
JOURNAL OF SPACECRAFT AND ROCKETS
Vol. 33, No. 5, September-October 1996

High-Enthalpy and Perfect-Gas Heating Measurements
on a Blunt Cone

Brian R. Hollis* and John N. Perkinsf

North Carolina State University, Raleigh, North Carolina 27695-7921

Detailed aerodynamic heating measurements were made on a 70-deg sphere-cone configuration model and in
the wake of the model on the sting. Tests were conducted in hypersonic flows in a high-enthalpy impulse facility,
in which air and carbon dioxide were employed as test gases, and in a conventional perfect-gas air wind tunnel.
Heating data were also obtained on three similar parametric forebody configurations. Normalized forebody Stanton
number distributions were independent of Reynolds number and test gas, with the exception of smaller forebody
corner heating peaks in carbon dioxide. Peak wake Stanton numbers were 5% of the forebody stagnation point
values in the high-enthalpy tests and varied with Reynolds number from 7 to 15% of the stagnation point values
in the perfect-gas tests. The impulse facility wake flow establishment process was studied in detail, and a criterion
for determining when the wake flow becomes established was developed. Wake flow establishment was found to
require on the order of 45-75 flow-path lengths as based on the model size and freestream velocity.

Nomenclature
C = ^Too/^ooT-*
CH = Stanton number, q/[pooUoo(ho — hw)]
cp = specific heat, J/kg-K
h = enthalpy, J/kg
k = thermal conductivity, W/m-K
L = surface distance along sting from model base, m
Q - heat energy, J/m2

q = heat transfer rate, W/m2 .
Re - Reynolds number, pUx/iJi
Rh = forebody base radius, m
5 = surface distance measured from the stagnation point, m
T = temperature, K
7* = reference temperature, (7o,2/6)[T+ (3Tw/TQt2)], K
t = time, s
U - velocity, m/s
yKf = reference length for flow establishment
a = thermal diffusivity, k/pcp, m2/s
ft = thermal product, j(kpcp)9 W-s1/2/m2-K
A = heat transfer correction factor, 1/K
A = uncertainty bound for a parameter
fji = viscosity, kg/m-s
jL6* = viscosity evaluated at 7*, kg/m-s
p = density, kg/m3

a = heat transfer residual for flow establishment
T = nondimensional flow establishment time, U^ At/ynf

Subscripts

w = wall conditions
0 = total or stagnation conditions
0, 2 = post-normal-shock stagnation conditions
2 = post-normal-shock static conditions
oo = freestream conditions

Introduction

S EVERAL Mars exploration missions are now being planned by
NASA, the first of which is the Mars Pathfinder1 probe (for-

merly known as MESUR). In the design of planetary entry vehicles
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such as Mars Pathfinder, data on heat transfer rates on the forebody
are essential in the determination of heat-shielding requirements,
and characterization of the behavior of the flow in the wake of the
vehicle is an important factor in payload size and placement. The
purpose of this study was to generate a database of forebody and
wake heating measurements on a configuration based on the Mars
Pathfinder spacecraft for use in the design of future such vehicles
as well as for use in computational fluid dynamics code comparison
exercises. These measurements were made in both high-enthalpy
and perfect-gas flows. To interpret the high-enthalpy data, it was
also necessary to determine a method for characterizing the wake
flow establishment process in an impulse facility.

Heat-Transfer Test Models
The focus of this study was on heat-transfer measurements on a

70-deg sphere-cone configuration similar to the Mars Pathfinder ve-
hicle. A limited parametric study was also conducted by measuring
heating rates on three similar configurations. The four configura-
tions that were tested are shown in Fig. 1, and the dimensions of the
models are given in Table 1.

The primary configuration that was tested was a 70-deg sphere-
cone geometry with a nose radius to corner radius ratio of 10 and
a 40-deg cone-frustrum afterbody. This configuration is similar to
that of the Mars Pathfinder vehicle and will be referred to as MP-1.
The other three configurations had different forebody geometries
but had the same afterbody as MP-1. The MP-2 configuration was
a hyperboloid with the same nose radius-of-curvature and forebody
base diameter as MP-1, whereas the MP-3 and MP-4 configurations
were 70-deg sphere-cones with corner radii that were two and four
times, respectively, the corner radius of MP-1. All four configura-
tions had a forebody base radius R)} of 2.54 cm and were supported
in the test facilities on identical stings of 0.406 forebody base radii
and of approximately 4.5 forebody base radii length.

Heat-transfer test models of each of the four configurations
were fabricated from Macor® (Corning Glass Works), a machin-
able, thermally insulative, glass-ceramic material, and were instru-
mented with thin-film temperature resistance gauges following the
procedure described in Ref. 2. Each model was equipped with

______Table 1 Dimensions of heat-transfer test models______

Rb, L^/Rt
Model cm Rn/Rh Rf/Rh Rc/Rb W/R,, Rs/Rh Mach 10 HYPULSE

MP-1
MP-2
MP-3
MP-4

2.54
2.54
2.54
2.54

0.5
N/A
0.5
0.5

0.6
0.6
0.6
0.6

0.05
0.05
0.10
0.20

0.862
0.834
0.915
1.021

0.406
0.406
0.406
0.406

5.250
5.250
5.200
5.200

4.625
4.625
4.620
4.620
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Table 2 Operating conditions of test facilities and uncertainty estimates

FACILITY

31-InchMach 10

31 -Inch Mach 10

31-InchMach 10

HYPULSE, C02

HYPULSE, Air

Moo

9.68
±0.0%

9.80
±0.1%

9.93
±0.0%

9.71
±4.1%

7.93
±4.1%

Uoo,
m/s

1416
±0.2%

1422
±0.3%

1425
±0.2%

4772
±1.1%

5162
±1.1%

Reoo • ID"6,
1/m

1.621
±1.7%

3.187
±1.1%

6.198
±0.9%

0.660
±4.9%

0.668
±3.9%

Poo,
Pa

69.0
±1.1%

130.6
±0.5%

242.0
±0.4%

1191
±10%

1824
±9.9%

Poo,
kg/m3

0.00451
±1.4%

0.00868
±0.7%

0.01646
±0.7%

0.00571
±1.8%

0.00579
±3.1%

Too,
K

53.3
±0.4%

52.5
±0.8%

51.5
±0.8%

1088
±8.7%

1113
±9.3%

^,2,
kPa

8.38
±1.2%

16.3
±0.5%

31.0
±0.5%

129.6
±1.8%

147.2
±1.3%

Tt.2,
K

1008
±0.3%

1015
±0.6%

1017
±0.3%

3703
±0.9%

6028
±0.8%

h() — /Z298,
MJ/kg

0.75
±0.5%

0.76
±1.0%

0.77
±0.5%

12.25
±2.1%

14.18
±1.4%

P2/Poo

5.97
±0.0%

5.98
±0.1%

5.99
±0.0%

18.98
±1.0%

10.98
±0.7%

MP-1 MP-2 MP-3 MP-4

2xR b

L/Rb

2xRf 2xR 3

Fig. 1 Heat-transfer test model configurations.

37 thin-film gauges located along a single ray that covered both
the forebody and afterbody of the model. Stings for the models
were fabricated from stainless steel. A slot was machined in each
sting for a contoured Macor insert with an additional 33 thin-film
gauges. Gauge spacing on the models and stings was approximately
2.5 mm.

Test Facilities
Aerodynamic heating tests were conducted in two hypersonic re-

search facilities: the 31-Inch Mach 10 Air Tunnel3 at the NASA
Langley Research Center, and the NASA HYPULSE4 Expansion
Tube, which is operated by the General Applied Sciences Labo-
ratories (GASL). The 31-Inch Mach 10 facility is a conventional
blowdown, low-enthalpy, hypersonic wind tunnel. This facility has
a large test core (~14-in. diam), high flow uniformity (~1% pitot
pressure deviation across the test core), and, for a conventional fa-
cility, a high temperature driver potential (1000 K reservoir temper-
ature). Test times in the 31-Inch Mach 10 Air Tunnel for this study
were 3-5 s, although longer test times are possible for aerodynamic
studies, and data were sampled at a rate of 50 Hz. The HYPULSE
Expansion Tube is a 6-in.-diam impulse facility in which steady,
high-enthalpy, hypervelocity flows are produced in which minimal
freestream test gas dissociation occurs. The HYPULSE Expansion
Tube can be operated with a number of different gases, although in
this study only CO2 and air were employed. HYPULSE test times
for this study were on the order of 100-200 /xs, and the data sampling
rate was 500 kHz.

Nominal flow conditions for these facilities are given in Table 2.
Uncertainty estimates given in this table for run-to-run repeatability
of the test conditions are defined by the 95% confidence level of

two standard deviations5 of the individual values, as determined
statistically from the flow properties measurements made during
all of the tests in this research. The flow properties uncertainty in
the Mach 10 facility was estimated to be no more than ±1% for
any of the properties, whereas for HYPULSE the uncertainties in
the individual flow properties were estimated to vary from ±1 to
±10%.

Data Reduction
Surface heat-transfer rates were computed from measured thin-

film gauge temperature-time histories using both classical closed-
form analytical methods and a numerical method. The first analytical
method was the classical, one-dimensional, constant thermal prop-
erties, semi-infinite solid method developed by Cook6:

(1)

The method of Eq. (1) is referred to as the direct method. Heating
rates were also computed using the indirect method developed by
Kendall et al.7 and Hedlund et al.8 in which the heating rate is com-
puted from the time derivative of the total heat added as a function
of time:

(2a)

(2b)
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The assumption is made in the development of both the direct and
indirect methods that the thermal properties of the model substrate
material do not vary with temperature. In fact, the thermal properties
of Macor do exhibit a dependence on temperature. The curve fits
for Macor thermal properties9 used in this research are

p = 2543 (kg/m3) (3a)

k = 0.33889 + 7.4682 x 1(T3 x T - 1.6118 x 1(T5 x T2

+ 1.2376 x 1(T8 x T3 (W/m-K) (3b)

ot = 1.3003 x 1(T6 - 2.2523 x 10~9 x T

+ 1.8571 x 10"12 x T2 (m2/s) (3c)

The uncertainty in these curve fits is estimated to be on the order of
±5%.

To account for these variations in thermal properties with tem-
perature, an empirical correction factor A for the thermal product
ft was derived for Macor in a manner similar to that discussed in
Ref. 2. This parameter can be used to correct the heat transfer rates
computed using either Eq. (1) or Eq. (2) by

where

and

4var = #const(l

A, = 7.380 • 10~4 - 4.603 • 1(T

ATW = Tw - 298 K

(4a)

(4b)

(4c)

The validity of this empirical correction was confirmed by com-
parison with results obtained from the numerical technique, which
is an implicit, one-dimensional finite volume model of the heat con-
duction within the model substrate. The temperature dependencies
of the bulk material properties (k and a) are directly accounted for
in this numerical discretization. The difference between the finite
volume results and the results from the empirically corrected direct
or indirect method results was found to be on the order of 2% over
the range of surface temperatures encountered (300 K < T < 450 K)
in these tests.

The 1DHEAT data reduction code, which incorporates this nu-
merical technique and the two analytical methods, was used to per-
form all heat-transfer computations. The 1DHEAT code is detailed
in Ref. 9, in which a more detailed discussion of the data reduction
techniques and additional information on Macor thermal properties
and the derivation of the correction factor are presented.

In this research, the analytical methods were used for rapid, initial
reduction of the data, and these calculations then were verified later
using the finite volume method. With respect to the analytical meth-
ods, the use of the indirect method was preferred over that of the
direct method, as it tended to produce a clearer representation (with
less noise) of the heat-transfer time-history, especially in regard to
the wake flow establishment process. This is because at discrete
sample times the temperature-difference term in the numerator of
Eq. (1) tends to accentuate fluctuations in the heating rate, whereas
the temperature-sum in the numerator of Eq. (2a) and the wide dif-
ferencing stencil in Eq. (2b) tend to smooth fluctuations. However,
both the direct and indirect methods do yield nearly identical time-
averaged heating rates over a given time interval. The differences
in the results from these two methods are illustrated in Fig. 2, in
which the heat-transfer time histories of the stagnation point gauge
on the MP-1 model as calculated by the two methods for a test in
the 31 -Inch Mach 10 tunnel are shown. In regard to the choice of the
indirect method over the direct method, note that the direct method
might be more applicable in situations in which the dynamic behav-
ior of the heating rates is of interest, such as in turbulent or unsteady
flow, as high-frequency dynamic behavior can be damped by the
indirect method. This damping was not a concern in the analysis of
the wake flow establishment process, as only the averaged values of
final established flow heating rates were of interest.

0.020

0.015

C
H 0.010

0.005

0.000

Indirect Method
Direct Method

1.5 2.0 2.5 3.0 3.5
Time (sec)

4.0

Fig. 2 Comparison of direct and indirect method heat-transfer com-
putations.

Heating data from these tests will be presented in the form of
Stanton numbers to eliminate the effect of the increasing model
surface temperature on the heat-transfer rates during the test period.
Because of the short test time in HYPULSE and the lower total
temperature in the Mach 10 tunnel, this model surface temperature
increase was only on the order of 100-150 K. Because of this, lateral
conduction effects in the model could be neglected, and so, with
allowances for experimental noise, the Stanton number distributions
on the models remained effectively constant over time. Thus, for
comparison with computational fluid dynamics results, dimensional
heat-transfer rates can be extrapolated back to values at a specified
surface temperature within this range from the Stanton number. With
respect to computational simulations, note that Macor is considered
to be a noncatalytic material.

Stanton Number Uncertainty Estimates
The Stanton numbers cited herein represent the time averages of

the values determined from the computed heat-transfer rates and
measured surface temperatures during the steady test flow time-
window of the respective facility. The two standard deviation un-
certainty bands for the 95% confidence level of the heat-transfer
rates over the time-averaging windows were approximately ±1%
on the forebody and ±3% in the wake for 31-Inch Mach 10 Air
Tunnel tests and approximately ±10% on the forebody and ±15%
in the wake for HYPULSE Expansion Tube tests. Wake uncertain-
ties were higher than on the forebody because the measured heat
fluxes in the wake were an order of magnitude lower than on the
forebody, which made them more sensitive to disturbances from
freestream fluctuations or electrical noise.

The overall Stanton number uncertainty can be estimated by tak-
ing into account the contributions from the measured heating rates,
the thermal properties, and the freestream conditions (all of which
have a linear effect on the computation and are assumed to be inde-
pendent) by

(5)

This computation gives an uncertainty estimate of ±5% for the
forebody Stanton number and ±6% for the wake for the 31-Inch
Mach 10 Air Tunnel tests, with the primary influence on the com-
putation being the uncertainty in Macor thermal properties. For the
HYPULSE tests, the Stanton number uncertainty estimate is ±12%
for the forebody and ±16% for the wake, with the dominant factor
being the effect of experimental noise on the measurement of the
dimensional heat transfer rates.

Results and Discussion
Each of the four configurations were tested in both the 31-Inch

Mach 10 Air Tunnel and in the HYPULSE Expansion Tube. In
the Mach 10 tunnel, the MP-1 configuration was tested at zero
angle of attack at freestream unit Reynolds numbers of 1.62, 3.19,
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and 6.20 x 106 m^at a constant total enthalpy level of 0.7 MJ/kg
(relative to enthalpy fixed at zero at 298 K). The MP-1 configuration
was also tested at angles of attack from —4 to —20 deg. Each of the
parametric configurations was tested at the 3.19 x 106 m"1 Reynolds
number condition. In HYPULSE, each configuration was tested in
CO2 at a freestream unit Reynolds number of 0.66 x 106 m"1 with
a 12.3 MJ/kg enthalpy level. The MP-1 and MP-2 configurations
were tested in air in HYPULSE with a freestream unit Reynolds
number of 0.67 x 106 m"1 and a 14.2 MJ/kg enthalpy level.

Stanton number surface distributions are plotted vs S/Rh , which
is the distance from the geometric center of the forebody normalized
by the forebody base radius, or vs L/Rb, which is the normalized
distance along the sting from the base of the model. Because the af-
terbody and sting Stanton numbers were one or two orders of mag-
nitude lower than on the forebody, the Stanton numbers plots have
two y axes, one for the forebody values and one for the wake values.

31-Inch Mach 10 Air Tunnel Results
Reynolds number effects on the MP-1 configuration are shown in

Fig. 3, in which CH is normalized by the measured stagnation point
value. The local maximum occurring at S/Rb ~ 1.7 corresponds
to the location of afterbody corner. Although the Reynolds number
had little effect on the normalized forebody distributions, a signifi-
cant increase in the normalized Stanton number and a movement of
the wake peak toward the model base with Reynolds number were
observed. The peak sting value was 15% of the stagnation point
value at the 6.20 x 106 m"1 freestream Reynolds number, 11% at
3.19 x 106 m"1, and 8% at 1.62 x 106 m"1. This increase with
Reynolds number is not thought to be attributable to transitional or
turbulent behavior of the wake shear layer because of the relatively
low freestream Reynolds numbers and the small size (5.08 cm max-
imum diameter) of the test models. Furthermore, attempts to trip
the boundary-layer flow by applying fine grit to the forebody of
the model produced no change in the wake heating behavior, which
suggests that the flow was normally laminar and that even if the
forebody flow was tripped by the grit, it relaminarized at the corner
expansion fan or in the shear layer.

Stanton number distributions for the MP-1 configuration at angles
of attack of 0, —4, —12, and —20 deg are presented in Fig. 4. As
expected, changing the angle of attack increased the peak wake
heating value and moved its location inward toward the base of the
model. The peak value was 11 % of that at the geometric stagnation
point (i.e., at the symmetry axis) at zero deflection and increased to
36% at the maximum deflection of —20 deg. On the forebody, the
angle of attack had minimal effect on the geometric stagnation point
Stanton number value but had a large effect on the corner values,
where the peak windward corner value at the maximum deflection
was nearly equal to that at the geometric stagnation point.

Forebody and wake Stanton number distributions for MP-1 and
the parametric configurations at Re^ — 3.19 x 106 m"1 are shown
in Fig. 5. Configuration effects were negligible on the forebody ex-
cept for the lower stagnation region Stanton numbers (~10% lower
at the stagnation point) that were produced by the blunter nose of the
hyperboloid MP-2 configuration. Away from the nose, the MP-2
CH distribution asymptotically approached that of the sphere-cone
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Fig. 5 Configuration effects in 31-Inch Mach 10 Air Ttannel, Re =
3.19 x 106 m"1 test condition.

configurations just as its hyperboloid geometry approaches that of
the sphere cones. For this reason, the MP-1 and MP-2 afterbody and
sting distributions were essentially identical. The measured Stanton
numbers on the sting for MP-3 and MP-4 were, respectively, ap-
proximately 8 and 13% lower than those for MP-1 and MP-2. This
is most likely a result of the shear layer being accelerated less in
turning around the larger corner radii of these of configurations. As
a percentage of their respective stagnation point values, the peak
sting Stanton numbers were approximately 11 % of the stagnation
point value for MP-1, 12% for MP-2, 10% for MP-3, and 9% for
MP-4.

Wake Flow Establishment in HYPULSE
Before presenting the data from HYPULSE, the subject of wake

flow establishment must be addressed. This establishment process
is important because the time required for a wake flow to become
fully established, although negligible in relation to test times in a
conventional wind tunnel, can represent a significant portion of the
available test time in an impulse facility. During this establishment
process, wake heating distributions can vary rapidly over a wide
range of values before a steady, established distribution is reached.
To determine the correct wake heating values, the measured time
histories of the heat transfer rates must be carefully studied, and their
behavior must be related to both the wake establishment process and
the operating characteristics of the facility.

In HYPULSE, the duration of a test is dictated by the length of
time between the arrival of the incident shock wave and the arrival
of the unsteady expansion fan. This test window was determined
by examination of wall pressure data (model size prevented simul-
taneous use of a pitot probe) recorded at the exit of the expansion
tube. Within this total test window, a criterion of ±5% maximum
variation in the wall pressure was used to determine the length of
time during which valid data on the wake establishment process
could be obtained. On average, this test sub-window was found to
be approximately 150 /is for CO2 and approximately 120 [is for air.
These times are more conservative than those generally quoted for
HYPULSE.4 However, it was observed that, owing to the extremely
small surface temperature rise (1-5 K as opposed to 50-100 K on
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the forebody) and consequentially low heating on the afterbody
and sting, the wake Stanton numbers were extremely sensitive to
freestream flow fluctuations. Furthermore, the ±5% pressure vari-
ation criterion reduces the freestream properties uncertainty level,
which lends more credibility to the use of these data for compar-
isons with computational results. For these reasons, these more con-
servative test times were used to bound the window over which
the Stanton numbers could be averaged. However, note that well-
behaved forebody heating rates data were obtained over longer time
intervals, which approached the nominal HYPULSE test times of
200-300 jus.

After fixing the maximum test time by the preceding method, it
was then necessary to determine at what point within this window
the wake flow became fully established. In the past, flow establish-
ment often was determined by analysis of pressure or heating time
history data from individual gauges. The flow at a given point was
said to be established when the measured values reached some per-
centage (for example 95%) of their mean values. However, because
the mean values could not be known beforehand, this approach could
be subject to interpretation. Furthermore, these established values
could be reached at different times for different locations on the
model, which made this method of analysis more complicated. For
these reasons, it was decided that a global method was required for
determining when the flow became established throughout the entire
wake region.

Initially, plots of heating rate vs position along the sting were
generated at each discrete time during the test at which data were
recorded. A computer slide show "movie" of these distributions was
then generated using commercially available software. These mo-
tion pictures provided a graphical illustration of the establishment
process, and the point at which the heating distributions stabilized
throughout the wake could usually be clearly identified. A hard-
copy analog of one such movie is presented in Figs. 6a-6d in which
heating distributions along the sting at several times are overlaid
on a single plot. In the period immediately after the incident shock
arrival, the heating rates fluctuated rapidly as the forebody flow
and the outer inviscid core of the wake were established (Fig. 6a).
The fluctuations dampened, and then the heating distribution began
to gradually approach a steady state as the flow in the recircula-
tion region immediately behind the base was established (Fig. 6b).
The distribution then reached a steady-state value (Fig. 6c), where
it remained until the expansion fan arrived, which ended the test
period (Fig. 6d).

Although a valuable qualitative analytical tool, the motion pic-
ture approach was without a theoretical or mathematical basis for
determining an establishment criterion. Also, as Figs. 6a-6d illus-
trate, the presentation of a movie in a static format is somewhat
difficult. A criterion for wake flow establishment with more quanti-
tative foundations was derived through the use of a normalized heat
transfer residual defined by

100

cr(f) = Aq/q

where
(6a)

(6b)

This residual can be used to represent the establishment process
because, as the wake flow approaches established behavior, the heat-
ing rates approach constant values and thus the residuals approach
zero (note that in HYPULSE the heating rates are approximately
constant because the wall temperature increase is negligible with
respect to the stagnation temperature).

To characterize the entire wake region, a root-mean-square (rms)
variation was computed from the residual time histories of the indi-
vidual gauges in the wake by

rms(a) = (7)

To isolate the wake flow establishment process from variations
as a result of freestream flow fluctuations or electrical noise, the
heat flux time derivative was computed with a differencing formula
of the form of Eq. (2b). Furthermore, gauges that were producing
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Fig. 6b Wake establishment movie: flow establishing.
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Fig. 6c Wake establishment movie: established flow.
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Fig. 6d Wake establishment movie: unsteady expansion fan.

noisy data because of gauge damage or poor electrical contacts
were removed from this computation as the noise tended to mask
the details of the establishment process.

In general, it was observed that the wake heating rms was initially
extremely high because of the arrival of the incident shock and the
forebody flow establishment process (which required on the order
of 50 /xs from the arrival of the incident shock) and then tended
toward zero as the wake flow was established. This behavior can
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be seen in Fig. 7 in which the rms time history of the same test
depicted in Figs. 6a-6d is presented. The incident shock arrival,
the establishment of the recirculation region of the wake, and the
arrival of the expansion fan can all be seen in this rms time history.
Analysis of the data led to an establishment criterion of rms(o-)
~ 0.02 for the wake flow being set. This value was in part determined
by observation of the rms values at the times at which the motion
pictures showed that the heating distributions were constant.

Based on the times determined from the rms approach, the nondi-
mensional establishment parameter was computed from

)>ref
(8)

In this case, the reference dimension ynf was taken to be the
difference between the model forebody base radius Rh and the sting
radius. The establishment parameter values fell between 45 and 75
for both the air and CO2 tests, and the average value of r was 67
in air and 56 in CO2. These values are consistent with previous
results10 and fell within the available HYPULSE test times. In fact,
these values may be slightly better than those in Ref. 10 since the
reference dimension apparently was taken to be the body radius in
that work, as opposed to the difference between the body and sting
radii.

HYPULSE Expansion 1\ibe Results
Stanton number distributions for the MP-1 configuration in CO2

and air test gases are presented in Figs. 8 and 9. Owing to the some-
what greater uncertainty level in the HYPULSE tests, distributions
from repeat runs are shown. In CO2, the local corner heating peak ap-
pears to have been too narrow to be resolved with the gauge spacing
on the models (computational results do predict a peak, for example,
Ref. 11), whereas the peak is clearly indicated in the air data. Peak
sting CH values in both air and CO2 were approximately 5% of the
stagnation point values. Note that the freestream Reynolds num-
ber for both air and CO2 tests in HYPULSE was 0.66 x 106 m"1,
which is less than half of the lowest Reynolds number in the Mach
10 tests, and so the wake shear layer again was assumed to remain
laminar.

Configuration effects on the Stanton number distributions in CO2
and air are shown in Figs. 10 and 11. Although the stagnation region

50 100 150 200 250 300 350
Time (fisec)

Fig. 7 Wake-establishment rms time history.
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Fig. 11 Configuration effects in HYPULSE with air test gas.

Stanton numbers for the three sphere-cone configurations (MP-1,3,
and 4) were all within the repeatability of the data for the CO2 tests,
the larger corner radii MP-3 and MP-4 configurations exhibited
anomalously higher heating (on the order of 10%) along the coni-
cal portions of the forebodies. As in the Mach 10 tests, the blunter
stagnation region of the MP-2 hyperboloid again led to lower stag-
nation region Stanton numbers. The hyperboloid stagnation point
value was approximately 20% lower than that of MP-1 for both air
and CO2. Configuration effects on the wake distributions were very
slight, although the data seem to indicate a small decrease in peak
sting Stanton number with increasing corner radii. Peak sting CH
values in CO2 were approximately 5% of the stagnation point values
for MP-1, 6% for MP-2, 4% for MP-3, and 3% for MP-4. In air,
the peak sting values were 5% for MP-1 and 6% for MP-2.

Comparison of Mach 10 and HYPULSE Results
Stanton number distributions for HYPULSE were correlated as

suggested in Ref. 12 in terms of the viscous interaction parameter,
MooCCV^oo)1/2, anc* tne shock density ratio, p2/poo- However,
although the density ratio was raised to the one-quarter power in
that work, it was found that the high-enthalpy data from HYPULSE
correlated better with the two-thirds power and that this also served
to correlate the perfect-gas Mach 10 data.
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The correlation parameter distributions for the forebody and wake
are shown in Figs. 12 and 13. The forebody distributions for both the
HYPULSE air tests and for the different Reynolds numbers of the
Mach 10 air tests correlated very well, although the CC>2 distribution
exhibited less of a corner peak than the air tests. In the wake, the
peak sting value decreased nearly linearly with Reynolds number
and moved away from the body in the Mach 10 tests. However,
in both HYPULSE test gases, the location of the peak was much
closer to the body and was of greater magnitude than the trend of the
Mach 10 data would suggest. As flowfield chemistry did not appear
to have a large effect on the correlated forebody distributions, this
difference is attributed to vibrational nonequilibrium produced in
the rapid expansion of the flow around the forebody corner.

Conclusions
A 70-deg sphere-cone entry vehicle model and three similar para-

metric configurations were tested in a high-enthalpy, hyperveloc-
ity impulse facility and in a conventional wind tunnel. Detailed
aerothermodynamic measurements were made on the models and
on instrumented stings in the wakes of the models. Forebody Stanton
number distributions for all four configurations were similar; how-
ever, the hyperboloid configuration Stanton number was lower near
the stagnation point, whereas the larger corner radii sphere-cone
configurations exhibited slightly higher heating along their conical
flanks. Wake Stanton numbers were one to two orders of magnitude
lower than forebody stagnation point values. In the 31-Inch Mach 10

Air Tunnel, the peak wake Stanton number varied with Reynolds
number (at a constant enthalpy level of 0.7 MJ/kg) to from 7 to 15%
of the forebody stagnation point value. In the HYPULSE Expansion
Tube, the values were 5% of the stagnation point in air at a 14-MJ/kg
enthalpy level and 5% in CO2 at a 12-MJ/kg enthalpy level, where
the Reynolds number was 0.66 x 106 m"1 in both cases.

The wake flow establishment process was studied, and a method
to characterize the establishment based on the rms of the heating
rate residual was developed. HYPULSE tests times were found to
be sufficient for flow establishment. The nondimensional establish-
ment time varied from 45-75, with the establishment in CC>2 taking
slightly less time than in air.
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