number values measured on an
identical quartz hemisphere, which was tested simultaneouslywith
the Macor hemisphere. These values were all normalized by the
stagnation-pointStanton number computedusing the Fay–Riddell29

method.Sample data from these tests are shown in Fig. 9. In all tests,
the Macor hemisphereresultswere within 5% of both the quartzand
VSL values, and were within 3% of the Fay–Riddell values. That
suggests that these curve � ts are reasonably accurate at least up to
the stipulated temperature limit.

Wake Flow Establishment
The forebody heat transfer rates reported herein are simply time

averagesof the values obtainedover the entire steady-� ow test win-
dow. However, the determination of the heat transfer rates for the
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afterbodyandmodel stingwas somewhatmore complicatedbecause
of the transient nature of the � ow establishment process. Whereas
the forebody � ow establishment process is fairly rapid (25–50 ¹s
in HYPULSE), the time required for the � ow in the wake of a blunt
body, such as the 70-deg sphere–cone con� guration, can amount to
a signi� cant fractionof the total test time available in an impulse fa-
cility.During this establishmentprocess, there are large � uctuations
in both the magnitude and the shape of the wake heating distribu-
tions. It is therefore necessary to determine at what point the wake
� ow� eld has become fully establishedin order to determinethe time
interval over which to average the heating rates.

To determine when the wake � ow can be considered to be es-
tablished, an establishment criterion based on the change in the
measured heat transfer rates between sample times was de� ned.4

This heat transfer residual is de� ned by

¾ .t/ D 1q.t/
q.t/

D
q.ti / ¡ q.ti ¡ 1/

q.ti /
(9)

and is computed for each gauge. To characterize the entire wake
region with a single variable, the root-mean-square (rms) variation
of all the wake gauge residuals is then computed at each sample
time by

rms.¾ / D .1=n/ ¾ 2
1 C ¾ 2

2 C ¢ ¢ ¢ C ¾ 2
n (10)

The time history of the residual rms can be used to identify the
established � ow period and to locate the arrival time of features
of the expansion-tubewave system, as shown in Fig. 10. Based on
examinationof time histories of both the heat transfer rates and the
overall heat transfer distributions, it was concluded that the wake
� owcouldbe consideredto be establishedwhen the rms haddropped
below a value of ¼0:02. In regard to the use of Eq. (10), it should be
pointed out that heat transfer gauges that are behaving poorly, i.e.,
those that produce an extremely noisy signal due to gauge damage
or bad electrical connections, should not be included in the rms
computation, or the results will be skewed by the noise from them.

The rms criterion was applied to each run, and nondimensional
� owestablishmenttimes for the70-degsphere–conewake � owwere
calculated from

¿ D
U1 1test

yref

(11)

In Eq. (11), 1test is de� ned as the time from the arrivalof the incident
shock, and yref is de� ned as the difference between the forebody
radius and the sting radius. The time ¿ varied from 40 to 70 with an
average value of 51 in the CO2 tests and varied from 50 to 90 with
an average value of 65 in the air tests. These values are consistent
with previous studies30 and represent, for either gas, approximately
75% of the total time from the arrival of the incident shock to the
end of the test period.

Fig. 10 Wake residual rms time history.

Experimental Results
Heat transfer data are presented in Figs. 11 and 12 for CO2 and

Figs. 13 and 14 for air, and a comparison of the air and CO2 results
is presented in Fig. 15. In Figs. 11 and 13, the forebody and wake
data are plotted on separate linear axes to emphasize the details in
both regions. In Figs. 12 and 14, the data are plotted on a single
continuous logarithmic scale to emphasize the relative magnitudes
of the forebody and wake heating. Several runs were made in each
test gas to verify the repeatability of the results, and the data from

Fig. 11 Seventy-degree sphere–cone heating data at CO2 test condi-
tion, linear scales.

Fig. 12 Seventy-degree sphere–cone heating data at CO2 test condi-
tion, logarithmic scale.

Fig. 13 Seventy-degree sphere–cone heating data at air test condition,
linear scales.

Fig. 14 Seventy-degree sphere–cone heating data at air test condition,
logarithmic scale.
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Fig. 15 Comparison of normalized heating distributions for CO2 and
air test cases.

each of these runs are presented in each of these � gures. Averaged
values of the surface heating distributionsfrom all the runs for each
case are used for the comparison in Fig. 15. These distributions
are normalizedby the respectivemeasured stagnation-pointheating
rates for the purpose of comparison.

As shown in Figs. 11–14, forebody stagnationpoint heat transfer
rates were approximately 810 W/cm2 in CO2 and 1250 W/cm2 in
air. Local heating maxima were observed at the forebody corners
in the air tests but were not observed in the CO2 tests. The gauge
spacing on the model corners was apparently not close enough to
resolve these narrow corner heating maxima for this case.

In both test gases, afterbody and sting heating rates were at least
two ordersof magnitudelower than thoseon the forebody(Figs. 11–

14). In air, the peak sting heating was 5% of that at the forebody
stagnationpoint,and was 4% of that in CO2 . Stingpeakheatingrates
of these magnitudes are consistent with laminar wake � ow11¡14; in
contrast, peak sting heating rates of 15–30% of that at the forebody
stagnation point can be experienced in turbulent wake � ows.3¡6;13

Comparisons in Part 2 of this study15 of the experimental data with
laminar computational results further support the theory that the
wake � ow remained laminar for the HYPULSE test cases.

Whereas small differences between the normalized CO2 and air
distributions due to the different shock density ratios can be seen
in the computational results presented in Part 2 of this study,15

the differences in the experimental data (Fig. 15) were within the
experimentaluncertaintyexcepton the stingdownstreamof thepeak
heating point, where the distribution in air was slightly higher than
that in CO2 . As discussed in Part 2, the chemical and vibrational
processes in the wake are frozen by the rapid expansionof the � ow
around the forebody corner for both cases.

Uncertainty Analysis
The combinedtotal uncertaintyof the heat transfermeasurements

was estimated by31

Utot D t95 B2 C P2 (12)

In Eq. (12), t95 represents the 95th percentilepoint of the two-tailed
Student’s t distribution.The value of t95 depends on the number of
measurements made of a quantity, and approaches 2 in the limit of
an in� nite number of data points. However, according to Ref. 31,
t95 D 2 is an acceptable standard regardless of the number of data
points.The experimentalbias error B was assumed to be dominated
byerrordue to theuncertaintyin the thermalproperties.Basedon the
hemisphere tests in the 31-Inch Mach 10 Air Tunnel and using the
Fay–Riddell heat transfer computationsas a reference standard, the
bias errorwas estimated to be §3%. Mean valuesof the heat transfer
rates were computed from the data from each of the repeat runs at
the air and CO2 test conditions. The experimental precision error
was taken to be equal to the standard deviation of the data from
these mean values.

Uncertainty estimates were made for the data from each gauge
position.The averageestimatedvalues for the combinedtotal uncer-
tainty were §11% on the forebody and §17% on the afterbody and
stingfor theCO2 data; for theair data, theaveragevalueswere§12%
on the forebody and §22% on the afterbody and sting. The greater

Fig. 16 Seventy-degree sphere–cone heating at CO2 test condition:
mean values and uncertainty estimates.

Fig. 17 Seventy-degree sphere–cone heating at air test condition:
mean values and uncertainty estimates.

uncertainty for the wake data was due to the fact the wake heating
rates were at least two orders of magnitude lower than the forebody
ones, and thus a greater precision error was produced by the higher
signal-to-noise ratio of the wake data. The individual uncertainty
bounds computed for each gauge position are shown along with the
average heat transfer rates in Fig. 16 for CO2 and in Fig. 17 for air.

Summary and Conclusions
A series of high-enthalpyaerothermodynamictests has been con-

ducted on a Mars entry vehicle con� guration in the HYPULSE Ex-
pansionTube in both CO2 and air test gases. In these tests, the mag-
nitude of run-to-run variations in individual � ow conditionswas no
greater than §10% and was less than §3% for freestream velocity
and density. Steady-� ow test times in this facility were estimated
to be 150 ¹s in CO2 and 125 ¹s in air. Heat transfer measurement
uncertainty was estimated to be §11% on the forebody and §17%
in the wake for CO2 tests, and §12% on the forebody and §22%
in the wake for air tests. Forebody stagnation point heat transfer
rates were 810 W/cm2 in CO2 and 1250 W/cm2 in air. The wake
� ow establishment process was investigated, and it was found that
approximately 75% of the total test time was required for a steady
wake � ow to be established.Afterbody and sting heating rates were
at least two orders of magnitude lower than at the forebody stagna-
tion point. The peak sting heating was equal to approximately 4%
of the stagnation-pointheating in CO2 tests and 5% in air tests, and
it was concluded that the wake remained laminar for both cases.
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